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ARTICLE INFO ABSTRACT

Keywords: Probiotic strains from the Bifidobacterium or Lactobacillus genera improve health outcomes in models of metabolic
Bifidobacterium animalis lactis subspecies 420 and cardiovascular disease. Yet, underlying mechanisms governing these improved health outcomes are rooted in
Translocation the interaction of gut microbiota, intestinal interface, and probiotic strain. Central to defining the underlying
igg‘z]%’;n;gz green mechanisms governing these improved health outcomes is the development of adaptable and non-invasive tools

to study probiotic localization and colonization within the host gut microbiome. The objective of this study was
to test labeling and tracking efficacy of Bifidobacterium animalis subspecies lactis 420 (B420) using a common
clinical imaging agent, indocyanine green (ICG). ICG was an effective in situ labeling agent visualized in either
intact mouse or excised gastrointestinal (GI) tract at different time intervals. Quantitative PCR was used to
validate ICG visualization of B420, which also demonstrated that B420 transit time matched normal murine GI
motility (~8 hours). Contrary to previous thoughts, B420 did not colonize any region of the GI tract whether
following a single bolus or daily administration for up to 10 days. We conclude that ICG may provide a useful tool
to visualize and track probiotic species such as B420 without implementing complex molecular and genetic tools.
Proof-of-concept studies indicate that B420 did not colonize and establish residency align the murine GI tract.

Quantitative PCR

1. Introduction activating the innate immune system and instigating a pro-inflammatory

response (Brown et al., 2013). Dysbiosis of the microbiome is associated

The gut microbiome is a large and diverse community of microor-
ganisms that inhabit and interact with the human intestinal lining
(Putaala et al., 2010). The unique biological relationship between gut
microbiota and its host is termed symbiosis under healthy conditions.
This symbiotic relationship is preserved by a mucosal layer containing
both antimicrobial peptides and innate lymphoid cells. Disruption of
symbiosis, or dysbiosis, can instigate detrimental interactions between
colonic microbiota, their metabolites, and the host immune system

with several metabolic disorders including obesity, diabetes, and car-
diovascular disease (Karlsson et al., 2013). Many studies demonstrate
that host-microbiota symbiosis is maintained by microbiota and
microbiota-derived metabolites in gut, which lay in close proximity to
immune-directing tissue (Bauer, 2018a; Bauer et al., 2018b;
Zadeh-Tahmasebi et al., 2016). These microbiota-derived factors impact
metabolic processes including nutrient sensing and whole-body glucose
regulation. For instance, the gut shows high expression of
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bacterial-derived transcripts for carbohydrate metabolism, suggesting a
central role in this process (Zoetendal et al., 2012).

The mechanism underlying the impact of dysbiosis on disease is not
well understood in part due to the complexity of the gut microbiota and
the gut environment (Mowat and Agace, 2014; Tremaroli and Backhed,
2012). In humans, the gastrointestinal (GI) tract stretches over 20 m
with an intestinal surface area 100 times greater than body surface area
(DeSesso and Jacobson, 2001). Additionally, the GI tract is home to
several unique habitats. Due to changing physiological needs, portions
of the small and large intestines differ significantly in pH, bile acid
concentration, and oxygen content (Donaldson et al., 2015). These
conditions, along with available fuel sources, determine the amount and
type of bacteria that can survive in a given section of the GI tract
(Derrien et al., 2010; Stearns et al., 2011). Given this, certain probiotic
strains may be preferentially equipped to survive and act in certain
sections of the GI tract.

Probiotics are defined by the World Health Organization as “live
microorganisms that confer a health benefit to the host when consumed
in adequate amounts (Sanders, 2011).” A common probiotic strain is
Bifidobacterium, a highly diverse gram-positive bacteria from the phylum
Actinobacteria and Bifidobacterium genus found in oral cavities, GI tracts
and dairy products (Fang and Gough, 2013; Lee and O’Sullivan, 2010;
Milani et al., 2013; WOESE et al., 1977). Previous work demonstrates
that Bifidobacterium animalis subspecies lactis 420 (B420) positively
impacts metabolic syndrome by limiting weight gain, improving glucose
metabolism, and reducing low-grade inflammation (Hotamisligil, 2017;
Putaala et al., 2008; Stenman et al., 2014a, 2016). In our studies,
pre-administration of B420 following a myocardial infarction (MI), a
known inflammatory disease, attenuated cardiac damage (Danilo et al.,
2017). To better elucidate the mechanisms of probiotics, specifically
B420, we must consider not only how but also where probiotics elicit
their actions. Probiotic colonization, localization, and residence in the
GI tract have important implications for determining mechanism of
host-microbe interaction. Understanding these basic mechanisms will
impact characteristics such as dose, frequency, and length of probiotic
administration, critical factors when utilizing B420 and other probiotic
strains for therapeutic use.

Probiotic transit, adherence and colonization in both small and large
intestines are understudied areas; previous research largely focused on
detecting probiotic species in feces and large intestine. Visualization
through fluorescence is challenging or not possible due to poor genetic
accessibility and lack of vector systems for Bifidobacterial genomes
(Dominguez and O’Sullivan, 2013; Grimm et al., 2014; Lee and O’Sul-
livan, 2010; Wiles et al., 2006). Therefore, the central goal of this
proof-of-concept study was to develop an efficient, cost-effective tech-
nique to visualize and track probiotic transit through the GI tract in as
little as a single digestive cycle in a mouse.

We hypothesized that labeling of microbial species with an exter-
nally detectable marker would allow detection as to their specific
geographic residence/location during transit through the gut. First, we
incubated B420 with common, FDA-approved contrast agents, ISOVUE-
300 or indocyanine green (ICG), and visualized by x-ray fluoroscopy
(ISOVUE-300) or fluorescence (ICG) along the GI tract at different
timepoints. Further, we validated and quantified B420 using quantita-
tive PCR at different regions of the GI tract. We found that ICG was a
more effective labeling agent over ISOVUE-300, and following a single
bolus of B420, we also demonstrated B420 transit time matched normal
murine gut motility of approximately 8 h. Importantly, we demonstrated
that B420 did not colonize the host gut microbiome, even following 10
consecutive days of B420 administration, where the amount of detect-
able B420 diminished to control levels within 24-48 h.
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2. Materials & methods
2.1. Incubation of B420 with ICG

A determination of B420 stability and B420 growth curve was
executed using purified stock of B420 (see Supplemental Data, Fig. S1).
A serial dilution of 1 mg/ml solution (the solubility concentration of ICG
in water) from 1 mg/ml to 0.001 mg/ml, was plated in a 96 well plate
and imaged to optimize the ICG fluorescent signal. Based on this, 0.01
mg/ml was used to label 12-h cultured bacteria for 1 h in dark condi-
tions. The pellets were then centrifuged at 16,000 xg and washed three
times in sterile saline. The dilutions were imaged to confirm labeling had
occurred. Both labeled pellets and ICG alone (0.01 mg/ml) were
administered to C5Bl/6 J mice. The signal was tracked over an 8-h
period. The intestinal tract was excised from the animal and imaged
with the same parameters as the 96 well plate. To determine the stability
of B420-labeled ICG signal, B420 was incubated in dark conditions at
27 °C for a 24-h period with 0.01 mg/ml ICG, pelleted and then re-
suspended in culture media free of ICG. Starting at baseline, aliquots
were removed every 2 h over a 24-h period, pelleted (while also saving
the pellet's initial 1 ml supernatant), and washed for fluorescent
imaging.

2.2. Imaging of ICG

The fluorescent imaging was acquired on the Spectral Instruments
Imaging LagoX and AMIVIEW software (https://spectralinvivo.com/). A
serial dilution of ICG was loaded (200 uL per sample) into a clear 96 well
plate. The plate was exposed to a 710 nm excitation and 830 nm emis-
sion near infrared (NIR) light within NIR range (800-2500 nm) for 50 s.
Sample container, saline, food and intestinal tissue were imaged to
control for auto fluorescence with and without ICG. For in situ mouse
ICG imaging, mice were intubated and ventilated with 0.5-2.0% iso-
flurane (Phoenix Pharmaceuticals, Inc). Fluorescence was quantified
and expressed as photon flux (photons/s) per pixel using standardized
AMIVIEW software tools. Fluorescence of ICG alone and ICG labeled
B420 bacteria were normalized to the respective control tissue and ICG
negative control (gavaged ICG alone), as well as the pixel count in the
region of interest (ROI).

2.3. Animals, diet and probiotic administration

All experiments were performed using protocols adherent to guide-
lines approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Arizona and to 2018 NIH guidelines for care
and use of laboratory animals. 12-week-old wild-type male mice (C5Bl/
6J; Jackson Laboratories, stock 000664, Bar Harbor, ME, USA) were fed
a normal rodent chow (NIH-31:18% fat, 59% carbohydrates, 23% pro-
tein; Research Diets, Inc., New Brunswick, NJ, USA) during the study.
Mice were randomized into six groups and fed 500ul of the following:
B420 incubated in indocyanine green (ICG) (Cardiogreen; Sigma,[2633),
ICG at 0.01 mg/ml dilution in saline, B420 incubated in ISOVUE-300
(0%, 40%, 50%) (ISOVUE-300; Bracco Diagnostics), or saline (Fig. 1).
B420 was administered by gavage 10° colony forming unit (CFU)/500uL
saline of Bifidobacterium animalis subspecies lactis 420 (DuPont Nutrition
&Health, Kantvik, Finland; ATCC:SD6685). Following a single admin-
istration, mice were randomized to four timepoints: 15 min, 2 h, 4 h, and
8 h for sacrifice, and GI tracts were excised as described in Tissue
Resection. A separate group of mice was administered B420 at (10° CFU/
500ul) for 10 consecutive days. Again following randomization, intes-
tinal tracts were excised at either 15 min, 24 h, 48 h, and 144 h (six days)
from the final administration as described in Tissue Resection.

2.4. Tissue resection and GI tract content scrape

After mice sacrifice, the GI tract was excised from the base of the
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Fig. 1. Experimental workflow and applications used to visualize and track
B420. B420 was incubated with contrast agents, ISOVUE —300 or Indocyanine
Green (ICG). After washing the B420 pellet post-incubation, the labeled B420
was resuspended and imaged or administered by gavage to male mice. The
gastrointestinal (GI) tract was excised and visualized by x-ray imaging (ISO-
VUE-300) or (bio) flourescent imaging (ICG). Additionally, unlabeled B420 was
scraped from the GI tract, and genomic DNA was extracted for qPCR. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

esophagus to the anus and fully extended on an ice-cold stainless steel 8
x 11” plate covered in saline soaked filter paper. The GI tract was bathed
repeatedly with cold saline solution and cut into six sections (duo-
denum, jejunum, ileum, caecum, proximal colon, and distal colon) based
on anatomical landmarks and coloration of the intestinal contents. A
sagittal cut exposed the interior of the gut, which was rinsed with saline
to remove large, non-adherent debris. Next, an uncharged, standard
microscope slide was gently dragged across the exposed interior to
extract the epithelial layer and digesta. Samples were flash frozen in
liquid nitrogen for storage at —80 °C.

2.5. Semi-quantitative and quantitative PCR

Genomic DNA (gDNA) from bacteria, isolated from the epithelial
scrape using a DNA extraction method designed for digesta and fecal
samples, was used for end-point PCR (Yu and Morrison, 2004). For semi-
quantitative PCR, PCR was performed using AccuPower Premix Mas-
termix (Bioneer; K-2016) and a 5333 gradient Mastercycler thermo-
cycler (Eppendorf; Hamburg, DE) using primer-specific amplification
protocols. B420 PCR protocol was programmed as follows: 3 min at 95C
for 1nitial denaturation (1x); 30 s (s) at 95C, 30s at 57C, 1 min at 72C
(36x); 5 mins at 72C for final extension; stand at 4C. The 16S PCR
protocol was programmed as follows: 2 min at 95C for initial denatur-
ation (1 x); 20s at 95C, 30s at 68C, 1 min at 68C (36x); 5 min at 72C for
final extension (1 x); stand at 4C. Two internal controls were used: (1)
gDNA extracted from purified B420 and (2) the variable region 3 (V3) of
the 16 s rRNA gene (see Supplemental Table S1 for target sequences)
(Sundquist et al., 2007). PCR products were visualized on 1% Agarose
gels containing GelRed (Phenix Research Products; RGB-4103). PCR
products were imaged in a GBox XT4 (SynGene; Chemiluminescence
and Fluorescence Imaging System) and analyzed using IMAGEJ (NIH).
Quantitative PCR was performed using SYBR Green qPCR Master Mix
(Roche Diagnostics; 04707516001) and Light Cycler 480 (Roche
Diagnostics).
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2.6. Data analysis

B420 growth curves were fit to an asymmetrical, five-parameter lo-
gistic equation (Fig. S1) (Giraldo et al., 2002; Gottschalk and Dunn,
2005). Standard curves were generated from the B420 gDNA extracted
from freeze-dried, purified B420 and fit using commercially available
LightCycler 480 software (V 1.5). Using the standard curve, gDNA was
converted to nanogram (ng) amounts. Cp values were calculated as the
absolute value of the turning point which corresponds to the first
maximum of the second derivative of the fluorescence sigmoidal curve
of the Sybr green in the qPCR reactions. The percent weight gain was
determined by subtracting weekly body weight values from starting
body weight and expressing as a percentage of starting body weight. The
Area Under the Curve (AUC) for body weight was calculated weekly
using the trapezoidal method. The differences between AUC and infarct
size between mice administered with B420 or saline were analyzed with
a two-way ANOVA followed by a Bonferroni post-hoc test; p < 0.05 was
considered as significant. Results are presented as mean + standard
error of the mean (SEM).

3. Results
3.1. Visualization of ICG-labeled B420

B420 incubated with ISOVUE was detectable by x-ray fluoroscopy ex
vivo. However, the ISOVUE-300 signal was not sensitive enough to track
B420 in vivo (see Supplemental data, Fig. S2). Therefore, we moved to
another FDA-approved agent, ICG, a contrast agent regularly used to
visualize arteries and microvasculature in the brain and skin (Alander
etal., 2012). In the following series of in vitro experiments, we wished to
determine the toxicity of ICG to B420 growth and proliferation while
identifying the optimal amount of ICG required for visualization in vivo.
ICG has known toxicity in vitro and in vivo (Gale et al., 2004; Grisanti
et al., 2004). Previous work demonstrates low cytotoxicity at a clinically
relevant concentration of ICG (0.5 mg/ml) (Gale et al., 2004). Accord-
ingly, B420 was cultured in 0.5 mg/ml ICG over a 24-h period to
determine B420 toxicity of ICG. We first determined the dynamic range
of excitation-emission for ICG fluorescence (see Methods). As evidenced
in the control (Fig. 2A; ICG alone), 0.002 mg/ml ICG was the peak signal
that became saturated at higher concentrations. Similar to the ISOVUE-
300 incubation protocol, we incubated B420 in culture media contain-
ing a range of ICG concentrations (0.001-1 mg/ml) and determined the
optimal ICG concentration for B420 staining and visualization by fluo-
rescence. When B420 was incubated with ICG (Fig. 2B), the peak signal
was 2.5-fold less than ICG alone and occurred at a concentration of 0.01
mg/ml ICG with little difference in fluorescence at 0.002 mg/ml (3.9-
fold) or 0.001 mg/ml (2.7-fold) ICG culture. As evidenced from the
growth curve (Fig. 2C), the ICG-B420 culture showed a longer lag phase,
demonstrating mild cytotoxicity. To determine the persistence or decay
of labeled ICG-B420 fluorescence during B420 proliferation in culture,
we imaged bacterial pellets every two hours for 48 h. As shown in
Fig. 2D, the ICG signal of B420 pellets dissipated by 12 h of culture. This
is further verified by fluorescence of the ICG-B420 culture supernatant
(Fig. 2E).

Because loss of the ICG-B420 signal (12 h) in vitro was within the
time frame of murine gut transit time (8 h), we wished to determine if
the ICG-B420 signal persisted as B420 traveled through the GI tract. We
administered by gavage either B420 (109CFU/ml), ICG (0.01 mg/ml), or
ICG-labeled B420 (0.01 mg/ml ICG in culture media) in 500 ul of saline.
Mice from each experimental group were anesthetized at a range of
timepoints (15 mins-8 h post gavage) and imaged for ICG-B420 (bio)
fluorescence. The ICG-B420 signal was observable in the intact animal in
vivo (Fig. 3A-C). Relative intensities of the ICG-B420 signal was not
different between specific regions along the GI tract (Fig. 3D).

Next, mice were sacrificed at each timepoint and the GI tracts were
dissected for fluorescence imaging. As shown in Fig. 3E, there is no
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Fig. 2. Visualization of ICG-labeled B420 in vitro. A: ICG solution at different concentrations (0.0001-1 mg/ml) imaged in a 96 well plate (top panel) and quantified
(bottom panel) as Radiance (Photons/Sec) (gray bars) (n = 2). B: B420 cultures (10° CFU/ml) incubated at different ICG concentrations (0.0001-1 mg/ml) imaged in
a 96 well plate (top panel) and quantified (bottom panel) as Radiance (Photons/Sec) (black bars) (n = 2). C: Asymmetric sigmoidal growth curves of B420 alone
(solid) or and ICG-B420 (dashed) (n = 2). D: Pellets of ICG-B420 co-cultures imaged every 2 h over a 48-h period in a 96 well plate (top panel) and quantified (bottom
panel) as Radiance (Photons/Sec). E: Supernatant (1 ml) from ICG-B420 co-culture pellets imaged every 2 h over a 48-h period in a 96 well plate (top panel) and

quantified (bottom panel) as Radiance (Photons/Sec) normalized to CFU/ml) (n = 2).
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Fig. 3. Visualization of ICG-labeled B420 in vivo and ex vivo. A-C: (Bio) flourescent images (LAGOX instrument and AMIVIEW software package) of mice receiving
0.5 ml by gavage of either ICG-Saline (1.0 mg/ml), B420 (109CFU/ml) or B420 culture (10°CFU/ml) incubated with ICG (0.01 mg/ml) (n = 1). D: Bar graph
representation of (bio) flourescent relative intensity (AU, arbitrary units) of mouse abdomen at each time period (n = 1). E-G: (Bio) flourescent images (LAGOX
instrument and AMIVIEW software package) of excised mouse GI tract after receiving 0.5 ml by gavage of either ICG-Saline (1.0 mg/ml), B420 (10°CFU/ml) or B420
culture (10°CFU/ml) incubated with ICG (0.01 mg/ml) (n = 1). H: Bar graph representation of (bio) flourescent relative intensity (AU, arbitrary units) of excised
mouse GI tract at each time period (n = 2).
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residual fluorescence along the GI tract following delivery of ICG alone
in saline. Similarly, B420 harbors no fluorescence at any section of the
GI tract (Fig. 3F). When B420 cultured with ICG was administered to
mice by gavage, ICG fluorescence was detectable at regions along the GI
tract that correlated with the specific timepoint of sacrifice (Fig. 3G).
The intensity of the ICG-B420 fluorescence signal was also measured
from each region of the GI tract, and the relative intensity was displayed
in bar graph form (Fig. 3H). Within the first 15 min after gavage, the
ICG-B420 signal was detectable in the stomach and upper intestine
including the duodenum, jejunum, and ileum. The ICG-B420 fluores-
cence gradually translocated to the cecum, proximal and distal colon at
4- and 8-h following gavage. At the 4 and 8-h timepoint, the ICG-B420
signal was prominent in the distal portions of small intestine, cecum
and colon, yet remained visible in the stomach and upper intestine,
although to a lesser extent compared to the 15-min timepoint.

3.2. Genomic tracking of B420 in the GI tract

The values obtained from the ICG-B420 fluorescence provided a
semi-quantitative assessment of B420 localization. Using primers spe-
cific for B420 and primers targeting the V3 region of bacterial 16 s rRNA
gene, we measured B420 along the GI tract at different time intervals
with quantitative PCR (qPCR). First, we validated primer sets using a
purified culture of B420. Amplification products were confirmed by gel
electrophoresis and sequencing (Fig. S3A and B) (Stahl and Barrangou,
2012). Furthermore, both PCR and qPCR verified the purity of the B420
culture with correlation coefficients of R? = 0.79 (PCR; Fig. S3C) and R?
= 0.98 (gPCR; Fig. S5B).

Next, bacterial gDNA was isolated from each of the above described
regions along the GI tract. In general, the amounts of B420 measured by
gPCR followed closely to the ICG-B420 fluorescence. These data are
displayed in a bar graph summary where the regional distribution along
GI tract is illustrated by time at 15 min, 2, 4, and 8 h (Fig. 4A) and in a
line graph summary grouped by region along the GI tract (Fig. 4B).
Within 15 min from the time of gavage, B420 was detectable in the
ileum up to 0.1 ng of total gDNA. By two hours post-gavage, B420
translocated to the distal portion of the GI tract with the greatest amount
measured in the cecum and proximal colon (0.3-0.4 ng of gDNA). At 4 h
post-gavage, B420 remained detectable in the cecum, proximal and
distal colon, but, by 8 h, B420 was only detectable in the distal colon.
B420 presence at each of the timepoints was validated by gel electro-
phoresis (Fig. S4).

Loss of B420 presence as a single gavage bolus translocated to distal
portions of the gut indicates a lack of detectable B420 adherence to the
upper GI tract. However, transit time is relatively rapid compared to
B420 proliferation doubling time (Fig. S1 growth curve), and these data
do not rule out the possibility of B420 colonization of the GI tract. Our
previous work demonstrated B420 efficacy to attenuate cardiac damage
after at least seven days of daily B420 administration by gavage (Danilo
et al., 2017). Therefore, to determine if and where B420 colonizes along
the GI tract, we administered by gavage 10 consecutive days of B420
(10''CFU). Mice were then sacrificed and bacterial gDNA was extracted
from each region of the GI tract at 15 min, 24 h, 48 h, and 144 h after the
final gavage. Gel electrophoresis validated the qPCR. Again, these data
are displayed in a bar graph summary where the regional distribution
along GI tract is grouped by time at 15 min, 2, 4, and 8 h (Fig. 4C) and in
a line graph summary grouped by region along the GI tract (Fig. 4D).
After 15 min from the final gavage bolus, the amount of B420 in the
upper Gl tract (duodenum, jejunum, and ileum) reached similar levels as
above (up to 0.1 ng of genomic DNA). These B420 levels dropped to
0.001 ng or less of genomic DNA in all regions of the gut 24 h post-
gavage. By 48 and 144 h from final gavage bolus, B420 levels were
undetectable with interpolated amounts less than 0.0001 ng of genomic
DNA. These data suggest B420 did not adhere nor colonize any region of
the GI tract in a significant amount.
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4. Discussion

Advancing potential therapeutic uses of exogenously delivered pro-
biotic species may depend on the ability to measure the rate, location,
and abundance of these species as they transit through the gut. Key
findings from our study include: (1) ICG was a more effective labeling
agent over ISOVUE-300 for the bacterial strain tested, B420; (2) B420
transit time matched murine gut motility, and (3) B420 did not adhere
and colonize the intestinal mucosa of the host gut microbiome.
Following ingestion, it is estimated that only 20%-40% live bacterial
strains reach the lower intestinal tract due to a highly acidic environ-
ment (pH ~2) and unique microenvironments along the GI tract (Bez-
korovainy, 2001). This number is variable, and probiotic viability may
be improved by route of administration such as in food, capsules, or
alternative formulations (Govender et al., 2013). Probiotic survival is
also species specific. For example, commensal bacteria appear to be
particularly well-suited for gut survival, as they have developed toler-
ance to these microenvironments, like bile acids (Bezkorovainy, 2001;
Bhardwaj et al., 2010).

Apart from survival and viability, adherence and colonization po-
tential along the GI tract are suggested as key components impacting
probiotic efficacy. Probiotic strains adhere to intestinal epithelial-like
Caco-2 cells in vitro (Bezkorovainy, 2001; Fontaine et al., 1994). Simi-
larly, previous work shows permanent colonization in germ-free or
antibiotic treated mice (Romond et al., 1997; Tannock et al., 1988). Yet,
while probiotic species remain detectable in fecal samples within an
administration period, detection typically falls rapidly after discontin-
uation of treatment (Firmesse et al., 2007; Gerritsen et al., 2011; Sato-
kari et al., 2001) (Sanders, 2011; Smith et al., 2011). Interestingly, the
probiotic, Lactobacillus rhamnosus GG, remains detectable in colon bi-
opsies after presence was lost in fecal samples from humans (Alander
et al., 1999). In addition to specific microenvironments and probiotic
species, in vivo characteristics cannot be easily recapitulated in cell-
culture models.

Nevertheless, pinpointing probiotic activity along the GI tract is
critical for determining mechanisms of host-microbe interaction and
advancing therapeutic uses for probiotics. The application of fluores-
cence strategies to label bacterial strains have provided unique insights
into disease processes and underlying mechanisms of host-microbe in-
teractions. In previous studies, bacterial pathogens engineered to ex-
press luciferase, an enzyme capable of generating (bio) fluorescence,
allowed rapid in vivo localization and quantification of the specific
pathogen. Using a similar technique, Lactobacillus plantarum and Lacto-
coccus lactis were also engineered with fluorescence green or red lucif-
erase, which allowed detection in vivo and in vitro (Daniel et al., 2015;
Doyle et al., 2004). However, these standard molecular techniques are
not easily reproduced in Bifidobacterium due to poor genetic accessibility
imposing unique challenges for genetic modifications (Grimm et al.,
2014).

Here, we describe an efficient, straightforward technique that
allowed, for the first time, direct tracking of B420 along the GI tract
without the need for genetic manipulation. Although incubation of B420
with ISOVUE, a widely utilized contrast agent, showed a time- and dose-
dependency of labeling, standard x-ray fluoroscopy imaging yielded a
signal with high background and poor resolution. Without adequate
measurement of spatial or temporal dynamics, ISOVUE and standard x-
ray fluoroscopy detection techniques limit the utility of this approach for
further resolution of gut spatial mechanisms of B420-dependent effects.

Incubating B420 with ICG provided a more robust and quantifiable
approach to label and track B420. Detection of a (bio) fluorescent signal
in vivo was established early on but only in mice delivered with genet-
ically transformed bacteria (Contag and Bachmann, 2002). While im-
aging the whole mouse, the ICG-B420 signal was observed in the
abdomen. However, in vivo localization of the ICG-B420 signal was
indistinguishable over time due to the overlapping and tortuous anat-
omy of the intestinal tract. Although this finding is not unique to our
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Fig. 4. Genomic tracking of B420 in the GI tract. A: Bar graph representation of B420 genomic DNA (gDNA) extracted from mouse GI tract following 0.5 ml of B420
(10°CFU/ml) by gavage and quantified by qPCR (see Methods and Supplemental Figs. $2-3) along identified regions and 15 m, 2 h, 4 h and 8 h. B: Line graph
representation derived from same samples as A showing time course of B420 gDNA extracted from mouse GI tract following 0.5 ml of B420 (10°CFU/ml) by gavage
and quantified by qPCR at upper duodenum (DUO; dashed open circle), jejunum (JEJ; dashed open square), ileum (ILL; solid line open triangle) cecum (CEC; dashed
filled circle), proximal colon (PC; dashed filled square) and distal colon (DC; solid line filled triangle) (n = 1). C: Agarose gel images (top panel) and bar graph
representation (bottom panel) of PCR products following amplification of B420 gDNA extracted from mouse GI tract following 0.5 ml of B420 (10° CFU/ml) by
gavage and quantified by qPCR (see Methods and Supplemental Figs. $2-3) along identified regions and 15 m, 24 h, 48 h and 144 h starting at the end of 10
consecutive days of administration. D: Line graph representation derived from same samples in C showing time course of B420 gDNA extracted from mouse GI tract
following 0.5 ml of B420 (10°CFU/ml) by gavage and quantified by qPCR at upper duodenum (DUO; dashed open circle), jejunum (JEJ; dashed open square), ileum

(ILL; solid line open triangle) cecum (CEC; dashed filled circle), proximal colon (PC; dashed filled square) and distal colon (DC; solid line filled triangle) (n = 1).

study, it restricts precise determination of B420 localization and/or
potential colonization in the intact mouse (Daniel et al., 2015; Wiles
et al., 2006). Conversely, imaging excised GI tract at different time in-
tervals following delivery of ICG-B420 resulted in localized fluorescence
at distinct regions along the GI tract. Fluorescence of the ICG-B420
signal paralleled murine gut transit time, where a single bolus admin-
istration quickly passed the upper intestinal tract and reached the distal
colon and cecum within 8 h. We validated the ICG-B420 signal using
qPCR; qPCR of B420 matched the fluorescence in addition to providing a
quantitative assessment of B420 and commensal bacteria amounts.

Given the observed transit of B420 following a single administration,
we investigated how 10 consecutive days of treatment would impact
B420 localization, adhesion, and residence along the GI tract. Following
10 days of daily B420 delivery, the time course of ICG-B420 signal
following the final bolus mirrored B420 transit after a single bolus in a
naive, untreated mouse. This suggested that B420 does not adhere and
colonize to the intestinal mucosa even with extended delivery of B420.
This finding was surprising because previous work showed B420 and
other Bifidobacterium strains demonstrate mucosal adherence in isolated
preparations from infants and adults using an in vitro adhesion assay
(Ouwehand et al., 1999).

Despite no measurable mucosal colonization, it is possible that B420
colonization becomes compromised as it transits across the GI tract.
However, the recovery rate of a Bifidobacterium strain in human stool
samples was reported to be near 30% of the ingested dose (Bouhnik
et al., 1992), which is similar to the percentage of probiotic that survives
passage through the stomach (Bezkorovainy, 2001). Furthermore, other
studies report probiotic persistence up to a week after ceasing probiotic
ingestion (Alander et al., 1999; Bouhnik et al., 1992; Gerritsen et al.,
2011).

In general, very few exogenous microorganisms including pathogens
can establish residency in the gut, unless the gut is compromised (i.e. via
antibiotics or dysbiosis), even though the cecal microenvironment is
ideal for bacterial colonization, growth, and adherence (Gu et al., 2013;
Nguyen et al., 2015). This “colonization resistance” is well-recognized
and is a direct result of the diversity and sheer volume of bacterial
species within the gut limiting available space for non-native bacterial
species. Commensal species also generate inhibitory metabolites and
create nutrient “niches,” establishing a competitive environment for any
non-commensal bacteria to inhabit (Pickard et al., 2017; Rajilic-
Stojanovic et al., 2007). Consequently, in-vitro adherence assays cannot
replicate competitive interactions among bacterial species that exists in
the host microbiome of the GI tract (Chauviere et al., 2009; Said et al.,
2014; Turroni et al., 2013).

An important step towards acceptance of this approach is providing
direct relevance towards disease states. The anti-obesity potential of
B420 is well-documented in both rodent models of obesity and human
clinical trials (Amar et al., 2011; Hibberd et al., 2019; Stenman et al.,
2014b). Accumulating evidence suggests that B420 administration in-
teracts with the gut epithelium and modifies commensal bacteria to
strengthen barrier integrity, dampen inflammation, and improve
glucose tolerance which are often disrupted in the dysbiotic gut. We
recently ascribed a fundamental role of B420 and the gut to protecting
against myocardial ischemic injury (Danilo et al., 2017). As part of these
studies, supplementation for as little as seven days with B420 protects

the heart against ischemic damage (Danilo et al., 2017). Considering the
requirement for seven days and loss of B420 presence by six days (144
h), we tested whether intermittent delivery for five consecutive days
separated by five days of saline would attenuate weight gain and/or
cardiac damage. The implicit suggestion is that continued delivery of
B420 is required to impart a physiological benefit. Furthermore, B420
may act similar to a pharmaceutical where dosing titration is required to
maximize benefit. However, we show that intermittent delivery of B420
alternating every five days did not protect against weight gain or cardiac
injury demonstrated previously following persistent, daily delivery of
B420 (Fig. S8).

4.1. Implications, limitations and future directions

The gut is the largest organ system in the body involved in immu-
nological regulation and is highly influenced resident flora. The gut
microbiota comprises the gut microbiome and are necessary for main-
taining immune health. Alterations between mutualistic interactions of
the host's immune system with colonic microbiota metabolites and an-
tigens initiate and perpetuate uncontrolled inflammation in the intesti-
nal mucosa and in some cases potentiate metabolic and inflammatory
disorders including obesity, diabetes, and cardiovascular disease. A
possible approach to treat these disorders involves modulating the gut
microbiome through the administration of probiotics. Understanding
the mechanism through which gut health affects these disorders will
allow for more targeted and effective treatment options. The aim of our
research is to identify localization of the probiotics to better understand
potential initiation sites of a novel anti-inflammatory cascade that at-
tenuates the extent of heart disease.

Clear evidence exists that probiotics can shift microbial populations
or “correct” a dysbiotic gut (McFarland, 2014). The implication from
this study suggests ICG may be exploited to track probiotic species in the
gut. The long-term implication is that B420 colonization of the host
microbiome by B420, and perhaps alternative probiotic species, is not
necessary to impart a cardioprotective or weight gain effect. Having a
beneficial impact on host health without colonization is not necessarily
unique to B420. Other, well-studied probiotic strains such as Lactoba-
cillus rhamnosus GG and Bifidobacterium lactis B12, have demonstrated
similar functionality without establishing residency within the host
(Salminen and Isolauri, 2006). Interestingly, introduction of Bifido-
bacterium to the infant gut through breast feeding promotes microbiota
development and persists within the GI tract indefinitely (Guarner and
Malagelada, 2003).

An important limitation of our study is the use of mice with a
“normal”, non-disrupted microbiome. It is possible that B420 delivery
into a dysbiotic gut may establish residency or demonstrate a unique
adherence pattern. Furthermore, colonization and adherence may be
strain-dependent. Future work will be directed at regional elucidation of
B420 mechanism and inclusion of multiple strain combinations into the
study design as well as determination of soluble or other factors
expressed during gut transit that may further drive microbiome-
mediated protective effects.
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