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ABSTRACT 1 

Live bacterial therapeutics (LBT) could reverse disease by engrafting in the gut and providing 2 

persistent beneficial functions in the host. However, attempts to functionally manipulate the gut 3 

microbiome of conventionally-raised (CR) hosts have been unsuccessful, because engineered 4 

microbial organisms (i.e., chassis) cannot colonize the hostile luminal environment. In this proof-5 

of-concept study, we use native bacteria as chassis for transgene delivery to impact CR host 6 

physiology. Native Escherichia coli isolated from stool cultures of CR mice were modified to 7 

express functional bacterial (bile salt hydrolase) and eukaryotic (Interleukin-10) genes. 8 

Reintroduction of these strains induces perpetual engraftment in the intestine. In addition, 9 

engineered native E. coli can induce functional changes that affect host physiology and reverse 10 

pathology in CR hosts months after administration. Thus, using native bacteria as chassis to 11 

“knock-in” specific functions allows mechanistic studies of specific microbial activities in the 12 

microbiome of CR hosts, and enables LBT with curative intent.  13 
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Gut microbes sense and condition the luminal environment over time periods measured 14 

in years. Numerous chronic human diseases, including obesity (Muscogiuri et al., 2019; Zarrinpar 15 

et al., 2014), non-alcoholic fatty liver disease (Aron-Wisnewsky et al., 2020; Saran et al., 2020), 16 

type 2 diabetes (Gurung et al., 2020; Zarrinpar et al., 2014), atherosclerosis (Allaband et al., 2021; 17 

Jie et al., 2017; Xue et al., 2021), polycystic ovary syndrome (Rizk and Thackray, 2021), 18 

inflammatory bowel disease (Kostic et al., 2014), and cancer (Sepich-Poore et al., 2021), have 19 

protracted symptomology and have consequently been targets of potential engineered, live 20 

bacterial therapeutics (LBTs) owing to their long-term capabilities. LBT can also be designed to 21 

express functions that address monogenic inborn errors of metabolism (e.g., phenylalanine 22 

metabolism in patients with phenylketonuria) and other orphan diseases (Isabella et al., 2018). 23 

Engineered bacteria also enable otherwise challenging mechanistic studies, allowing researchers 24 

to learn how individual bacterial functions or proteins in the microbiome contribute to host 25 

physiology, pathophysiology, or the microbiome community (Biteen et al., 2016). Although 26 

synthetic biologists have designed increasingly elaborate genetic circuits that in principle could 27 

risk-stratify patients and combat disease, these circuits have only worked in reduced community 28 

models in vivo (i.e., gnotobiotic mice, antibiotic treated mice) (Claesen and Fischbach, 2015; 29 

Mimee et al., 2016).  30 

A key step in engineered LBT is selection of a microbial host organism, or chassis, which 31 

would enable environment-sensing, regulated gene expression, and production of a therapeutic 32 

product. Current LBT chassis (e.g., Escherichia coli Nissle 1917, Bacteroides spp, Lactobacillus 33 

spp) cannot engraft or even survive in the gut luminal environment. They require frequent re-34 

administration and are difficult to localize to specific regions such as the proximal gut, thereby 35 

resulting in unreliable delivery of function (Claesen and Fischbach, 2015; Isabella et al., 2018; 36 

Pedrolli et al., 2019). The lack of engraftment severely limits the use of LBT for chronic conditions, 37 

for curative effect, or to help devise tools to study specific functions in the gut microbiome 38 

(Claesen and Fischbach, 2015; Pedrolli et al., 2019). The only published human trial using an 39 
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engineered LBT, where an interleukin-10 (IL-10) expressing Lactococcus lactis was used to treat 40 

inflammatory bowel disease, yielded disappointing results (Braat et al., 2006). The authors 41 

attributed therapeutic failure to the inability of the chassis to survive long enough to express the 42 

transgene of interest. Hence, appropriate chassis selection remains a significant barrier to 43 

translating synthetic biology applications to human diseases.  44 

 LBT face many challenges to survival in the luminal environment, both from the host (e.g., 45 

peristalsis, innate and adaptive immunity) and other native microorganisms (e.g., competition, 46 

niche availability) (Walker and Owen, 1990). Probiotic strains not adapted to the luminal 47 

environment cannot easily compete with microbes that have adapted to their specific luminal 48 

niche over thousands of generations (Huang et al., 2021). This phenomenon is apparent in most 49 

patients who have received fecal microbiota transplant, where the individual’s native 50 

microorganisms return and largely or completely displace the transplanted microbes (Li et al., 51 

2016). Early studies of native E. coli strains, however, demonstrate prolonged colonization and 52 

delivery of an inflammation detection circuit (Riglar et al., 2017). However, whether native species, 53 

particularly native E. coli, can be used to functionally change the luminal environment, induce 54 

physiological change, or treat disease remains unclear.  55 

In theory, native bacteria are already maximally adapted to the luminal environment of the 56 

host, thereby bypassing nearly all the barriers to engraftment, making them an ideal chassis for 57 

transgene delivery. The reluctance to use undomesticated native bacteria is driven by the 58 

assumption that they are difficult to culture and modify, although recent studies demonstrate that 59 

they can be modified more consistently with novel methods (Brophy et al., 2018; Wiles et al., 60 

2018). Studies in gnotobiotic mice show that a host mono-colonized with a single species is 61 

resistant to colonization by the same, but not different, species (Lee et al., 2013), suggesting that 62 

if the niche of the engineered bacteria is already filled, engraftment would be more difficult. In 63 

addition, many have assumed that E. coli are not good colonizers due to disappointment with their 64 

commensal lab strain counterparts (e.g., E. coli Nissle 1917). Lab strain E. coli lose colonization 65 



4 
 

or never engraft and lose transgenes of interest or not express them in a way that can affect host 66 

physiology. This type of inconsistency makes their use difficult. Their lack of effectiveness has led 67 

researchers to favor species that are far more abundant in the gut microbiome (e.g., Bacteroides 68 

spp, Lactobacillus spp.) that are much more challenging to engineer. Hence, it may seem that the 69 

barriers to use native bacteria as chassis for transgene delivery, particularly for conventionally-70 

raised (CR) hosts, are insurmountable. 71 

Here we present a proof-of-concept study that advances our ability to use engineered 72 

bacteria to effectively change physiology in CR, wildtype (WT) hosts, by demonstrating that native 73 

bacteria can serve as chassis for transgene delivery that modifies host phenotype. This is 74 

accomplished by identifying a genetically tractable, native bacterial strain from a host (i.e., an 75 

undomesticated E. coli), modifying this strain to express a transgene of interest, and then 76 

reintroducing the engineered native bacteria to the host (Fig. 1A). The transgenes of interest 77 

included bile salt hydrolase (BSH), a prokaryotic bile acid deconjugation enzyme (Fig. S1A) which 78 

can potentially affect host metabolic homeostasis, and IL-10, a mammalian cytokine which can 79 

function as an anti-inflammatory agent. After a single treatment, engineered native bacteria 80 

engraft throughout the entire gut of CR hosts for the lifetime of the mouse, retain the function of 81 

their transgene, induce metabolomic changes, affect host physiology, and even ameliorate 82 

pathophysiological conditions. We evaluate the robustness of the approach by performing 83 

experiments in non-sterile facilities, testing biocontainment between cohoused littermates, and 84 

changing diets. We demonstrate the translational potential of this method by successfully and 85 

stably transforming native, undomesticated, human-derived E. coli that can be used for transgene 86 

delivery in humans to potentially treat disease. Although the individual steps of the proposed 87 

approach for engineering undomesticated native bacteria to express the desired function of 88 

interest are not particularly difficult, the combination is novel, and, put together, they clearly 89 

demonstrate that even resource-limited labs can accomplish what has yet to be achieved with 90 
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other synthetic biology approaches: persistent functional manipulation of the luminal environment 91 

of CR hosts to study their physiological effects.   92 
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RESULTS 93 

Gut native E. coli are genetically tractable 94 

An ideal chassis is genetically tractable, can stably and persistently colonize the selected 95 

host, express the gene of interest persistently (and without much effect on bacterial fitness), and 96 

impose a functional change to alter the lumen and/or serum to affect host physiology (Fig. 1B). 97 

Importantly, the strategy should be easily translated to humans since this has been a particular 98 

challenge in adapting synthetic biology tools to clinical problems (Fig. 1B). In our studies, we 99 

used an undomesticated, native E. coli, EcAZ-1, isolated from the stool of a CR-WT C57BL/6 100 

male mouse acquired from Jackson Laboratory (Bar Harbor, ME). Green fluorescent protein 101 

(GFP) linked with kanamycin resistance was introduced to EcAZ-1 via phage transduction to 102 

create a traceable version of the bacteria, EcAZ-2 (Fig. 1C). EcAZ-2 was then engineered 103 

separately, to form two different engineered native bacteria. The first, EcAZ-2BSH+, expresses bile 104 

salt hydrolase (BSH; Fig. S1), a bacterial gene that causes specific bile acid biotransformations 105 

demonstrated to affect the host metabolic phenotype in reduced community microbiome studies 106 

(e.g., gnotobiotic mice, antibiotic-treated mice) (Jones et al., 2008; Joyce et al., 2014a; Yao et al., 107 

2018). In vitro BSH activity was monitored with the aid of taurodeoxycholic acid (TDCA) plates; 108 

as EcAZ-2BSH+ deconjugates TDCA to deoxycholic acid (DCA), these plates form a white 109 

precipitate around the bacterial colony (Fig 1C). The second gene, IL-10 (to form EcAZ-2IL10+), is 110 

a mammalian anti-inflammatory cytokine. Although continuous administration of IL-10 expressing 111 

probiotics has been successful in treating preclinical models of colitis (Steidler et al., 2000), this 112 

therapy has not successfully translated to humans due the inability of chassis to survive in the 113 

luminal environment (Braat et al., 2006). In vitro IL-10 production was monitored with an ELISA 114 

on bacterial cell lysates. The addition of gfp and kanamycin resistance, as well as bsh and Il-10 115 

did not affect the in vitro growth rate of EcAZ-2, EcAZ-2BSH+, and EcAZ-2IL10+ (Fig. 1D, E, F). Thus, 116 

native E. coli are genetically tractable, can express prokaryotic and eukaryotic transgenes, and 117 

can potentially serve as chassis for transgene delivery.  118 
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 119 

Figure 1 – Gut native E. coli are genetically tractable and can serve as a chassis for 120 
transgene delivery. 121 
(A) Experimental strategy of engineered native bacteria.  122 
(B) Optimal characteristics of a chassis for transgene delivery for a potential LBT.  123 
(C) Original isolate (EcAZ-1), GFP producing strain (EcAZ-2), and GFP and BSH producing strain 124 
(EcAZ-2BSH+) plated on LB containing lactose and TDCA. Precipitate around EcAZ-2BSH+ is the 125 
result of TDCA deconjugated by the bacteria to DCA and indicates enzyme functionality.  126 
(D) Growth curve of EcAZ-2 compared to EcAZ-1. 127 
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(E) Growth curve of EcAZ-2BSH+ compared to EcAZ-1. 128 
(F) Growth curve of EcAZ-2IL10+ compared to EcAZ-2. 129 
For (D), (E), and (F), the line represents an average of three measurements per strain.   130 
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Engineered native E. coli can engraft in the gut lumen 131 

Next, we assessed the candidate chassis’s ability to stably colonize the murine gut. EcAZ-132 

2 stably maintained colonization in 100% (n = 8) of CR-WT hosts, non-antibiotic treated mice for 133 

over 110 days in a non-sterile, low barrier mouse facility (Fig. 2A, S2A). Domesticated lab bacteria 134 

that are often used as chassis for LBT applications (i.e., E. coli MG1655 and E. coli Nissle 1917) 135 

lost colonization over time (p = 0.02, log-rank test, Fig. S2A). Mice that maintained colonization 136 

had nearly two orders of magnitude lower engraftment (as determined by cfu/g of stool) than those 137 

treated with EcAZ-2 (Fig. 2A). Colonization of EcAZ-2 was unaffected by changes to the diet 138 

macronutrient profile (Fig. 2B). Co-housing of mice colonized with EcAZ-2 with non-colonized 139 

mice did not lead to horizontal transmission between mice despite coprophagia (Fig. 2C). The 140 

addition of BSH or IL-10 activity does not significantly alter the colonization level of EcAZ-2; this 141 

native strain remains stably colonized in CR-WT mice, for the life of the animal in reproducible 142 

experiments (Fig. 2D, S2B, 2E, S2C). Sex of the CR-WT host did not affect how well EcAZ-2 143 

colonized the host (Fig S2D).  144 

To determine whether BSH function was retained during engraftment, bacterial isolates 145 

from mice treated with EcAZ-2BSH+ were grown on TDCA plates. Isolates from every region of the 146 

GI tract of every mouse treated with EcAZ-2BSH+, across every experiment, retained BSH 147 

functionality, confirmed by deconjugation of TDCA to DCA (see example Fig. S2E). Likewise, cell 148 

lysates of bacterial isolates obtained from mice treated with EcAZ-2IL10+ at 89 days after gavage 149 

produced IL-10 at far higher levels than the negative control bacteria (i.e., EcAZ-2; Fig. 2F). 150 

We cultured gastrointestinal tissues (i.e., duodenum, jejunum, ileum, cecum, and rectum) 151 

to determine the extent of bacterial colonization in the various regions of the gut. In contrast to 152 

what has been reported for engineered non-native E. coli (Isabella et al., 2018), EcAZ-2 colonizes 153 

the entire GI tract regardless of whether it contains the bsh gene, Il-10 gene, or not, with highest 154 

colonization in the cecum and ileum for the BSH strain and cecum and jejunum for the IL-10 strain 155 

(Fig. 2F, S2G, S2H). Colonization throughout the GI tract was consistent in fed and fasted mice 156 
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(Fig. S2G). These experiments demonstrate that EcAZ-2 can stably and persistently colonize CR-157 

WT hosts for perpetuity while retaining functionality of a gene of interest.  158 

 159 

 160 

Figure 2 – Engineered native E. coli can engraft in the luminal environment.  161 
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(A) Long-term colonization of E. coli MG1655 and E. coli Nissle 1917 (two lab-strain E. coli often 162 
used as chassis for function delivery), as well as EcAZ-2 in CR-WT mice housed in a low-barrier, 163 
non-sterile facility after a single gavage. Sample measures in the gray area denote mice where 164 
the bacteria were not detectable at a limit of detection of Log10 2. (4-8 mice/condition). 165 
(B) Colonization of EcAZ-2 in stool of CR-WT mice on a stable diet (10% fat), or on diets with 166 
different macronutrient profiles (non-fat diet [NFD] or high-fat diet [HFD]). Diet was changed 4 167 
days post-gavage (4 mice/condition).  168 
(C) Colonization in co-housed mice where one mouse received EcAZ-2 and the other received 169 
vehicle via oral gavage. Arrow indicates change in stool collection protocol where mice were 170 
separated from their cage mates 24h prior to their weekly stool collection. Mice were returned to 171 
their cage mates right after stool collection. Thus, though uncolonized mice are exposed to EcAZ-172 
2 through coprophagia, the level is not sufficient to lead to engraftment.  173 
(D) Colonization of EcAZ-2 and EcAZ-2BSH+ in CR-WT mice housed in a specific-pathogen free 174 
facility (4-12 mice/condition).  175 
(E) Colonization of EcAZ-2 and EcAZ-2IL10+ in CR-WT mice housed in a specific-pathogen free 176 
facility (4 mice/condition). 177 
(F) Colonization of gastrointestinal tract in CR-WT mice three months after a single gavage. 178 
Sample measures in the gray area denote mice where the bacteria were not detectable at a limit 179 
of detection of Log10 2. (4 mice/condition).  180 
All error bars indicate standard error of the mean. The marker covers some error bars in panel B, 181 
D, and E.   182 
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Engineered native E. coli can perform a luminal function 183 

After demonstrating that native bacteria are genetically tractable and can persistently 184 

colonize the entire gut, we assessed whether the transgene delivered by the EcAZ-2 chassis can 185 

functionally manipulate the luminal environment of CR hosts. We used bsh as our transgene to 186 

evaluate the native bacterial chassis, because its functions are well-described and it has been 187 

studied in reduced community/gnotobiotic models (Jones et al., 2008; Joyce et al., 2014a; Yao et 188 

al., 2018). To confirm that BSH-expressing native E. coli are functional in vivo, we determined the 189 

effect of EcAZ-2BSH+ on the bile acids of mono-colonized gnotobiotic mice. Whereas mice mono-190 

colonized with EcAZ-2 had only primary conjugated bile acids and no deconjugated bile acids 191 

(since they lack bacteria that can deconjugate; see methods), mice mono-colonized with EcAZ-192 

2BSH+ had greatly reduced primary conjugated fecal bile acids (Fig. S3A) and increased primary 193 

deconjugated fecal bile acids (Fig. S3B) consistent with increased BSH activity. Quantitative 194 

analysis of the conjugated and unconjugated individual primary bile acids showed that EcAZ-2BSH+ 195 

significantly shifted the log ratio of cholic acid to taurocholic acid (CA:TCA) and β-muricholic acid 196 

to tauro-β-muricholic acid (bMCA:TbMCA) toward the deconjugated bile acids in mono-colonized 197 

mice (Fig. S3C).  198 

To determine whether engineered native bacteria expressing BSH can functionally 199 

manipulate the fully intact microbiome of CR mice, we gavaged EcAZ-2 or EcAZ-2BSH+ into 11-200 

week-old CR-WT mice. Twelve weeks after the single oral administration, stool samples were 201 

collected and analyzed for bile acids. CR mice colonized with EcAZ-2BSH+ had significantly higher 202 

total fecal bile acid levels compared to CR mice colonized with EcAZ-2 (Fig. 3A). In addition, CR 203 

mice gavaged with EcAZ-2BSH+ had decreased primary fecal bile acids (Fig. 3B) and decreased 204 

primary conjugated bile acids (Fig. 3C) compared to mice treated with EcAZ-2. Surprisingly, 205 

primary unconjugated bile acids were also significantly decreased in EcAZ-2BSH+ treated mice 206 

compared to EcAZ-2 controls (Fig. 3D). However, this could be due to increased conversion of 207 

deconjugated bile acids to secondary bile acids, which was significantly elevated in EcAZ-2BSH+ 208 
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mice (Fig. 3E). In fact, treatment with EcAZ-2BSH+ affected nearly every fecal bile acid measured, 209 

including TbMCA, a potent farnesoid X receptor (FXR) antagonist, and DCA, a potent G protein-210 

coupled bile acid receptor 1 (TGR5) agonist (Fig. S3D) (Wahlstrom et al., 2016). These fecal bile 211 

acid data confirm that BSH is functional in vivo. Moreover, they demonstrate that native E. coli 212 

are valuable chassis that can express a function of interest intraluminally at least 12 weeks after 213 

a single gavage in CR-WT mice. 214 

We expected that changes in intraluminal bile acids would lead to global changes in gut 215 

microbiome composition. However, microbiome analysis showed that EcAZ-2 and EcAZ-2BSH+ 216 

had no detectable differences in any microbiome measures. Compared to mice treated with 217 

vehicle, we found no significant differences in Faith’s phylogenetic diversity in the fecal 218 

microbiome at two-, ten-, and sixteen-weeks post-gavage or in the ileum after euthanasia (Fig. 219 

3F). Other measures of ɑ-diversity such as richness (Fig. S3E) and Shannon index (Fig. S3F) 220 

found a transient difference at week two between mice in the three conditions both in the fecal or 221 

ileal microbiomes that disappeared by the later time points.  222 

There were no E. coli detectable by ASV matching the 16S sequence of E. coli prior to 223 

gavage. Although E. coli could be identified in some of the samples from mice treated with EcAZ-224 

2 or EcAZ-2BSH+, most had levels of E. coli in stool and were statistically indistinguishable as a 225 

group from the vehicle treated controls (Fig. 3G). Overall, based on 16S sequencing, E. coli 226 

comprised <0.1% of the fecal microbiome. Principal coordinate analysis of the UniFrac weighted 227 

β-diversity performed at two-, ten-, and sixteen-weeks could not distinguish the three treatment 228 

groups (Fig. 3H; pseudo-F = 1.304, p = 0.233). The lack of a differences is reflected in the ileum 229 

as well (Fig. 3I; pseudo-F = 1.114, p = 0.339) (Fig. 3A, 3D). This demonstrates that, even at low 230 

abundances, the native E. coli can be used to introduce a function of interest in CR hosts, and 231 

they do so without significantly altering the microbial community already established in the host.  232 

  233 
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 234 

Figure 3 - Native E. coli can be used to change luminal metabolome without measurable 235 
effects in the microbiome. 236 
(A) Total fecal bile acids,  237 
(B) Primary bile acids, 238 
(C) Primary conjugated bile acids, 239 
(D) Primary unconjugated bile acids, 240 
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(E) And secondary bile acids in fecal samples collected from mice 12 weeks after a single gavage 241 
with vehicle, EcAZ-2, and EcAZ-2BSH+. Significant differences were determined by Kruskal-242 
Wallis test with post-hoc Dunn’s multiple comparison test comparing EcAZ-2 and EcAZ-2BSH+. 243 

(F) Faith’s phylogenetic distance (a measure of ɑ-diversity) from 16S performed on stool samples 244 
collected pre-treatment and at 2-, 10-, and 16-weeks post-gavage (left) and from the terminal 245 
ileum samples at the time of euthanasia (right). 246 

(G) Relative abundance of E. coli as detected by 16S performed on stool samples collected pre-247 
treatment and at 2-, 10-, and 16-weeks post-gavage and from the terminal ileum samples at 248 
the time of euthanasia. 249 

(H) Principal coordinate analysis of weighted UniFrac β-diversity of the fecal samples collected 250 
pre-treatment and at 2-, 10-, and 16-weeks post-gavage. 251 

(I) Principal coordinate analysis of weighted UniFrac β-diversity of the terminal ileum microbiome 252 
at the time of euthanasia.  253 
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Engineered native E. coli affect host physiology 254 

We next investigated whether transgene delivery and expression by the native E. coli 255 

chassis can affect host physiology by first determining the impact of colonization with EcAZ-2BSH+ 256 

on circulating bile acids. Mice colonized with EcAZ-2BSH+ trended towards reduced total serum bile 257 

acids, increased primary bile acids, and decreased secondary bile acids (Fig 4A, S4A). There 258 

were larger changes in specific circulating bile acids, including known agonists and antagonists 259 

of FXR, such as increased TCA and TbMCA, respectively, compared to their deconjugated 260 

counterparts (Fig. 4B, 4C, S4B). We measured the impact of these differences in circulating bile 261 

acids on hepatic gene expression, focusing on genes important for bile acid metabolism. We 262 

found increased expression of Fxr, Shp, and Cyp27a1 (Fig. 4D) consistent with increased bile 263 

acid biosynthesis through the alternative pathway, perhaps to alleviate the higher excretion of bile 264 

acids in the stool of mice colonized with EcAZ-2BSH+. This demonstrates that addition of a single 265 

gene into the microbiome via engineered native bacteria can significantly alter host physiology.  266 

To determine whether the transgene delivery with the native E. coli chassis can induce 267 

long-lasting change in host physiological phenotype, we metabolically characterized the cohort of 268 

mice that received vehicle, EcAZ-2, or EcAZ-2BSH+ approximately 12 weeks after gavage. Unlike 269 

what has been reported in gnotobiotic and reduced community mice (Joyce et al., 2014a; Yao et 270 

al., 2018), increased BSH activity induced with engineered native bacteria did not affect the body 271 

weight of the host (Fig. 4E). The addition of EcAZ-2 or EcAZ-2BSH+ did not affect food intake (Fig. 272 

S4C). Twelve weeks after a single gavage with engineered native bacteria, CR mice on a normal 273 

chow diet colonized with EcAZ-2BSH+ had reduced blood glucose and insulin levels compared to 274 

EcAZ-2 after a mixed meal challenge (Fig. 4F). We repeated the mixed meal challenge in a 275 

separate experiment using female mice with a shorter duration of colonization with engineered 276 

native bacteria (Fig. S4D). As with the male mice, the female mice treated with EcAZ-2BSH+ had 277 

lower postprandial insulin levels (Fig. S4E).  278 
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Decreased postprandial insulin induced by EcAZ-2BSH+ suggests improved insulin 279 

sensitivity. To determine whether transgene delivery with a native E. coli chassis could be used 280 

to ameliorate disease, we investigated the effect of EcAZ-2BSH+ in a genetic model of type 2 281 

diabetes, the Ob/Ob mice. EcAZ-2 and EcAZ-2BSH+ stably colonized CR Ob/Ob mice (Fig. S4F). 282 

Similar to what we had observed in CR, WT mice, EcAZ-2BSH+ did not induce a change in body 283 

weight (Fig. 4G). Despite identical body weights, Ob/Ob mice colonized with EcAZ-2BSH+ had 284 

significant improvement in insulin sensitivity compared to the control cohort (Fig. 4H), after 285 

receiving a single treatment of engineered native bacteria more than 3 months earlier. Thus, these 286 

experiments show that transgene delivery using native E. coli affects the serum metabolome, 287 

extra-intestinal (e.g., hepatic) gene expression, host physiology, and ameliorates disease months 288 

after a single administration. 289 

  290 
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Figure 4 - Native E. coli can be used to physiologically change the host and treat 292 
pathophysiological conditions 293 

(A) Total, primary, and secondary serum bile acids from mice treated with a single gavage of 294 
vehicle, EcAZ-2 or EcAZ-2BSH+ 12 weeks prior. Significant differences were determined by 295 
Kruskal-Wallis test with post-hoc Dunn’s multiple comparison test comparing EcAZ-2 and 296 
EcAZ-2BSH+. 297 

(B) Serum levels of CA (top), TCA (middle) and the log2 ratio of CA to TCA in mice treated 298 
with vehicle, EcAZ-2 or EcAZ-2BSH+. Significant differences determined by Kruskal-Wallis 299 
test with post-hoc Dunn’s multiple comparison test comparing EcAZ-2 and EcAZ-2BSH+. 300 

(C) Serum levels of bMCA (top), TbMCA (middle) and the log2 ratio of bMCA to TbMCA in 301 
mice treated with vehicle, EcAZ-2 or EcAZ-2BSH+. Significant differences determined by 302 
Kruskal-Wallis test with post-hoc analysis comparing EcAZ-2 and EcAZ-2BSH+. 303 

(D) Hepatic gene expression of Fxr, Shp, Cyp7a1, and Cyp27a1 as determined by qRT-PCR. 304 
Significant differences were determined by a student’s t-test with normality verified through 305 
Q-Q plot. 306 

(E) Mouse weights of CR-WT mice treated with a single gavage of vehicle, EcAZ-2 and EcAZ-307 
2BSH+. 308 

(F) Fasting (16 hour) and postprandial (30 min) glucose and insulin levels. Significant 309 
differences were determined by Kruskal-Wallis test with post-hoc Dunn’s multiple 310 
comparison test comparing all three conditions done separately for fasted and fed 311 
measures. 312 

(G) Mouse weights of Ob/Ob mice treated with a single gavage of EcAZ-2 and EcAZ-2BSH+. 313 
(H) Glucose tolerance test in Ob/Ob mice treated with a single gavage of EcAZ-2 and EcAZ-314 

2BSH+ 15 weeks prior. Significance determined with Mann-Whitney U test corrected for 315 
multiple comparisons. Inset shows area under the curve. Significance determined by 316 
Mann Whitney U test. 317 

  318 
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Humans have genetically tractable native E. coli 319 

To determine whether the engineered native bacteria strategy can be translated to 320 

humans, we isolated E. coli strains from biopsies obtained from multiple regions of the 321 

gastrointestinal tract from volunteers undergoing routine outpatient endoscopy. Nine isolated 322 

strains were assessed for antibiotic sensitivity, tractability via transduction, transformation with 323 

assorted sizes of plasmids, and conjugation (Table 1). All but one isolate were sensitive to 324 

commonly used laboratory antibiotics including kanamycin, chloramphenicol, and carbenicillin. All 325 

isolates evaluated were resistant to transduction via P1vir when lysates were generated from E. 326 

coli MG1655 or E. coli Nissle 1917. Each strain was transformable with small plasmids (roughly 327 

7 kb), but not larger plasmids (>30 kb). Conjugation using a modified F-plasmid proved to be a 328 

universally successful method for manipulation. To encourage plasmid retention, conjugation 329 

machinery was removed post-transfer. Thus, the first steps of the engineered native bacteria 330 

approach, identification/isolation of genetically tractable bacteria and modification to express a 331 

gene of interest, can be translated to humans. Further studies are necessary to determine 332 

whether the autologous transfer of engineered native bacteria can lead to long-lasting colonization 333 

of a human host and treatment of long-standing chronic conditions and genetic diseases. 334 

 335 

 336 

  337 
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Table 1: Human derived E. coli isolated from intestinal biopsies are genetically tractable 338 

  339 

Strain ID Host species Sample tissue Cm Sensitive Carb Sensitive Kan Sensitive Transformation Conjugation 

EcAZ-1 Mouse C57BL/6 Feces Yes Yes Yes  Yes 

EcAZ-55 Human-1 Duodenum Yes No Yes Limited  

EcAZ-61 Human-2 Rectum Yes Yes Yes Limited Yes 

EcAZ-73 Human-3    Yes  Yes 

EcAZ-74 Human-4  Yes Yes Yes Limited Yes 

EcAZ-75 Human-5  Yes Yes Yes Limited Yes 

EcAZ-76 Human-6    Yes  Yes 

EcAZ-116 
Human-7 

Ileum Yes Yes Yes Limited Yes 

EcAZ-120 Cecum Yes Yes  Limited  

EcAZ-122 
Human-8 

Ileum   Yes  Yes 
EcAZ-125 Rectum Yes Yes  Limited  
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DISCUSSION 340 

Most therapies that target microbiome composition do not have a detectable impact on 341 

the gut microbiome and are not robust to the interpersonal diversity and plasticity of the 342 

microbiome in human hosts (Kristensen et al., 2016; Mimee et al., 2016). In addition, many 343 

different configurations of the gut microbiota lead to the same functional result (Human 344 

Microbiome Project, 2012; Turnbaugh et al., 2009), suggesting that microbial function may be 345 

difficult to manipulate with therapies that target the composition of the microbiome alone. To 346 

develop a better mechanistic understanding of the microbe-host relationship and more effective 347 

microbiome-mediated therapies, approaches based on functional modulation of the gut 348 

microbiome are necessary. However, these approaches have been difficult to develop, and none 349 

have demonstrated long-term engraftment with a change in physiology and/or improvement of 350 

pathologic phenotype.  351 

To address the inability of engineered bacteria to colonize the CR host, only two strategies 352 

have shown success (Bober et al., 2018; Claesen and Fischbach, 2015; Mimee et al., 2016; Riglar 353 

and Silver, 2018; Sheth et al., 2016): creating exclusive metabolic niches for an engineered 354 

probiotic strain which can then outcompete resident microorganisms (Shepherd et al., 2018), and 355 

engineering non-colonizing bacteria to distribute mobile genetic elements (e.g., plasmids) to 356 

native bacteria in vivo (Ronda et al., 2019). However, neither approach has been demonstrated 357 

to alter luminal or serum metabolome, affect host physiology, or demonstratively ameliorate 358 

disease as shown here.  359 

A promising approach has been to find genes that improve engraftment in commonly used 360 

chassis, such as E. coli Nissle 1917 (Crook et al., 2019). More commonly, investigators have 361 

been developing tools to manipulate families of bacteria that are found in large numbers in the 362 

gut microbiome to determine whether they can outcompete or coexist with native strains and 363 

engraft in the intestinal lumen (Bermudez-Humaran et al., 2013; Guglielmetti et al., 2013; Lim et 364 

al., 2017; Whitaker et al., 2017). These bacteria and other engineered probiotics have been 365 
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exclusively assessed under reduced community (as opposed to CR) conditions (i.e., gnotobiotic 366 

mice, antibiotic-treated mice). These efforts have advanced our understanding of bacterial 367 

engraftment, biogeography of microorganisms and luminal micro-niches, and the biological 368 

requirements for bacterial colonization and function delivery. However, they also indicate that the 369 

amount of bacterial engineering and experimentation necessary to develop chassis that can 370 

colonize the gut is daunting and out of the reach for resource-limited labs without dedicated 371 

synthetic biologists. Moreover, they are problematic for studying steady state mechanisms in the 372 

gut, unlikely to work in animal models where diet and host genetics are manipulated, and limit 373 

feasibility of these techniques for adoption and interventions in humans.  374 

Here we demonstrate a simple technique that advances our ability to use engineered 375 

bacteria to effectively change physiology in CR-WT hosts, using tools and approaches that can 376 

be adopted by nearly any lab. By combining existing techniques to native strains, we demonstrate 377 

that undomesticated E. coli derived from the host can be used as chassis to knock in specific 378 

functions into the gut microbiome, thus making mechanistic studies of the gut microbiome 379 

attainable to most labs without advanced synthetic biology experience. E. coli are easily 380 

culturable, common in the human gut (Bailey et al., 2010; Bok et al., 2018; Li et al., 2010; Najjuka 381 

et al., 2016; Stoppe et al., 2017), and tools to engineer them have existed for decades. Although 382 

E. coli are common in the gut lumen, many have assumed that they are not good colonizers due 383 

to so much disappointment with commensal lab strains, such as E. coli Nissle. However, we show 384 

that by using native E. coli as our chassis, the resultant engineered native bacteria can (a) stably 385 

colonize CR-WT hosts for months, possibly in perpetuity after a single gavage, without the need 386 

for pretreatment for microbiome depletion, (b) engraft the proximal gut in addition to the colon, (c) 387 

demonstrate natural biocontainment between co-housed mice, (d) alter specific luminal 388 

metabolites as intended, that lead to (e) a change in serum metabolites, which then (f) change 389 

host metabolic homeostasis and core physiological processes, and, thus, (g) prevent 390 

dysmetabolic phenotypes. Moreover, our preliminary data show that the initial steps of this 391 
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process can be translated to humans, where we have found readily tractable, native E. coli which 392 

could be transformed to express a gene. Importantly, we show that identical cohorts who only 393 

differ in a single gene in a single bacterial strain can have a dramatically different metabolic 394 

phenotype. Although this has been demonstrated with pathogenicity islands (e.g., Shiga toxin), 395 

we now demonstrate that a beneficial bacterial gene can also have systemic effects.  396 

Earlier studies of an E. coli strain isolated from mouse fecal samples from a different facility 397 

(i.e., NGF-1)(Ziesack et al., 2018) likewise demonstrated long-term colonization (Riglar et al., 398 

2017). However, it was not clear whether undomesticated E. coli strains could be used to study 399 

specific bacterial functions, affect the luminal environment, and shape host physiology. Given that 400 

E. coli abundance is < 0.1% of the microbiome, others have focused on chassis that belong to 401 

more highly abundant strains. Interestingly, our study shows that colonization of the host luminal 402 

environment with our engineered E. coli did not affect the overall composition of the microbiome, 403 

nor the relative abundance of E. coli as detected by 16S analysis. This suggests several 404 

possibilities including that a) E. coli potentially occupies a particular niche that enables close 405 

interaction with the host without too much change in the overall composition of the microbiome, 406 

and b) E. coli is replacing or co-existing with its clonal relatives. Large microbiome resource 407 

studies, such as the Human Microbiome Project and American Gut Project (Lloyd-Price et al., 408 

2019; McDonald et al., 2018), show limited detection of E. coli by 16S sequencing from fecal 409 

samples, whereas infants have higher levels (Chu et al., 2017), suggesting that E. coli abundance 410 

may be affected by niche availability. Moreover, low abundance individual microbes can have 411 

large ecosystem effects because of the niche they occupy and functions they perform;(Banerjee 412 

et al., 2018) thus, a microbe need not be abundant to have a big impact. Overall, our ability to find 413 

genetically tractable E. coli in humans shows that this approach can be translatable in a vast 414 

majority of patients.  415 

Our results clearly demonstrate that native E. coli are particularly adept at affecting host 416 

physiology and, considering the engineering toolbox that has been developed to genetically 417 
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manipulate E. coli, make an effective chassis. In addition, having chassis that are unable to 418 

engraft has been proposed as a mechanism for biocontainment since it would improve the safety 419 

profile by removing concern for LBT proliferation, transmission to healthy cohabitants, and therapy 420 

delivery beyond the end of treatment (Claesen and Fischbach, 2015; Isabella et al., 2018). 421 

However, given the inability of current developed methods to affect change in CR hosts, including 422 

humans, the development of techniques to make transgene expression tunable (Lim et al., 2017; 423 

Whitaker et al., 2017), and our results showing biocontainment with cohoused mice, we suggest 424 

that transgene delivery with engineered native chassis will be a far more effective approach. 425 

The technical capability to change microbiome function in CR mice is critical to 426 

understanding the role of the gut microbiome in various physiological and pathophysiological 427 

processes. Many animal models of disease cannot be recapitulated in reduced microbiome 428 

community conditions. For example, baseline metabolic activity in microbiome-depleted (e.g., 429 

gnotobiotic, antibiotic treated) mice are vastly different from conventionally-raised mice 430 

(Wichmann et al., 2013; Zarrinpar et al., 2018). This could be why the effects of BSH on host 431 

metabolic physiology have been difficult to understand, since prior studies using different reduced 432 

community models have led to contradictory results (Joyce et al., 2014a; Yao et al., 2018). 433 

Because deconjugated bile acids do not have dedicated transporters and require reabsorption 434 

through passive diffusion, increased luminal BSH activity should lead to an increase in fecal 435 

excretion of bile acids, though this has not been reported in microbiome depleted models (Joyce 436 

et al., 2014a). Moreover, they ignore the downstream compositional, metabolomic, and proteomic 437 

effects that can lead to changes to the luminal community that could amplify or dampen the effects 438 

of the knocked-in function. For example, though increased BSH activity is hypothesized to lead 439 

to an increase in primary unconjugated bile acids, we observed the opposite. Instead, because 440 

deconjugated bile acids are substrates that some bacteria can convert to secondary bile acids, 441 

we observed an increase in secondary bile acids. This observation is apparent in CR mice but 442 

not in mono-colonized or reduced-community mice. Although our present work focuses on 443 
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providing a proof-of-concept study, the BSH results show something different from reduced-444 

community studies - a decrease in serum insulin in the setting of unchanged body weight - which 445 

profoundly changes our understanding of how microbiome bile acid biotransformations affect host 446 

metabolism (Joyce et al., 2014b). Because human metagenomic studies have identified BSH as 447 

protective against diabetes (Karlsson et al., 2013; Qin et al., 2012), additional studies in the CR 448 

hosts are necessary to better understand the effect of bile acids on host metabolism and other 449 

physiological processes. 450 

The strategy of using native bacteria as a chassis to introduce transgenes of interest can 451 

be used for different organ systems (e.g., skin, lungs, vagina), expanding our ability to perform 452 

mechanistic studies and providing a strategy for the creation of therapeutic engineered native 453 

bacteria in any microbiome mediated/modulated disease. Moreover, personalized engineered 454 

native bacteria will help overcome the barriers that have limited the use of engineered bacteria in 455 

humans, including interpersonal differences and micro-niche changes induced by disease. 456 

Finally, life-long compliance with chronic therapies is a substantial burden in patients with a 457 

number of chronic diseases, which contributes to their poor morbidity and mortality, and to rising 458 

healthcare costs. Some engineered probiotics in development for disease intervention require 459 

multiple doses (sometimes up to three times daily), which may add significant complications for 460 

feasibility, cost, and adherence. If the engineered native bacteria strategy is successfully 461 

developed and translated to humans, it has the potential to introduce novel, curative 462 

biotherapeutics that improve treatment of chronic diseases without relying on patient compliance. 463 

  464 



27 
 

ACKNOWLEDGEMENTS 465 

We would like to express our appreciation to Dr. Kim Barrett and Dr. David Brenner, who 466 

provided resources to initiate this project during its conceptualization. SDB was supported by F32 467 

DK113721. ARS is supported by the Glenn Foundation for Medical Research Postdoctoral 468 

Fellowships in Aging Research. IM was supported by a UCSD Eureka Foundation Grant. NS is a 469 

Biolegend Fellow. EM is supported by F31 HD106762. ACDM is supported by R01 HL148801-470 

02S1. AZ is supported by AFAR Research Grant for Junior Faculty, National Phenylketonuria 471 

Alliance, American Heart Association Beginning Grant-in-Aid (16BGIA27760160), Kavli Institute 472 

for Brain and Mind at UC San Diego, Jon I. Isenberg Endowed Fellowship, AASLD Liver Scholar 473 

Award, AGA Microbiome Junior Investigator Award, and NIH K08 DK102902, R03 DK114536, 474 

R21 MH117780, R01 HL148801, R01 EB030134, and U01 CA265719. All authors receive 475 

institutional support from NIH P30 DK120515, P30 DK063491, P30 CA014195, P50 AA011999, 476 

and UL1 TR001442. The funders had no role in study design, data collection and interpretation, 477 

or the decision to submit the work for publication. 478 

 479 

CONTRIBUTIONS: 480 

Conceptualization: SDB, BJR, AZ; Methodology, Investigation, and Validation: SDB, BJR, 481 

ARS, IM, AL, NS, EM, YM, AFMP, AZ; Software: ACDM, RAR; Formal Analysis: BJR, ACDM, 482 

RAR, AZ; Resources: SBH, LE, AS, RK, AZ; Data Curation: RAR; Writing – Original Draft 483 

Preparation: BJR, AZ; Writing – Reviewing and Editing: BJR, SDB, RAR, SBH, LE, JH, AS, RK, 484 

AZ; Visualization: BJR, AZ; Supervision: AZ; Project administration: AZ; Funding Acquisition: AZ. 485 

 486 

DECLARATION OF INTERESTS: 487 

AZ and SDB are co-founders and equity-holders in Tortuga Biosciences. He and SDB 488 

have filed a provisional patent based on the work described here (US Provisional Patent No. 489 

16/604,138). 490 



28 
 

 491 

DATA AND MATERIAL AVAILABILITY: 492 

EcAZ-1, EcAZ-2, EcAZ-2BSH+ and EcAZ-2IL10+ will be made available subject to a materials 493 

transfer agreement with the University of California, San Diego. Any and all data and code relating 494 

to the paper will be deposited in a public database with a release date set to the date of 495 

publication.   496 



29 
 

REFERENCES 497 
 498 
Allaband, C., Lingaraju, A., Martino, C., Russell, B., Tripathi, A., Poulsen, O., Dantas Machado, 499 

A.C., Zhou, D., Xue, J., Elijah, E., et al. (2021). Intermittent Hypoxia and Hypercapnia Alter 500 

Diurnal Rhythms of Luminal Gut Microbiome and Metabolome. mSystems, e0011621. 501 

10.1128/mSystems.00116-21. 502 

Amir, A., McDonald, D., Navas-Molina, J.A., Kopylova, E., Morton, J.T., Zech Xu, Z., Kightley, 503 

E.P., Thompson, L.R., Hyde, E.R., Gonzalez, A., and Knight, R. (2017). Deblur Rapidly 504 

Resolves Single-Nucleotide Community Sequence Patterns. mSystems 2. 505 

10.1128/mSystems.00191-16. 506 

Aron-Wisnewsky, J., Vigliotti, C., Witjes, J., Le, P., Holleboom, A.G., Verheij, J., Nieuwdorp, M., 507 

and Clement, K. (2020). Gut microbiota and human NAFLD: disentangling microbial signatures 508 

from metabolic disorders. Nature reviews. Gastroenterology & hepatology 17, 279-297. 509 

10.1038/s41575-020-0269-9. 510 

Bailey, J.K., Pinyon, J.L., Anantham, S., and Hall, R.M. (2010). Commensal Escherichia coli of 511 

healthy humans: a reservoir for antibiotic-resistance determinants. J Med Microbiol 59, 1331-512 

1339. 10.1099/jmm.0.022475-0. 513 

Banerjee, S., Schlaeppi, K., and van der Heijden, M.G.A. (2018). Keystone taxa as drivers of 514 

microbiome structure and functioning. Nature reviews. Microbiology. 10.1038/s41579-018-0024-515 

1. 516 

Bermudez-Humaran, L.G., Aubry, C., Motta, J.P., Deraison, C., Steidler, L., Vergnolle, N., 517 

Chatel, J.M., and Langella, P. (2013). Engineering lactococci and lactobacilli for human health. 518 

Curr Opin Microbiol 16, 278-283. 10.1016/j.mib.2013.06.002. 519 

Biteen, J.S., Blainey, P.C., Cardon, Z.G., Chun, M., Church, G.M., Dorrestein, P.C., Fraser, 520 

S.E., Gilbert, J.A., Jansson, J.K., Knight, R., et al. (2016). Tools for the Microbiome: Nano and 521 

Beyond. ACS Nano 10, 6-37. 10.1021/acsnano.5b07826. 522 



30 
 

Bober, J.R., Beisel, C.L., and Nair, N.U. (2018). Synthetic Biology Approaches to Engineer 523 

Probiotics and Members of the Human Microbiota for Biomedical Applications. Annu Rev 524 

Biomed Eng 20, 277-300. 10.1146/annurev-bioeng-062117-121019. 525 

Bok, E., Mazurek, J., Myc, A., Stosik, M., Wojciech, M., and Baldy-Chudzik, K. (2018). 526 

Comparison of Commensal Escherichia coli Isolates from Adults and Young Children in 527 

Lubuskie Province, Poland: Virulence Potential, Phylogeny and Antimicrobial Resistance. Int J 528 

Environ Res Public Health 15. 10.3390/ijerph15040617. 529 

Bokulich, N.A., Kaehler, B.D., Rideout, J.R., Dillon, M., Bolyen, E., Knight, R., Huttley, G.A., and 530 

Gregory Caporaso, J. (2018). Optimizing taxonomic classification of marker-gene amplicon 531 

sequences with QIIME 2's q2-feature-classifier plugin. Microbiome 6, 90. 10.1186/s40168-018-532 

0470-z. 533 

Bolyen, E., Rideout, J.R., Dillon, M.R., Bokulich, N.A., Abnet, C.C., Al-Ghalith, G.A., Alexander, 534 

H., Alm, E.J., Arumugam, M., Asnicar, F., et al. (2019). Reproducible, interactive, scalable and 535 

extensible microbiome data science using QIIME 2. Nat Biotechnol 37, 852-857. 536 

10.1038/s41587-019-0209-9. 537 

Braat, H., Rottiers, P., Hommes, D.W., Huyghebaert, N., Remaut, E., Remon, J.P., van 538 

Deventer, S.J., Neirynck, S., Peppelenbosch, M.P., and Steidler, L. (2006). A phase I trial with 539 

transgenic bacteria expressing interleukin-10 in Crohn's disease. Clinical gastroenterology and 540 

hepatology : the official clinical practice journal of the American Gastroenterological Association 541 

4, 754-759. 10.1016/j.cgh.2006.03.028. 542 

Brophy, J.A.N., Triassi, A.J., Adams, B.L., Renberg, R.L., Stratis-Cullum, D.N., Grossman, A.D., 543 

and Voigt, C.A. (2018). Engineered integrative and conjugative elements for efficient and 544 

inducible DNA transfer to undomesticated bacteria. Nat Microbiol 3, 1043-1053. 545 

10.1038/s41564-018-0216-5. 546 



31 
 

Chu, D.M., Ma, J., Prince, A.L., Antony, K.M., Seferovic, M.D., and Aagaard, K.M. (2017). 547 

Maturation of the infant microbiome community structure and function across multiple body sites 548 

and in relation to mode of delivery. Nature medicine 23, 314-326. 10.1038/nm.4272. 549 

Claesen, J., and Fischbach, M.A. (2015). Synthetic microbes as drug delivery systems. ACS 550 

Synth Biol 4, 358-364. 10.1021/sb500258b. 551 

Crook, N., Ferreiro, A., Gasparrini, A.J., Pesesky, M.W., Gibson, M.K., Wang, B., Sun, X., 552 

Condiotte, Z., Dobrowolski, S., Peterson, D., and Dantas, G. (2019). Adaptive Strategies of the 553 

Candidate Probiotic E. coli Nissle in the Mammalian Gut. Cell host & microbe 25, 499-512 e498. 554 

10.1016/j.chom.2019.02.005. 555 

Guglielmetti, S., Mayo, B., and Alvarez-Martin, P. (2013). Mobilome and genetic modification of 556 

bifidobacteria. Benef Microbes 4, 143-166. 10.3920/BM2012.0031. 557 

Gurung, M., Li, Z., You, H., Rodrigues, R., Jump, D.B., Morgun, A., and Shulzhenko, N. (2020). 558 

Role of gut microbiota in type 2 diabetes pathophysiology. EBioMedicine 51, 102590. 559 

10.1016/j.ebiom.2019.11.051. 560 

Huang, S., Jiang, S., Huo, D., Allaband, C., Estaki, M., Cantu, V., Belda-Ferre, P., Vazquez-561 

Baeza, Y., Zhu, Q., Ma, C., et al. (2021). Candidate probiotic Lactiplantibacillus plantarum 562 

HNU082 rapidly and convergently evolves within human, mice, and zebrafish gut but 563 

differentially influences the resident microbiome. Microbiome 9, 151. 10.1186/s40168-021-564 

01102-0. 565 

Human Microbiome Project, C. (2012). Structure, function and diversity of the healthy human 566 

microbiome. Nature 486, 207-214. 10.1038/nature11234. 567 

Isabella, V.M., Ha, B.N., Castillo, M.J., Lubkowicz, D.J., Rowe, S.E., Millet, Y.A., Anderson, 568 

C.L., Li, N., Fisher, A.B., West, K.A., et al. (2018). Development of a synthetic live bacterial 569 

therapeutic for the human metabolic disease phenylketonuria. Nat Biotechnol 36, 857-864. 570 

10.1038/nbt.4222. 571 



32 
 

Jie, Z., Xia, H., Zhong, S.L., Feng, Q., Li, S., Liang, S., Zhong, H., Liu, Z., Gao, Y., Zhao, H., et 572 

al. (2017). The gut microbiome in atherosclerotic cardiovascular disease. Nature 573 

communications 8, 845. 10.1038/s41467-017-00900-1. 574 

Jones, B.V., Begley, M., Hill, C., Gahan, C.G., and Marchesi, J.R. (2008). Functional and 575 

comparative metagenomic analysis of bile salt hydrolase activity in the human gut microbiome. 576 

Proceedings of the National Academy of Sciences of the United States of America 105, 13580-577 

13585. 10.1073/pnas.0804437105. 578 

Joyce, S.A., MacSharry, J., Casey, P.G., Kinsella, M., Murphy, E.F., Shanahan, F., Hill, C., and 579 

Gahan, C.G. (2014a). Regulation of host weight gain and lipid metabolism by bacterial bile acid 580 

modification in the gut. Proceedings of the National Academy of Sciences of the United States 581 

of America 111, 7421-7426. 10.1073/pnas.1323599111. 582 

Joyce, S.A., Shanahan, F., Hill, C., and Gahan, C.G. (2014b). Bacterial bile salt hydrolase in 583 

host metabolism: Potential for influencing gastrointestinal microbe-host crosstalk. Gut Microbes 584 

5, 669-674. 10.4161/19490976.2014.969986. 585 

Karlsson, F.H., Tremaroli, V., Nookaew, I., Bergstrom, G., Behre, C.J., Fagerberg, B., Nielsen, 586 

J., and Backhed, F. (2013). Gut metagenome in European women with normal, impaired and 587 

diabetic glucose control. Nature 498, 99-103. 10.1038/nature12198. 588 

Kostic, A.D., Xavier, R.J., and Gevers, D. (2014). The microbiome in inflammatory bowel 589 

disease: current status and the future ahead. Gastroenterology 146, 1489-1499. 590 

10.1053/j.gastro.2014.02.009. 591 

Kristensen, N.B., Bryrup, T., Allin, K.H., Nielsen, T., Hansen, T.H., and Pedersen, O. (2016). 592 

Alterations in fecal microbiota composition by probiotic supplementation in healthy adults: a 593 

systematic review of randomized controlled trials. Genome medicine 8, 52. 10.1186/s13073-594 

016-0300-5. 595 



33 
 

Lee, S.M., Donaldson, G.P., Mikulski, Z., Boyajian, S., Ley, K., and Mazmanian, S.K. (2013). 596 

Bacterial colonization factors control specificity and stability of the gut microbiota. Nature 501, 597 

426-429. 10.1038/nature12447. 598 

Li, B., Sun, J.Y., Han, L.Z., Huang, X.H., Fu, Q., and Ni, Y.X. (2010). Phylogenetic groups and 599 

pathogenicity island markers in fecal Escherichia coli isolates from asymptomatic humans in 600 

China. Applied and environmental microbiology 76, 6698-6700. 10.1128/AEM.00707-10. 601 

Li, S.S., Zhu, A., Benes, V., Costea, P.I., Hercog, R., Hildebrand, F., Huerta-Cepas, J., 602 

Nieuwdorp, M., Salojarvi, J., Voigt, A.Y., et al. (2016). Durable coexistence of donor and 603 

recipient strains after fecal microbiota transplantation. Science 352, 586-589. 604 

10.1126/science.aad8852. 605 

Lim, B., Zimmermann, M., Barry, N.A., and Goodman, A.L. (2017). Engineered Regulatory 606 

Systems Modulate Gene Expression of Human Commensals in the Gut. Cell 169, 547-558 607 

e515. 10.1016/j.cell.2017.03.045. 608 

Lloyd-Price, J., Arze, C., Ananthakrishnan, A.N., Schirmer, M., Avila-Pacheco, J., Poon, T.W., 609 

Andrews, E., Ajami, N.J., Bonham, K.S., Brislawn, C.J., et al. (2019). Multi-omics of the gut 610 

microbial ecosystem in inflammatory bowel diseases. Nature 569, 655-662. 10.1038/s41586-611 

019-1237-9. 612 

McDonald, D., Hyde, E., Debelius, J.W., Morton, J.T., Gonzalez, A., Ackermann, G., Aksenov, 613 

A.A., Behsaz, B., Brennan, C., Chen, Y., et al. (2018). American Gut: an Open Platform for 614 

Citizen Science Microbiome Research. mSystems 3. 10.1128/mSystems.00031-18. 615 

Mimee, M., Citorik, R.J., and Lu, T.K. (2016). Microbiome therapeutics - Advances and 616 

challenges. Adv Drug Deliv Rev 105, 44-54. 10.1016/j.addr.2016.04.032. 617 

Moody, L.V., Miyamoto, Y., Ang, J., Richter, P.J., and Eckmann, L. (2019). Evaluation of 618 

Peroxides and Chlorine Oxides as Disinfectants for Chemical Sterilization of Gnotobiotic Rodent 619 

Isolators. J Am Assoc Lab Anim Sci 58, 558-568. 10.30802/AALAS-JAALAS-18-000130. 620 



34 
 

Muscogiuri, G., Cantone, E., Cassarano, S., Tuccinardi, D., Barrea, L., Savastano, S., Colao, 621 

A., on behalf of the Obesity Programs of nutrition, E.R., and Assessment, g. (2019). Gut 622 

microbiota: a new path to treat obesity. Int J Obes Suppl 9, 10-19. 10.1038/s41367-019-0011-7. 623 

Najjuka, C.F., Kateete, D.P., Kajumbula, H.M., Joloba, M.L., and Essack, S.Y. (2016). 624 

Antimicrobial susceptibility profiles of Escherichia coli and Klebsiella pneumoniae isolated from 625 

outpatients in urban and rural districts of Uganda. BMC Res Notes 9, 235. 10.1186/s13104-016-626 

2049-8. 627 

Pedrolli, D.B., Ribeiro, N.V., Squizato, P.N., de Jesus, V.N., Cozetto, D.A., and Team, 628 

A.Q.A.U.a.i. (2019). Engineering Microbial Living Therapeutics: The Synthetic Biology Toolbox. 629 

Trends in biotechnology 37, 100-115. 10.1016/j.tibtech.2018.09.005. 630 

Qin, J., Li, Y., Cai, Z., Li, S., Zhu, J., Zhang, F., Liang, S., Zhang, W., Guan, Y., Shen, D., et al. 631 

(2012). A metagenome-wide association study of gut microbiota in type 2 diabetes. Nature 490, 632 

55-60. 10.1038/nature11450. 633 

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J., and 634 

Glockner, F.O. (2013). The SILVA ribosomal RNA gene database project: improved data 635 

processing and web-based tools. Nucleic Acids Res 41, D590-596. 10.1093/nar/gks1219. 636 

Riglar, D.T., Giessen, T.W., Baym, M., Kerns, S.J., Niederhuber, M.J., Bronson, R.T., Kotula, 637 

J.W., Gerber, G.K., Way, J.C., and Silver, P.A. (2017). Engineered bacteria can function in the 638 

mammalian gut long-term as live diagnostics of inflammation. Nat Biotechnol 35, 653-658. 639 

10.1038/nbt.3879. 640 

Riglar, D.T., and Silver, P.A. (2018). Engineering bacteria for diagnostic and therapeutic 641 

applications. Nature reviews. Microbiology 16, 214-225. 10.1038/nrmicro.2017.172. 642 

Rizk, M.G., and Thackray, V.G. (2021). Intersection of Polycystic Ovary Syndrome and the Gut 643 

Microbiome. J Endocr Soc 5, bvaa177. 10.1210/jendso/bvaa177. 644 



35 
 

Robeson, M.S., O'Rourke, D.R., Kaehler, B.D., Ziemski, M., Dillon, M.R., Foster, J.T., and 645 

Bokulich, N.A. (2020). RESCRIPt: Reproducible sequence taxonomy reference database 646 

management for the masses. bioRxiv. 647 

Ronda, C., Chen, S.P., Cabral, V., Yaung, S.J., and Wang, H.H. (2019). Metagenomic 648 

engineering of the mammalian gut microbiome in situ. Nature methods 16, 167-170. 649 

10.1038/s41592-018-0301-y. 650 

Saran, A.R., Dave, S., and Zarrinpar, A. (2020). Circadian Rhythms in the Pathogenesis and 651 

Treatment of Fatty Liver Disease. Gastroenterology 158, 1948-1966 e1941. 652 

10.1053/j.gastro.2020.01.050. 653 

Sepich-Poore, G.D., Zitvogel, L., Straussman, R., Hasty, J., Wargo, J.A., and Knight, R. (2021). 654 

The microbiome and human cancer. Science 371. 10.1126/science.abc4552. 655 

Shepherd, E.S., DeLoache, W.C., Pruss, K.M., Whitaker, W.R., and Sonnenburg, J.L. (2018). 656 

An exclusive metabolic niche enables strain engraftment in the gut microbiota. Nature 557, 434-657 

438. 10.1038/s41586-018-0092-4. 658 

Sheth, R.U., Cabral, V., Chen, S.P., and Wang, H.H. (2016). Manipulating Bacterial 659 

Communities by in situ Microbiome Engineering. Trends in genetics : TIG 32, 189-200. 660 

10.1016/j.tig.2016.01.005. 661 

Steidler, L., Hans, W., Schotte, L., Neirynck, S., Obermeier, F., Falk, W., Fiers, W., and Remaut, 662 

E. (2000). Treatment of murine colitis by Lactococcus lactis secreting interleukin-10. Science 663 

289, 1352-1355. 664 

Stoppe, N.C., Silva, J.S., Carlos, C., Sato, M.I.Z., Saraiva, A.M., Ottoboni, L.M.M., and Torres, 665 

T.T. (2017). Worldwide Phylogenetic Group Patterns of Escherichia coli from Commensal 666 

Human and Wastewater Treatment Plant Isolates. Front Microbiol 8, 2512. 667 

10.3389/fmicb.2017.02512. 668 



36 
 

Turnbaugh, P.J., Hamady, M., Yatsunenko, T., Cantarel, B.L., Duncan, A., Ley, R.E., Sogin, 669 

M.L., Jones, W.J., Roe, B.A., Affourtit, J.P., et al. (2009). A core gut microbiome in obese and 670 

lean twins. Nature 457, 480-484. 10.1038/nature07540. 671 

Wahlstrom, A., Sayin, S.I., Marschall, H.U., and Backhed, F. (2016). Intestinal Crosstalk 672 

between Bile Acids and Microbiota and Its Impact on Host Metabolism. Cell metabolism 24, 41-673 

50. 10.1016/j.cmet.2016.05.005. 674 

Walker, R.I., and Owen, R.L. (1990). Intestinal barriers to bacteria and their toxins. Annual 675 

review of medicine 41, 393-400. 10.1146/annurev.me.41.020190.002141. 676 

Wegner, K., Just, S., Gau, L., Mueller, H., Gerard, P., Lepage, P., Clavel, T., and Rohn, S. 677 

(2017). Rapid analysis of bile acids in different biological matrices using LC-ESI-MS/MS for the 678 

investigation of bile acid transformation by mammalian gut bacteria. Anal Bioanal Chem 409, 679 

1231-1245. 10.1007/s00216-016-0048-1. 680 

Whitaker, W.R., Shepherd, E.S., and Sonnenburg, J.L. (2017). Tunable Expression Tools 681 

Enable Single-Cell Strain Distinction in the Gut Microbiome. Cell 169, 538-546 e512. 682 

10.1016/j.cell.2017.03.041. 683 

Wichmann, A., Allahyar, A., Greiner, T.U., Plovier, H., Lunden, G.O., Larsson, T., Drucker, D.J., 684 

Delzenne, N.M., Cani, P.D., and Backhed, F. (2013). Microbial modulation of energy availability 685 

in the colon regulates intestinal transit. Cell host & microbe 14, 582-590. 686 

10.1016/j.chom.2013.09.012. 687 

Wiles, T.J., Wall, E.S., Schlomann, B.H., Hay, E.A., Parthasarathy, R., and Guillemin, K. (2018). 688 

Modernized Tools for Streamlined Genetic Manipulation and Comparative Study of Wild and 689 

Diverse Proteobacterial Lineages. mBio 9. 10.1128/mBio.01877-18. 690 

Xue, J., Allaband, C., Zhou, D., Poulsen, O., Martino, C., Jiang, L., Tripathi, A., Elijah, E., 691 

Dorrestein, P.C., Knight, R., et al. (2021). Influence of Intermittent Hypoxia/Hypercapnia on 692 

Atherosclerosis, Gut Microbiome, and Metabolome. Front Physiol 12, 663950. 693 

10.3389/fphys.2021.663950. 694 



37 
 

Yao, L., Seaton, S.C., Ndousse-Fetter, S., Adhikari, A.A., DiBenedetto, N., Mina, A.I., Banks, 695 

A.S., Bry, L., and Devlin, A.S. (2018). A selective gut bacterial bile salt hydrolase alters host 696 

metabolism. Elife 7. 10.7554/eLife.37182. 697 

Zarrinpar, A., Chaix, A., Xu, Z.Z., Chang, M.W., Marotz, C.A., Saghatelian, A., Knight, R., and 698 

Panda, S. (2018). Antibiotic-induced microbiome depletion alters metabolic homeostasis by 699 

affecting gut signaling and colonic metabolism. Nature communications 9, 2872. 700 

10.1038/s41467-018-05336-9. 701 

Zarrinpar, A., Chaix, A., Yooseph, S., and Panda, S. (2014). Diet and feeding pattern affect the 702 

diurnal dynamics of the gut microbiome. Cell metabolism 20, 1006-1017. 703 

10.1016/j.cmet.2014.11.008. 704 

Ziesack, M., Karrenbelt, M.A.P., Bues, J., Schaefer, E., Silver, P., and Way, J. (2018). 705 

Escherichia coli NGF-1, a Genetically Tractable, Efficiently Colonizing Murine Gut Isolate. 706 

Microbiol Resour Announc 7. 10.1128/MRA.01416-18. 707 

 708 

  709 



38 
 

MATERIALS AND METHODS 710 

Bacterial Isolation  711 

For murine derived strains, stool was collected from a male C57BL/6 male mouse acquired 712 

from Jackson Laboratory (Bar Harbor, ME). Stool was suspended in sterile DI water and 713 

homogenized for 2 min. at 3500 rpm in Mini-Beadbeater-24 (Biospec, Bartlesville, OK). 714 

Homogenized stool was plated on MacConkey agar containing lactose. Potential E. coli colonies 715 

were selected based on colony shape and ability to ferment lactose. They were cultured for 716 

isolation twice. 16S rRNA genes were amplified using the primers described below (Illumina Part 717 

#15044223 Rev. B) and sequenced using Sanger sequencing (Eton Biosciences, La Jolla, CA) 718 

to confirm identity.  719 

For human-derived strains, volunteers undergoing outpatient endoscopy were selected in 720 

accordance with VA San Diego IRB #H130266. Biopsies were collected from various regions of 721 

the GI tract adjacent to sites that were needed for clinical indications (e.g., polyps) and 722 

immediately transferred to sterile PBS. Tissue samples were homogenized, and bacterial growth, 723 

isolation, and identification was performed as described above. 16S rRNA gene amplicon PCR 724 

forward primer =  725 

5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG 726 

16S amplicon PCR reverse primer = 727 

 5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC 728 

 729 

Strain Development 730 

The index native murine E. coli used for transformation was labeled as EcAZ-1. For EcAZ-731 

2, ECAZ-1 was exposed to P1vir lysate trained on MG1655 with kanamycin resistance (aph) and 732 

fluorescence (GFP-mut2). Successful transductants were selected for using kanamycin 733 

resistance (aph) and fluorescence (EcAZ-2). EcAZ-1 was nearly 100-fold more resistant to phage 734 

transduction than E. coli Nissle. For the construction of EcAZ-2 containing bile salt hydrolase 735 
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(BSH; EcAZ-2BSH+), EcAZ-1 was exposed to P1vir lysate trained on MG1655 containing 736 

chloramphenicol resistance (cat) and bsh. Successful transductants were selected for 737 

functionality of BSH and chloramphenicol resistance. Verification of BSH functionality was verified 738 

by plating on lactose-containing LB plates supplemented with TDCA. Precipitation of DCA 739 

indicated functioning BSH. The successful transductants were then exposed to lysate with 740 

kanamycin resistance (aph) and fluorescence (GFP-mut2). Successful transductants were 741 

selected for gain of kanamycin resistance. The bsh gene used for this study naturally occurs in 742 

Lactobacillus salivarius JCM1046 and is effective at altering bile acids in germ free and antibiotic-743 

treated, conventionalized mice when expressed by an E. coli Nissle chassis (Joyce et al., 2014a). 744 

The first insertion event (for the cassette containing aph and gfp) occurred between chromosomal 745 

bases 3,267,361-3,274,418, which covers a Ribosomal RNA operon, murI (glutamate racemase) 746 

and btuB (vitamin B12 / E colicin / bacteriophage BF23 outer membrane porin BtuB). The second 747 

insertion event (for the cassette containing cat and bsh) occurred between chromosomal bases 748 

1,886,038-1,887,917, which covers ydcM (putative transposase), ybhB (putative kinase inhibitor), 749 

and ybhC (outer membrane lipoprotein).  750 

For the construction of EcAZ-2 containing IL-10 (EcAZ-2IL10+), EcAZ-1 was exposed to a 751 

lysate trained on MG1655 containing chloramphenicol resistance (cat) and human Il10. The 752 

successful transductants were selected for via IL-10 gene detection by PCR and chloramphenicol 753 

resistance. Insertion occurred in the yfgG (metal ion stress response protein) gene. Verification 754 

of IL-10 expression was performed by growing an overnight culture of isolates in Super Optimal 755 

Broth (SOB), 12.5 ug/mL of Kanamycin and 10 ug/mL of chloramphenicol. The cultures were 756 

centrifuged and resuspended in Assay diluent (10% FBS in 1x PBS). The samples underwent 757 

four freeze-thaw cycles, and the cell lysates were assessed on a human IL-10 detection ELISA 758 

(Catalog 430601, Biolegend).  759 

Human bacterial isolates were assessed for susceptibility to commonly used laboratory 760 

antibiotics at standard laboratory concentrations (10 ug/mL for chloramphenicol, 12.5 ug/mL and 761 
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25 ug/mL for kanamycin, and 100 ug/mL for carbenicillin). Human strains were assessed for 762 

susceptibility to transduction via P1vir using lysate trained on MG1655 and lysate trained on E. 763 

coli Nissle 1917. Transformation was performed via electroporation. Three plasmid sizes were 764 

assessed including pTrcHisB, a modified version of pNCM (roughly 70kb), and an additionally 765 

modified version of pNCM (roughly 35kb). All plasmid transformations were assessed at 1800 V, 766 

200 ohms, and 25 uF. Conjugation was performed using a 2,6-diaminopimelic acid dependent 767 

donor strain containing a modified F-plasmid, pNCM, containing a kanamycin resistance marker 768 

and green fluorescent protein with a deletion in finO to promote conjugation. Successful 769 

conjugates were selected for the ability to grow without DAP, and for a gain of GFP and kanamycin 770 

resistance.  771 

 772 

Growth Curves  773 

Overnight cultures of SOB, supplemented with no antibiotic for EcAZ-1, 12.5 ug/mL of 774 

kanamycin for EcAZ-2, and 10 ug/mL of chloramphenicol for EcAZ-2BSH+ and EcAZ-2IL10+, were 775 

back diluted 1:100 in the same media described and loaded in triplicate in a 96-well plate. Blanks 776 

for each media were also loaded in triplicate. Incubation and measurements were done in an 777 

Infinite M Nano+ plate reader (Tecan, Morrisville, NC) at 37°C. OD600 measurements were 778 

performed every 10 minutes for 18 hours directly after 5 seconds of shaking. OD was determined 779 

by subtracting out the average blank for the media type for each time point. 780 

 781 

Animal Experiments 782 

All animal experiments were conducted in accordance with the guidelines of the IACUC 783 

of the University of California, San Diego. C57BL/6 mice (Jackson Laboratories) were housed in 784 

a specific pathogen free facility (irradiated chow and autoclaved bedding), or when specified, in a 785 

separate section of the vivarium that was a low barrier facility (non-irradiated chow and non-786 

autoclaved bedding; e.g., Fig. 1A, D). Mice were housed 4-5 per cage unless otherwise stated. 787 
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They were fed a normal-chow diet (Diet 7912, Teklad Diets, Madison, WI). After an acclimation 788 

period, 12-week-old male mice were pseudorandomized into two groups. This pseudo-789 

randomization was based on the initial weight of the mice; in the end, the mean and standard 790 

deviation of the weight of the mice was the same between all groups. Mice were gavaged with 791 

200 µL of either PBS or ~1x1010 cfu/mL of the corresponding bacterial strain. Body weight and 792 

food consumption were monitored every 1-2 weeks.  793 

 794 

Colonization Assessment 795 

For stool, we collected 3-5 stool pellets from individual mice and weighed them. 1 mL of 796 

sterile deionized water was added to each sample along with one sterile chrome bead (Neta 797 

Scientific, Hainesport, NJ). Samples were homogenized for 2 min. at 3500 rpm in Mini-798 

Beadbeater-24 (Biospec, Bartlesville, OK). For control samples, homogenized stool was plated 799 

on kanamycin and chloramphenicol to check for bacterial contamination. For EcAZ-2 colonized 800 

mice, samples were plated on chloramphenicol to check for unintended bacterial contamination 801 

and diluted and plated on kanamycin to calculate CFU/gram of stool. The EcAZ-2BSH+ and EcAZ-802 

2IL10+ stool was diluted and plated on kanamycin and chloramphenicol.  803 

Collected and tested tissues include duodenum defined as the first 10 cm of small 804 

intestine, jejunum defined as the next 10 cm of small intestine, Ileum defined as the next 5 cm of 805 

small intestine, cecum, and colon.  806 

For tissues, mice were euthanized, and tissue samples were harvested and immediately 807 

placed on ice. Dissection tools were disinfected between animals. Samples were processed and 808 

plated as described for stool. For each region of the GI tract, bacterial colonies were evaluated 809 

for enzyme functionality by patching from non-selective plates onto lactose and taurodeoxycholic 810 

acid (TDCA) containing plates. Up to 25 colonies for each region for each mouse were evaluated. 811 

In cases where 25 colonies did not grow, all colonies were evaluated.  812 
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For each region of the GI tract, verification of IL-10 expression was performed by growing 813 

an overnight culture of isolates in SOB, 12.5 ug/mL of Kanamycin and 10 ug/mL of 814 

chloramphenicol. To lyse the bacteria, the cultures were centrifuged, and the resulting pellet was 815 

resuspended in Assay diluent (10% FBS in 1x PBS). The samples were then flash frozen and 816 

defrosted for 4 rounds to lyse the cells and used on an IL-10 detection ELISA (Catalog 430601, 817 

Biolegend). 818 

 819 

Co-Housing Experiment  820 

Three pairs of 6-month-old male C57BL/6 mice were co-housed in a low barrier facility 821 

(where food and bedding were not autoclaved). From each cage, one mouse was gavaged with 822 

200 µL of PBS while the other was gavaged with 200 µL ~1x1010 cfu/mL EcAZ-2. After gavage, 823 

mice were single housed for a week. Five days post-gavage, baseline stool was collected from 824 

each mouse. The pairs were then reunited with their cage mate. Initial stool collection 825 

demonstrated coprophagia but no persistent colonization. After 19 days, the protocol was 826 

modified so that mice were separated and individually housed one day prior to stool collection. 827 

After stool collection, each mouse was reunited with their cage mates until the next stool 828 

collection. Thus, with the new protocol, coprophagic incidents would no longer appear and only 829 

incidents of horizontal transfer/colonization would be detectable. 830 

 831 

Gnotobiotic Mice 832 

Germ-free C57BL/6 mice were bred and maintained in sterile flexible film isolators and 833 

screened for bacterial, viral, and fungal contamination as described (Moody et al., 2019). Mice 834 

were fed autoclaved chow (Envigo 2019S) and transferred into the Sentry SPP cage (Allentown). 835 

Mice were inoculated with corresponding bacteria oral gavage. Stool was collected for bile acid 836 

analysis 7 days later. Mono-colonization was confirmed upon euthanasia of the gnotobiotic mice. 837 

 838 
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Stool and Serum Bile Acids  839 

Bile acids were extracted from samples as described before (Wegner et al., 2017; 840 

Zarrinpar et al., 2018). Briefly, stool samples were homogenized and extracted in methanol (10 841 

mg of sample/100 µL) containing heavy internal standards. Serum samples (25 µL) were 842 

extracted with 75 µL of methanol containing heavy internal standards. After vortexing for 10 843 

minutes and centrifuging (16,000 x g, 4 C, 10 min), supernatants were transferred to glass vials 844 

for injection. Bile acids were analyzed on a Dionex Ultimate 3000 LC system (Thermo) coupled 845 

to a TSQ Quantiva mass spectrometer (Thermo) fitted with a Kinetex C18 reversed phase column 846 

(2.6 µm, 150 x 2.1 mm i.d., Phenomenex). The following LC solvents were used: solution A, 0.1 847 

% formic acid and 20 mM ammonium acetate in water, solution B, acetonitrile/methanol (3/1, v/v) 848 

containing 0.1 % formic acid and 20 mM ammonium acetate. The following reversed phase 849 

gradient was utilized: at a flow rate of 0.2 mL/min with a gradient consisting of 25-29 % B in 1 850 

min, 29-33 % B in 14 min, 33-70 % B in 15 min, up to 100 % B in 1 min, 100 % B for 9 min and 851 

re-equilibrated to 25 % B for 10 min, for a total run time of 50 min. The injection volume for all 852 

samples was 10 µL, the column oven temperature was set to 50°C and the autosampler kept at 853 

4°C. MS analyses were performed using electrospray ionization in positive and negative ion 854 

modes, with spray voltages of 3.5 and -3 kV, respectively, ion transfer tube temperature of 325°C, 855 

and vaporizer temperature of 275°C. Multiple reaction monitoring (MRM) was performed by using 856 

mass transitions between specific parent ions into corresponding fragment ions for each analyte. 857 

The transitions and retention time for each analyte and internal standards are shown in Table S1. 858 

Results were quantified using isotopically labeled internal standards. Data were averaged across 859 

samples.  860 

!"#$ %&'#$ ()&*+$ ,#(+-.#*$ -+&/0$ 1"&+$ 1#)"/&2-#$ &/)'-*#$ 345$ !345$ %6345$ !%6345$ 78861 
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44 
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A>34$F(+$*#1#)1#*$ &/$ 1"#$+199'C$!91('$%&'#$()&*$,#(+-.#,#/1+$F#.#$ 1"#$+-,$9H$(''$%&'#$()&*+$866 

,#(+-.#*$ -+&/0$ ,(++$ +I#)1.9,#1.=C$ J.&,(.=$ %&'#$ ()&*+$ &/)'-*#*$ 345$ !345$ (6345$ !(6345$867 

%6345$!%6345$3>345$(/*$!3>34C$K#)9/*(.=$%&'#$()&*+$&/)'-*#*$>345$!>345$96345$!96345$868 

A>345$(/*$B34C$ 869 

 870 

16S rRNA Microbiome Data Processing and Analysis 871 

16S rRNA gene amplicon sequences were processed using Qiime2 (version 2020.6) using 872 

default parameters (Bolyen et al., 2019). ASVs were generated by the Deblur method, trimmed 873 

to 120bp (Amir et al., 2017). Taxonomy was assigned via the sklearn plugin(Bokulich et al., 2018; 874 

Robeson et al., 2020) against the Silva v123 model (Quast et al., 2013), and ASVs were filtered 875 

to remove Eukaryotic, Mitochondrial, Plastid, and unassigned taxa. The phylogenetic diversity 876 

metrics and PCoA were then calculated on samples rarefied to 4000 reads.  877 

 878 

qPCR from Liver and Terminal Ileum 879 

The livers and terminal ileum from control and EcAZ-2BSH+ mice were flash frozen in liquid 880 

nitrogen. The frozen tissues were homogenized, and RNA was extracted using TriZol reagent 881 

according to manufacturer’s instructions. 1ug of RNA was reverse transcribed using quanta 882 

biosciences qScript cDNA supermix (Cat# 95048-025). The samples were diluted 1:50 and qRT-883 

PCR was run using FastStart Universal SYBR Green Master (Rox) (Cat# 4913850001) on an 884 



45 
 

Applied Biosystems QuantStudio 5. The data were analyzed, and gene expression was 885 

expressed relative to mrpl46. 886 

 887 

Primers Sequence 

CYP7a1 Fwd GGGATTGCTGTGGTAGTGAGC 

CYP7a1 Rev GGTATGGAATCAACCCGTTGTC 

CYP27a1 Fwd CCAGGCACAGGAGAGTACG 

CYP27a1 Rev GGGCAAGTGCAGCACATAG 

Fxr Fwd GCTTGATGTGCTACAAAAGCTG 

Fxr Rev CGTGGTGATGGTTGAATGTCC 

Nr0b2 Fwd TGGGTCCCAAGGAGTATGC 

Nr0b2 Rev GCTCCAAGACTTCACACAGTG 
 888 

 889 

Blood Collection and Serum Biomarker Measurements  890 

Blood was collected from fasted (16 h) or re-fed animals (30 min). Re-feeding was 891 

performed by oral gavage of Ensure (Abbott, Columbus, Ohio). In male mice, serum insulin was 892 

performed using the Bio-Plex Pro Mouse Diabetes 8-Plex Assay (Bio-Rad, Hercules, CA) as per 893 

the manufacturer’s protocol.  894 

 895 

Glucose Tolerance  896 

Glucose tolerance assays were performed on fasted mice (16 h, Pur-O-Cel bedding) by 897 

monitoring glucose levels after a glucose bolus (10 uL of 20% glucose/kg of body weight (BW)) 898 

via oral gavage. Glucose concentration was measured from a tail snip using a OneTouch Ultra 899 

glucometer. Tail tips were anesthetized with a topical anesthetic (Actavis, Parsippany-Troy Hills, 900 

NJ) prior to snip. 901 
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 902 

Insulin Measurement 903 

10-week-old female mice were fasted (5 h, Pur-O-Cel bedding) and then bled from the tail 904 

vein to collect fasted plasma. Two days later, mice were again fasted (14-16 h, Pur-O-Cel 905 

bedding) and then orally gavaged with 0.5g glucose/kg body weight of Ensure (Abbott, Columbus, 906 

Ohio) to measure insulin response to a mixed meal. 30 minutes after the gavage, blood was 907 

collected through a submandibular bleed. Serum insulin from fasted and fed blood was measured 908 

using a mouse ELISA (Crystal Chem Ultra-Sensitive Mouse ELISA Kit). 909 

 910 

Statistics  911 

All comparisons of EcAZ-2 to EcAZ-2BSH+ were calculated using Mann-Whitney U test or 912 

Kruskal-Wallis test with post-hoc Dunn’s multiple comparison test as specified except for Fig. 913 

S3A-C and Fig. 4D, which used a student’s t-test due to low sample size. When student’s t-test 914 

was used, normality of data was confirmed with a Q-Q plot.  915 

 916 


