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ABSTRACT
New approaches to preventing and treating infections, particularly of the respiratory tract, are needed.  
One promising strategy is to reconfigure microbial communities (microbiomes) within the host to 
improve defense against pathogens.  Probiotics and prebiotics for gastrointestinal (GI) infections offer 
a template for success.  We sought to develop comparable countermeasures for respiratory infections.  
First, we characterized interactions between the airway microbiome and a biodefense-related 
respiratory pathogen (Burkholderia thailandensis; Bt), using a mouse model of infection.  Then, we 
recovered microbiome constituents from the airway and assessed their ability to re-colonize the airway 
and protect against respiratory Bt infection.  We found that microbiome constituents belonging to 
Bacillus and related genuses frequently displayed colonization and anti-Bt activity.  Comparative growth 
requirement profiling of these Bacillus strains vs Bt enabled identification of candidate prebiotics.  This 
work serves as proof of concept for airway probiotics, as well as a strong foundation for development 
of airway prebiotics.
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ACRONYMS AND TERMS

Acronym/Term Definition
GI gastrointestinal

Bt Burkholderia thailandensis

DOE Department of Energy

DoD Department of Defense

DHS Department of Homeland Security

HHS Department of Health and Human Services

CDC Centers of Disease Control

rRNA ribosomal RNA

NGS next generation sequencing

GIT Georgia Institute of Technology

UC-B University of California at Berkeley

CFU colony-forming units

OPA oropharyngeal aspiration

PBS phosphate buffered saline

DNA deoxyribonucleic acid

LB Luria broth

CP candidate probiotic

T6SS type VI secretion system

CDI contact-dependent growth inhibition

sSputum synthetic sputum

MLD minimum lethal dose

PM Phenotype Microarray

AU arbitrary unit

NA not applicable

ND not done

Bs Bacillus subtilis
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1. INTRODUCTION
New approaches and tools for preventing and treating infectious diseases, particularly those 
originating in the respiratory tract, are sought by federal agencies tasked with countering weapons of 
mass destruction and ensuring soldier and citizen health (e.g., DOE, DoD, DHS, HHS, CDC).  One 
strategy that has garnered interest in recent years is to reconfigure microbial communities 
(microbiomes) within the host in order to improve their ability to competitively exclude, directly 
attack, and/or enlist host defenses against the infectious agent.  In concept, this approach should 
avoid two crippling drawbacks of antibiotics: 1) Inevitable development of resistance; and 2) Profound 
destruction of resident microbiomes, which renders the host vulnerable to secondary infections as 
well as other disorders.  

Thus far, virtually all attempts to implement this approach have focused on reconfiguration of 
microbiomes resident to the GI tract.  This is largely due to the long and fraught history of attempting 
to prevent/treat GI disorders by ingesting prebiotics (nutrient supplements designed to feed beneficial 
microbiome constituents in situ) and probiotics [beneficial constituents (or surrogates) themselves] in 
order to address the dysbioses thought to cause the disorders.  The bias has been self-reinforcing, in 
that most of the methods, tools, and specialized knowledge (e.g., microbiome composition data) that 
support prebiotics/probiotics development have been designed with the GI application space in mind.  
Nevertheless, in recent years the prebiotics/probiotics approach to combating GI disorders, including 
infectious disease, has proven effective; and with the advent of high-throughput molecular biology 
[particularly 16S ribosomal RNA (rRNA) profiling via next generation sequencing (NGS)], synthetic 
biology, and culture of undomesticated microbes, there is new opportunity and interest in applying 
these approaches to other contexts, including the respiratory tract (Figure 1).  Additionally, the 
impressive advances in synthetic biology have opened up a new direction in medicine: Development 
of “living countermeasures”, in which cells genetically engineered to recognize and respond to stimuli 
of interest are used as sensors (for diagnostic applications) and context-triggered delivery vehicles (for 
therapeutics, antigens, and adjuvants) in situ.  This concept has been extended to applications in 
agriculture and ecology as well.  In a few cases, proof of principle has been demonstrated for the utility 
in equipping probiotic microbes with heterologous means of selectively and directly attacking the 
pathogen in order to better prevent or mitigate infectious disease; predictably, all of these cases were 
limited to the GI application space.  Practitioners at the forefront of this field are developing methods 
and tools that enable facile design, assembly, modification, introduction, and testing of heterologous 
genetic circuits in virtually any microbe, such that development of a synthetic biology platform for 
constructing programmable probiotics (i.e., sets of standardized circuit components and receptive host 
microbes that can be combined and shuffled at will to alter without destroying function) is now 
possible.

Taking advantage of these new developments, and bringing to bear our expertise in host-pathogen 
interactions (particularly those of bacterial pathogens of biodefense concern, and analysis of them 
using mouse models of respiratory infection); microbiome, transcriptome, and (through our 
collaboration with GIT) metabolome analyses; molecular biology; and culture of undomesticated 
microbes; we sought to:

 Characterize the interaction between a biodefense-related bacterial pathogen (Bt) and the 
respiratory tract microbiome in a mouse model of respiratory infection; and

 Rationally manipulate these interactions, though prebiotic and probiotic approaches, to 
prevent and treat respiratory infection.
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Our central hypothesis was that enhancement of the resident airway microbiome using 
prebiotics/probiotics can confer protection against respiratory infection.  We investigated this idea by 
addressing the following Specific Aims:

 Aim 1: Characterize the airway microbiome in healthy vs infected mice.
 Aim 2: Enhance the airway microbiome using prebiotics and probiotics.

Our original proposal included a third Specific Aim (to develop programmable probiotics for 
prevention/treatment of respiratory infection) that ultimately was not pursued in the context of this 
project.

This report summarizes our efforts to address these Specific Aims, the results that they yielded, the 
implications of our results, and our perspective on potentially productive future directions.

It should be noted that as an initial step in profiling changes in secondary metabolite production 
associated with respiratory Bt infection, our collaborators at GIT carried out metabolomic profiling 
studies of relevant cell types (airway epithelial cells and macrophage) infected with Bt in vitro.  These 
studies are not described in this SAND report, but rather in a peer-reviewed publication [1].

Figure 1. Overview of Airway Microbiome Manipulation Strategies.  Prebiotic approach (left): 
Supplement airway with nutrients designed to feed beneficial microbiome constituents in situ.  
Probiotic approach (center): Recover beneficial microbiome constituents into culture, expand, then 
re-introduce into airway.  Programmable probiotic approach (right): Recover beneficial (or neutral) 
microbiome constituents into culture, equip with a genetic contruct designed to enhance colonization 
and/or anti-infection activity, expand, then re-introduce into airway.
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2. AIM 1: CHARACTERIZE THE AIRWAY MICROBIOME IN HEALTHY 
VS INFECTED MICE.

Every mammalian body compartment that opens to the external world features a complex yet roughly 
stable microbiome.  The respiratory tract is no exception: The human oral and nasal microbiomes are 
well characterized, and recent studies indicate that, contrary to conventional wisdom, even the lower 
airways and lungs are stably colonized by bacteria.  Pathogens entering the respiratory tract must 
encounter its microbiomes almost immediately, prior to or coincident with interaction with host cells 
(e.g., airway epithelial cells, macrophages); yet far less is known about the pathogen/microbiome 
interactions and their implications for respiratory infection.  A better understanding of these 
interactions should enable us to rationally manipulate them for the benefit of human health.

2.1. 16S rRNA Profiling of Mouse Airway Microbiome - Literature Data.
As a precursor to our own 16S rRNA profiling effort (Section 2.2), we collected and analyzed publicly 
available data generated by previously reported efforts to characterize the airway microbiome in naive 
(uninfected).  Data from 4 studies were used (Table 1) [2-5].  Phylogenetic placement of mapped reads 
was accomplished using an in-house bioinformatics pipeline (RapTOR).  Each phylogenetic family 
was assigned a rank based on the prominence with which it was represented in a given dataset (i.e., 
according to the relative abundance of mapped reads placed in the family); and its average rank 
calculated from the 4 individual dataset ranks.  We found that 511 families were represented in all 4 
datasets;  the 25 of highest average rank are listed in Table 2.

2.2. 16S rRNA Profiling of Mouse Airway Microbiome - SNL Data.
In order to investigate the effects of infection on airway microbiome composition, we carried out 16S 
rRNA profiling studies of airway (trachea + lung) tissues recovered from naive vs Bt-infected C57Bl/6J 
mice.  In parallel, we profiled liver and spleen tissues recovered from the same mice; these were 
expected to be essentially free of bacteria in the naive mice (thus serving as negative controls) but 
potentially loaded with Bt in the infected mice (due to dissemination from the airway).  

For infections, Bt [2x103-2x107 colony-forming units (CFU) in 30 µl] was administered directly to the 
airway via oropharyngeal aspiration (OPA) [6]; and tissues were collected at pre-defined times: 1d post-
Bt for 2x106 and 2x107 doses (mice were moribund); 3d post-Bt for 2x105 doses (mice were moribund); 
and 5d post-Bt for 2x106 and 2x107 doses (mice were recovering).  The tissues were homogenized in 
phosphate buffered saline (PBS), and DNA extracted from the homogenates to serve as template for 
16S rRNA amplicon sequencing (96-plex library, MiSeq 300PE reads).  Phylogenetic placement and 
enumeration of reads was accomplished using Kracken2 and Bracken software tools [7-9], running 
against RDP [10] at the family level and reporting only families represented in ≥50% of samples 
and/or accounting for ≥5% of mapped reads in any given sample.  

Representative results from lung tissues (in this case analyzed separately from trachea) from Bt-
infected mice are shown in Figure 2.  As might be expected, we found that bacteria detected in the 
lungs predominantly belonged to the Burkholderiaceae family; phylogenetic analysis at the species 
level confirmed that these reads were derived from Bt.  Setting aside these Bt-derived reads, the 
remaining reads mapped to a wide variety of families, predominantly Oxalobacteraceae, Neisseriaceae, 
Enterobacteriaceae, Comamonadaceae, Lactobacillaceae, Alcaligenaceae, and Bacillaceae, all of which 
are well represented in the airway microbiomes of naive mice (Table 2).  Perhaps surprisingly, we 
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found that the relative proportions of reads mapping to these minority families varied little with Bt 
dose or collection time, an indication that Bt infection did not radically alter the core composition of 
the airway microbiome, despite overwhelming loads of Bt in the airway.  

We attempted to further substantiate this finding by similarly analyzing airway homogenates from 
naive mice, but found that the 16S rRNA profiles were dominated by contamination that could be 
traced to multiple sources (primarily reagents and equipment, but also working surfaces and rooms).  
We were unable to resolve this problem, despite many attempts and extensive troubleshooting.  In 
light of the results from profiling the tissues from Bt-infected mice, it seems likely that the problematic 
step was NGS library preparation, which was not carried out with enough DNA template to avoid 
jack-pot effects (runaway amplification of the few template molecules at hand, causing stochastic over-
representation of these templates); this could be addressed by doping in a dummy template (Bt serves 
this role in the infected tissues) or combining airway DNA extracts from many mice before NGS 
library preparation.

In summary, at a gross level the phylogenetic composition of the airway microbiome was apparently 
resilient to Bt infection, but this observation must be considered preliminary due to the lack of high 
quality negative control data from study-matched uninfected mice.

2.3. Culturomic Profiling of Mouse Airway Microbiome.
In addition to 16S rRNA profiling, we carried out a culturomic profiling [11,12] effort, in which airway 
microbiome constituents were recovered into culture using a variety of preparative and growth 
conditions and then identified through genome sequencing (Figure 3).  In these studies, airway tissues 
were collected from naive mice (24 in total), homogenized, and each homogenate (in 100 µl aliquots) 
used to inoculate:

 5 different solid growth media [tryptic soy; tryptic soy + 5% sheep's blood; M9 minimal salts 
+ 0.2% glucose; brain-heart infusion; and Luria broth (LB)].

 3 different BACTEC blood bottles (Plus Aerobic/F; Plus Anaerobic/F; and Lytic/10 
Anaerobic/F).

The inoculated solid growth media were incubated at 37⁰C for 7 d.  The blood bottles were incubated 
at 37⁰C with shaking (250 rpm) for 1-5 d, and 100 µl aliquots periodically withdrawn for use in 
inoculating the 5 different solid growth media, which were then incubated at 37⁰C for 7 d.  All colonies 
detected on the solid growth media (286 in total) were individually transferred to LB agar and, after 
further incubation at 37⁰C for 1-3 d, streaked to single colonies on LB agar.  A representative single 
colony for each recovered microbiome constituent was used to inoculate LB liquid and solid media, 
incubated at 37⁰C for 1-3 d, and the bacteria used to generate a frozen glycerol stock (185 in total).  
Each isolate was then resuscitated from the frozen stock using LB liquid and solid media, and the 
viable isolates (159 in total) assessed for potential redundancy based on source material and growth 
characteristics (rate, dispersion/aggregation in liquid culture, colony morphology on solid media).  
Apparently non-identical isolates (101 in total) were analyzed by NGS [20- to 96-plex, NextSeq 150SE 
reads; coverage depth (reads/isolate): 2.1M average, 2.0M median, 34K - 6.9M range), using BBDuk 
(quality filtering and read trimming) [13] and SPAdes (assembly) [14] to generate contigs that were 
then aligned against genome sequences in RefSeq [15] for phylogenetic placement, which was called 
on the basis of alignment statistics for each assembly's contigs [genus match (contigs/assembly): 
91.2% average, 100% median, 34.5% - 100% range; species match (contigs/assembly): 78% average, 
87% median, 0.5% - 100% range].  All phylogenetic placements were confirmed using autoMLST [16] 
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and an in-house pipeline (speciate.pl) that calls MASH [17] and fastANI [18].  These analyses indicated 
that we had recovered 37 genetically-distinct airway microbiome constituents that belonged to 33 
different species.  Of the 37 isolates, 33 (89%) belonged to the 25 phylogenetic families most robustly 
represented in the mouse airway microbiome as determined through 16S rRNA profiling (Section 2.1) 
(Figure 4), a strong indication that the isolates did in fact originate in the airway rather than spurious 
interaction with it or from environmental contamination.

Table 1. Samples and Data from Previously Reported 16S rRNA Profiling of the Mouse Airway 
Microbiome.

Table 2. Phylogenetic Families Most Prominently Represented in 
Samples and Data from Previously Reported 16S rRNA Profiling of the 
Mouse Airway Microbiome.  Data were collected from 4 independent studies.  
Each phylogenetic family was assigned a rank according to the relative 
abundance of mapped reads placed in the family in any given study; and its 
average rank calculated from the ranks in the 4 studies.  Of the 511 families 
represented in all 4 datasets, the 25 of highest average rank are listed in the table.  
Families in colored font were found to be prominently represented in our own 
16S rRNA profiling studies of the mouse airway microbiome (Section 2.2).
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Figure 2. 16S rRNA Profiles of Bacteria in Lungs from Bt-Infected 
Mice.  Bt was administered to the airway via OPA, in doses ranging from 
2x103 to 2x107 CFU.  At pre-defined times of 1-5d post-challenge, lungs 
were collected, homogenized, and 16S rRNA profiled.  The top panel 
("All") shows that the bacteria detected in the lungs were virtually all Bt 
(Burkholderiaceae family).  Having removed the Bt-derived reads from 
the datasets, the bottom panel ("No Bt") shows that the minority families 
(Oxalobacteraceae, Neisseriaceae, Enterobacteriaceae, Comamonadaceae, 
Lactobacillaceae, Alcaligenaceae, Bacillaceae) are represented in relative 
ratios that vary little with Bt dose or collection time.

Figure 3. Overview of Culturomic Profiling of Mouse Airway Microbiome.  Flowchart illustrates 
the process by which 37 genetically-distinct airway microbiome constituents were isolated, propagated  
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in culture, and identified via NGS.  Phylogenetic tree shows placements based on NGS results; green 
dots indicate that multiple genetically-distinct isolates were called as the same species.

Figure 4. Mouse Airway Microbiome Constituents Recovered into Culture Predominantly 
Belong to Phylogenetic Families Robustly Represented in the Mouse Airway.  Blue bars 
indicate average ranking of families based on representation in 16S rRNA profiles of the mouse airway 
microbiome (Section 2.1).  Green numbers indicate the number of airway isolates that belong to each 
family.  Of the 37 isolates, 4 do not belong to the 25 families shown here: 2 Paenibacillaceae (ave rank: 
94), 1 Actinomycetaceae (ave rank:138), and 1 Enterococcaceae (ave rank: 79).
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3. AIM 2: ENHANCE THE AIRWAY MICROBIOME USING PREBIOTICS 
AND PROBIOTICS.

We sought to determine whether any of the 37 genetically-distinct mouse airway microbiome 
constituents recovered through our culturomic profiling effort (Section 2.3) might serve as airway 
probiotics that protect against respiratory Bt infection.  Additionally, we sought to identify nutrients 
that could confer an advantage to these candidate probiotics (CPs) in competing against Bt, with the 
idea that these could serve as preparative measures (feeding CPs prior to re-introduction into the 
airway), prebiotics (feeding CP equivalents in situ), and/or components of synbiotics (feeding CPs 
upon re-introduction into the airway).  However, comprehensive evaluation of all 37 CPs wasn't 
feasible given the project's time and budget constraints.  Therefore, we carried out a series of analyses 
to inform prioritization of CPs for evaluation as probiotics and development of prebiotics/synbiotics.  
First, we scanned the CP genome sequence assemblies (Section 2.3) for features that could provide 
the CPs with a competitive advantage over Bt (Section 3.1).  Then, we assessed the CPs for ability to 
inhibit growth of Bt on LB agar (Section 3.2).  Based on the results from these two efforts, we 
prioritized the CPs for evaluation of their ability to re-colonize the mouse airway.  As it turned out, 
we were able to evaluate all CPs for colonization ability, with the exception of 7 CPs that did not grow 
robustly enough in culture to support evaluation (Section 3.3).  The results from these studies 
(summarized in Table 3) informed prioritization of CPs for evaluation as probiotics (Section 3.4), as 
well as for growth requirement profiling to support development of prebiotics/synbiotics (Section 
3.5).
It should be noted that in some of these studies we included a few strains that were not recovered 
from the mouse airway:

 3 Bt mutants (bsaS::Tn, bimA::Tn, and tssK5::Tn) in which a gene encoding a structure required 
for virulence [type III secretion system component, actin-based motility protein, and type VI 
secretion system (T6SS) component, respectively] is disrupted.  We had previously confirmed 
that all 3 mutants show little to no virulence in vitro, as evident from plaque formation assay 
results; and others had shown that equivalent mutants show little to no virulence in mice [22-
25].  Our hypothesis was that these Bt mutants might successfully compete against wild-type 
Bt (being otherwise isogenic) and therefore serve as airway probiotics, protecting mice against 
respiratory (wild-type) Bt infection.  We refer to these Bt mutants as CP15, CP11, and CP16, 
respectively.

 2 Bacillus subtilis strains (3610 and 168) that are commonly used as models for B. subtilis, Bacillus, 
and indeed Gram-positive bacteria.  We had noticed that several of the CPs were Bacillus 
strains, or from related genuses (Paenibacillus, Brevibacillus, Virgibacillus, and Lactobacillus), and 
wondered whether B. subtilis might share potential as an airway probiotic.  We refer to these 
B. subtilis strains as CP42 and CP43, respectively.

3.1. Predicted Competitive Advantages of CPs vs Bt Based on Genome 
Annotation.

Each CP genome sequence assembly (Section 2.3) was scanned for features that could indicate a 
competitive advantage over Bt.  The results from these analyses are summarized in Table 3 (columns 
4-8).

Auxotrophies for amino acids, cofactors, vitamins, and quinones were predicted using a KBase [26] 
software tool, and the auxotrophy profile of each CP was compared to that of Bt in order to identify 
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potential competitive advantages (i.e., CP prototrophy + Bt auxotrophy for a given growth 
requirement).  A qualitative score was assigned to each CP based on the number of potential 
competitive advantages identified (Table 3, column 4).

Ability to produce compounds that could confer a competitive advantage vs Bt was predicted using 
BAGEL4 [27] (bacteriocins), BACTIBASE [28] (bacteriocins), and antiSMASH [29] (antibiotics and 
siderophores).  A qualitative score was assigned to each CP based on the number of compound-
production features identified and the levels of confidence in these calls (+++ = >10 compounds; 
++ = 5-10 compounds;  + = <5 compounds; +/- = <5 compounds with little supporting annotation) 
(Table 3, column 5).

Ability to produce an anti-bacterial T6SS was predicted on the basis of BLAST-mediated identification 
of gene clusters that together encode all required components of T6SS, using genome annotation tools 
available through PATRIC [30,31].  Genes potentially encoding T6SS-delivered effector proteins were 
identified through search of sequences located between vgrG and icmF genes in and near the T6SS 
gene clusters, in accordance with a previously established approach [32].  A qualitative score was 
assigned to each Gram-negative CP (Gram-positive bacteria do not produce T6SS) based on the 
number of T6SS gene clusters and effector genes identified (+++ = >1 T6SS gene cluster with >1 
effector gene; ++ = 1 T6SS gene cluster with >1 effector gene; + = 1 T6SS gene cluster with 1 effector 
gene; +/- = 1 T6SS gene cluster lacking an effector gene) (Table 3, column 6).

Ability to produce a contact-dependent growth inhibition (CDI) system was predicted on the basis of 
sequence motifs identified through use of the MEME Suite [33], MAST [34], and PATRIC [30,31].  A 
qualitative score was assigned to each Gram-negative CP (Gram-positive bacteria do not produce CDI 
systems) based on the number of sequence motifs identified (Table 3, column 7).

Ability to produce a wall-associated protein A (WapA) anti-bacterial weapon was predicted on the 
basis of sequence motifs identified through use of RASTtk [31] analysis of inferred translation 
products.  A qualitative score was assigned to each Gram-positive CP (Gram-negative bacteria do not 
produce WapA) based on the number of characteristic motifs (up to 10 in total) clustered together on 
the chromosome (+++ = 10 motifs; + = 5-7 motifs) (Table 3, column 8).

3.2. Assessment of CPs for Ability to Inhibit Bt Growth In Vitro.

Each CP was assessed for ability to inhibit Bt growth on LB agar, using a halo assay approach.  In 
these experiments, the CPs and Bt were grown in individual liquid LB cultures at 37⁰C with shaking 
(250 rpm) for 16 h.  The Bt culture was diluted with LB, then spread as a lawn on LB agar.  Once the 
Bt lawn had dried, the CPs were spotted on the lawn, and the plate incubated at 37⁰C for 1 d.  CP-
mediated inhibition of Bt growth (as evident in a clear halo in the Bt lawn surrounding the spotted 
CP) was assigned a qualitative score (Table 3, column 9).

It should be noted that, following this effort, our collaborators at UC-B and GIT carried out much 
more sophisticated analyses of CP-mediated inhibition of Bt in vitro.  

At UC-B, the focus was assessment of CP-mediated inhibition of Bt in liquid co-cultures, initially 
using LB as the culture medium but ultimately transitioning to a synthetic sputum (sSputum) medium 
meant to more closely approximate the chemical composition of airway secretions.  The sSputum 
recipe (25mM D-glucose + 56mM L-lactate + AA mix + 10mM CaCl2 + 4mM MgCl2 + 6 mM 
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FeSO4, buffered to pH 7) was based on the composition of sputum from cystic fibrosis patients, as 
assessed through nuclear magnetic resonance spectroscopy [35], with minor alterations to chloride 
and sodium concentrations in order to bring them into accordance with the normal range for sputum 
from healthy patients.  Each CP was incubated in sSputum at 37⁰C with shaking (250 rpm) for 1-2 d, 
combined with Bt in sSputum at ratios ranging from 1:10,000 to 1000:1 (CP:Bt), and the co-cultures 
incubated at 37⁰C with shaking (250 rpm) for 1 d.  Finally, dilutions of the co-cultures were plated on 
LB + carbenicillin agar and, after incubation at 37⁰C for 1-2 d, the Bt CFU enumerated in order to 
quantify CP-mediated killing of Bt in co-culture.  Perhaps the most striking finding from these studies 
is that while CP8 (Bacillus velezensis) and CP19 (Brevibacillus borstelensis) both individually kill Bt in co-
culture (absolute IC50 values of 1.73700 and 0.00744, respectively), the combination kills far more 
efficiently (absolute IC50 value of <0.00003) (Figure 5), indicating a synergistic effect.

At GIT, the focus was identification of secondary metabolites produced by CPs and Bt in co-culture 
in liquid and on solid media (tryptic soy broth and agar, respectively), as assessed through mass 
spectrometry (LC-MS and MALDI-IMS, respectively).  Example results from this work are shown in 
Figure 6.  In this case, CP8 was found to induce production of capistruins (lasso peptide antibiotics 
that inhibit RNA polymerase) [36] by Bt and, in turn, Bt induced production of bacillaene and 
dihydrobacillaene (highly-conjugated linear polyene antibiotics that disrupt protein synthesis) [37] by 
CP8. 

3.3. Assessment of CPs for Ability to Re-Colonize the Mouse Airway.

Each CPs was assessed for ability to re-colonize the mouse airway, using a new protocol established 
in the course of this project.  In these experiments, the CP was cultured in LB at 37⁰C with shaking 
(250 rpm) for 16 h, recovered through centrifugation, resuspended in PBS, and diluted to an OD600 
corresponding to 3.3x107 CFU/ml (based on prior determination of OD600 --> CFU plating 
efficiency).  30 µl of this dosing material (corresponding to 106 CFU) were administered to the airway 
via OPA (3 mice per CP).  After 7 d (colonization period), airway and liver tissues were collected, 
homogenized, and diluted in PBS.  100 µl aliquots of homogenate dilutions were used to inoculate LB 
agar, the plates were incubated at 37⁰C, and at 1-5 d post-inoculation the CFU on each plate were 
enumerated.  A qualitative score was assigned to each CP based on: 1) The average number of CFU 
recovered from the airway; 2) The consistency with which CFU were recovered; and 3) Failure to 
recover CFU from the liver (indicating lack of dissemination); multiple scores indicates that the CP 
was evaluated in multiple experiments (Table 3, column 11).

We found that of the 31 CPs tested, only 8 could be consistently recovered from the mouse airway 
after the 7-d colonization period, and 7 of these belonged to the Firmicutes phylum (Figure 7).  In 
fact, all 6 of the CPs that colonized most robustly belonged to Bacillus or a closely related genus 
(Figure 8).  However, not all CPs in Bacillus or a closely related genus were able to colonize: We found 
that 4 CPs originally recovered from the mouse airway and belonging to Bacillus or a closely related 
genus were unable to re-colonize the airway, as were 2 B. subtilis strains included for comparison.  
Additionally, Bacillus CPs did not segregate with phylogenetic cluster as a function of colonizing ability 
(Figure 9).  Taken together, these results indicate that ability to re-colonize the mouse airway is a trait 
predominantly found in, but not shared amongst all, Bacillus CPs; and that this trait is not restricted to 
a distinct phylogenetic cluster within Bacillus.

Given that Bacillus and closely related genuses are comprised of spore-forming bacteria, we wondered 
whether CPs belonging to these genuses were scored as colonizers simply because they were able to 
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persist as spores in the airway for 7 d.  To address this question, we used phase-contrast microscopy 
to examine the CP dosing material administered to mice as well as the airway tissues collected after 
the 7-d colonization period.  Representative results from this experiment are shown in Figure 10.  We 
found that the dosing material was predominantly comprised of vegetative cells (sometimes in long 
chains), as expected; and that colonizing CPs detected in airway homogenates were in vegetative form 
as well.  These results suggest that colonizing CPs do not simply persist in the airway as spores, but 
instead generally assume vegetative form in the airway.

We should note that none of the CPs tested for ability to re-colonize the airway were recovered from 
the liver after the 7-d colonization period, with the exception of a Bt mutant (CP11 = bimA::Tn) that 
unexpectedly caused lethal infection, contrary to previous observations [34,35].  These results suggest 
that the tested CPs (aside from CP11) do not disseminate from the airway.

3.4. Evaluation of Bacillus CPs as Airway Probiotics.

We hypothesized that ability to re-colonize the airway would be a baseline requirement for, or at least 
an important contributing factor to, CP-mediated protection against respiratory Bt infection.  
Therefore, we initially assessed only the colonizing Bacillus CPs for anti-infective activity in vivo.  In 
these experiments, CP dosing material was prepared, and 106 CFU administered via OPA, as for the 
colonization studies (Section 3.3).  At 3 d or 7 d post-treatment, the previously-determined minium 
lethal dose (MLD) of Bt (3x104 – 5x105 CFU) was administered via OPA.  The rationale for the 3-d 
treatment period was that it would be enough time to allow for settling of immediate host responses 
to the CP, yet not enough to risk clearance of most CP bacteria from the airway, prior to Bt challenge.  
The rationale for the 7-d treatment period was that it would better highlight long-term protective 
effects, which we expected to require CP colonization.  At 3 d post-challenge (corresponding to 6 d 
or 10 d post-treatment), airway and liver tissues were collected, homogenized, and diluted in PBS.  100 
µl aliquots of homogenate dilutions were used to inoculate LB agar, the plates were incubated at 37⁰C, 
and at 1-5 d post-inoculation the CFU on each plate were enumerated.  Results from a representative 
experiment are shown in Figure 11.  We found that in the Bt-infected mice, the CPs could be detected 
in the airway at 6 d post-treatment (upper-left panel) but not at 10 d post-treatment (lower-left panel).  
The CPs were not detected at all in the liver (right panels), consistent with the results from our 
colonization studies (Section 3.3) and strongly suggesting that the CPs do not disseminate to other 
tissues from the airway.  Treatment with CP8 had no noticeable effect on Bt loads in the airway or 
liver, regardless of treatment period.  In contrast, CP13 treatment at 3 d prior to Bt challenge resulted 
in reduced Bt loads in both the airway and liver, the former effect reaching statistical significance 
(unpaired Student's t-test p-value = 0.0298).  However, CP13 treatment at 7 d prior to Bt challenge 
did not markedly reduce Bt loads in the airway or liver.  Taken together, these results indicated that 
CP8 treatment does not protect mice against respiratory Bt infection, whereas CP13 can provide some 
protection when the treatment is administered at 3 d (but not 7 d) prior to Bt challenge.

In a more elaborate follow-on experiment, we assessed all of the colonizing Bacillus CPs for ability to 
protect against respiratory Bt infection (as evident in reduced loads of Bt in the liver) when CP 
treatment preceded Bt challenge by 3 d.  CP and Bt dosing, liver collection at 3 d post-challenge, and 
enumeration of CFU in liver were carried out as described above.  Additionally, we monitored body 
weight as a metric for general health of the mice.  The results from this experiment are shown in 
Figure 12.  We found that the most of the colonizing Bacillus CPs provided protection against 
respiratory Bt infection (as evident from markedly reduced Bt loads in liver, as well as rebound from 
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initial weight loss) when administered 3 d prior to Bt challenge.  The notable exception was CP8, 
which provided little to no protection (CP28 appeared to provide protection inconsistently).

In light of their protective effects with regard to reducing Bt loads in airway and liver, and to halting 
weight loss following Bt challenge, it seemed possible that the CPs might also enable mice to survive 
an otherwise lethal Bt infection.  To address this question, we carried out a series of experiments in 
which colonizing and non-colonizing Bacillus CPs were individually used to treat mice (5 per group) at 
3 d, 5 d, or 7 d prior to challenge with Bt at the MLD, and mortality monitored for 10 d post-challenge.  
The results from these experiments are summarized in Figure 13.  Consistent with our previous 
observations, we found that most of the Bacillus CPs provided robust protection against respiratory 
Bt infection (evident in ≥75% survival, whereas untreated infection resulted in ≤20% survival) when 
administered 3 d prior to Bt challenge (top row).  The exceptions were CP8, which failed to protect 
(20% survival); and CP18 and B. subtilis (CP42), which provided weak protection (45-55% survival).  
CP treatment at 5 d prior to Bt challenge generally resulted in weaker protection (middle row).  The 
most notable exceptions were CP17 and CP19 (≥90% survival), followed by CP21, CP27, and CP28 
(50-70% survival).  Finally, CP treatment at 7 d prior to Bt challenge did not provide protection, with 
CP19 being the only exception (~60% survival) (bottom row).  Contrary to our expectation, ability to 
protect did not closely correlate with ability to colonize; however, it should be noted that the only 
protection observed when treatment preceded Bt challenge by 7 d was achieved by CP19, which 
robustly colonizes the mouse airway (Section 3.3).  In summary, our results indicate that most Bacillus 
CPs are capable of providing protection against respiratory Bt infection when administered 3 d prior 
to Bt challenge, but degree of protection decreases as the interval between CP treatment and Bt 
challenge increases, with only CP19 capable of protecting when administered 7 d prior to Bt challenge.

3.5. Identification of Nutrients that Could Serve as Airway Prebiotics.
We took two different approaches to identifying candidate airway prebiotics:

 Comparative analysis of CP vs Bt growth requirements in vitro, in order to identify nutrients 
that could favor the CP in its competition with Bt in vivo.

 Assessment of nutrients for ability to induce or enhance CP-mediated inhibition of Bt in vitro, 
with the idea that similar effects could be achieved in vivo.
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Both approaches depended on use of Biolog Phenotype Microarrays (PMs) [38]: 96-well microtiter 
plates in which every well contains a base medium supplemented with a different essential nutrient, 
such that 96 different growth media can be tested in parallel for ability to support culture of a given 
microbe (in our case, a CP or Bt).  The PMs are placed in an automated instrument (OmniLog) that 
maintains temperature while periodically measuring metabolic activity in each well (through 
colorimetric detection of cellular respiration).  
In the first approach, a subset of the Bacillus CPs (CP8, CP13, CP18, CP19, and CP26) were cultured 
in PM01 and PM2A (both varying carbon source).  CP8, CP13, CP17, and CP19 were also cultured in 
PM3B (varying nitrogen source).  For comparison, Bt was cultured in PM01, PM2A, and PM3B.  The 
OmniLog maintained the inoculated PMs at 33⁰C, and took metabolic activity readings every 15 min 
for 2 d.  Results from a representative experiment are shown in Figure 14.  We found that 7 different 
carbon sources favored CP8 metabolic activity over Bt metabolic activity by ≥2-fold (left panels, green 
highlights), whereas only 1 favored CP19 over Bt (right panels, green highlights).  There was no 
overlap in these CP-favoring carbon sources, which suggests that it will be difficult or impossible to 
identify a universal prebiotic that provides all CPs of interest a competitive advantage over Bt.  On 
the other hand, the carbon and nitrogen sources observed to provide individual CPs of interest a 
competitive advantage over Bt in vitro can now be evaluated as candidate prebiotics (individually 
and/or in combination) and synbiotics (administering them together with the CPs that they favor) in 
vivo.
In the second approach, CP8 and CP19 were individually cultured in PM01 and PM2A at 37⁰C for 2 
d; wells supporting robust metabolic activity [peak value ≥50 arbitrary units (AU)] were used as the 
CP source for spotting onto a lawn of Bt (spread using a 0.7% agar overlay); and CP-mediated 
inhibition of Bt (as evident in a clear halo surrounding the CP spot) was scored after 16 h - 2 d 
incubaion at 37⁰C.  Results from a representative experiment are shown in Figure 15.  Consistent 
with previous observations (Section 3.2), we found that CP8 generally inhibited Bt regardless of 
culture conditions.  However, we observed enhanced inhibition when CP8 was provided D-fructose 
(left panel, 4) or glycerol (right panel, 7) as the carbon source.  In contrast, CP19 was not observed to 
inhibit Bt under any culture condition.  These results suggest that it may be easier to identify nutrients 
that enhance (rather than induce) CP-mediated inhibition of Bt in vitro.
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Table 3. Results from Initial Characterization of CPs to Inform Prioritization for Further 
Study.  NA = not applicable, ND = not done.
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Figure 5. Synergistic Killing of Bt in sSputum Co-Culture by CP8 and CP19.

Figure 6. Antibiotics Produced by CP8 and Bt in TSB Co-Culture.  A. MALDI-IMS images 
separately filtered for the [M+H] for each capistruin (m/z 2049.030, 1934.987, and 1787.919 for A, 
B, and C, respectively).  B. Box plots of the relative intensity of each capistruin under the specified 
culture conditions, as measured using LC-MS.  C. Box plots of the relative intensities of 2 n-acyl-
anthranilic acids produced by Bt under the specified culture conditions, as measured using LC-MS.  
D. Box plots of the relative intensities of bacillaene compounds produced by CP8 under the specified 
culture conditions, as measured using LC-MS.
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Figure 7. Phylogenetic Distribution of CPs Tested for Ability to Re-Colonize the Mouse 
Airway.  Top numbers in green font indicate the number of CPs in the phylogenetic category that 
were able to re-colonize the mouse airway; bottom numbers in red font indicate the number that were 
unable to re-colonize.  Phylogenetic tree from [39].
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Figure 8. Degree and Consistency of Airway Re-Colonization by Bacillus CPs.  For each CP, 
106 CFU were administered to each of 3 mice via OPA and, after a 7-d colonization period, airway 
tissues were collected, homogenized, and used to inoculate LB agar for enumeration of CFU.  Three 
independent experiments were carried out (total of 9 mice per CP).  Blue data points indicate measured 
CFU, black bars indicate average CFU.  Bs = B. subtilis strain 3610 (CP42).
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Figure 9. Phylogenetic Distribution of CPs That Belong to Genus Bacillus.  Green font 
indicates that the CP was able to re-colonize the mouse airway, red font indicates that it was not.  
Phylogenetic tree from [40].
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Figure 10. Phase-Contrast Microscopy Analysis of Bacillus CPs at Time of Dosing and After 
7-d Colonization Period.  Colonizing: CP13; non-colonizing: CP21 and CP42.
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Figure 11. Bacterial Loads in Airway and Liver Tissues of Mice Treated with CPs and Then 
Challenged with Bt.  106 CFU of each CP were administered via OPA.  At 3 d or 7 d post-treatment, 
3.5x104 CFU of Bt were administered via OPA.  At 3 d post-challenge (corresponding to 6 d or 10 d 
post-treatment), airway and liver tissues were collected, homogenized, diluted, and plated on LB agar 
for enumeration of CP and Bt CFU.  Data points indicate CP (green) and Bt (red) CFU measured (3 
mice per group); bars indicate average CFU for each group.  Unpaired Student's t-test p-values for 
comparision of Bt loads in untreated vs CP13-treated mice are shown.
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Figure 12. Bacterial Loads in Liver Tissues, and Body Weights, of Mice Treated with CPs and 
Then Challenged with Bt.  106 CFU of each CP were administered via OPA.  At 3 d post-treatment, 
3.5x104 CFU of Bt were administered via OPA.  At 3 d post-challenge (corresponding to 6 d post-
treatment), liver tissues were collected, homogenized, diluted, and plated on LB agar for enumeration 
of Bt CFU.  Body weights were measured daily.  3 mice per group.  Top: Data points indicate Bt CFU 
measured; bars indicate average CFU for each group.  Bottom: Line graphs of body weights starting 
at time of Bt challenge (0 d) and ending at time of tissue collection (3 d).  Bt load (top) and body 
weights (bottom) from a given mouse are in the same color.
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Figure 13. Survival Rates of Mice Treated with Bacillus CPs Prior to Bt Challenge at the MLD.  
106 CFU of each CP were administered via OPA.  At 3 d, 5 d, or 7 d post-treatment, Bt was 
administered at the MLD (3x104 – 5x105 CFU) via OPA.  Mortality was monitored for 10 d post-
challenge; deaths were scored when mice were either found dead or euthanized at the humane 
endpoint (moribund and/or >20% weight loss).  5 mice per group; 1-5 studies (5-25 mice) per CP.  
Green font indicates colonizing CPs, red font indicates non-colonizing CPs.  Bs = B. subtilis (CP42).  
Purple box highlights CP19, which displayed the most consistent protection.
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Figure 14. Comparative Growth Requirement Profiling of CPs vs Bt.  CP8, CP19, or Bt was used 
to inoculate all wells within PM01 and PM2A (both varying carbon source).  The PMs were maintained 
at 33⁰C, and metabolic activity in each well was measured every 15 min for 2 d.  Green traces indicate 
CP metabolic activity, red traces indicate Bt metabolic activity (CP and Bt measurements were made 
in separate PMs and the results were superimposed); the black number in the upper-left corner of 
each graph indicates the peak value (AU) for metabolic activity in that well.  Green highlighting 
indicates that CP metabolic activity exceeded Bt metabolic activity in that well by ≥2-fold; the carbon 
sources in these wells are listed to the right of the graphs, in green font.  Red highlighting indicates 
that Bt metabolic activity exceeded CP metabolic activity in that well by ≥2-fold; the carbon sources 
in these wells are listed to the right of the graphs, in red font.

Figure 15. Identification of Nutrients That Enhance CP8 Inhibition of Bt In Vitro.  CP8 was 
cultured in Biolog PM01 (varying carbon source) at 37⁰C for 2 d.  A 3 µl aliquot from each well 
displaying robust metabolic activity (peak reading ≥50 AU) was spotted onto a Bt lawn (formed 
through agar overlay) on LB agar, and after incubation at 37⁰C for 16 h - 2 d the halos (indicating 
inhibition of Bt by the spotted CP) were scored.  Carbon sources: L-glutamic acid (1); D-ribose (2); 
L-rhamnose (3); D-fructose (4); αD-glucose (5); D-gluconic acid (6); Glycerol (7); DL-α-glycerol 
phosphate (8); L-fucose (9); D-xylose (10).
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4. CONCLUSIONS AND FUTURE DIRECTIONS.
Over the course of this project, we were able to make a number of significant technical advancements 
that together should serve as a strong foundation for further development, and eventual translation 
to clinical use, of airway probiotics, prebiotics, and synbiotics that provide protection against 
respiratory infection.

4.1. Conclusions.
 Respiratory Bt infection does not radically alter the core composition of the mouse airway 

microbiome.
○ We consider this conclusion to be preliminary, because our studies lacked high 

quality negative control data from uninfected mice (due to NGS library preparation 
problems).  Future work should address this gap.

○ We found that the Oxalobacteraceae, Neisseriaceae, Enterobacteriaceae, 
Comamonadaceae, Lactobacillaceae, Alcaligenaceae, and Bacillaceae families are 
well represented in Bt-infected airways, as they are in uninfected airways.

 Most of the CPs bear genome features indicative of metabolic capabilities and weaponry that 
could provide competitive advantages against Bt.
      ○ CP/Bt prototrophy/auxotrophy pairings for amino acids, cofactors, vitamins, and 

quinones are quite common.
      ○ Many CPs are predicted to produce bacteriocins, antibiotics, T6SS, and CDI/WapA 

systems that could inhibit Bt.
 A number of CPs can inhibit Bt in vitro, with strength of inhibition varying with context.

○ CP8 showed the most robust and consistent inhibition of Bt across all contexts 
tested.

○ CP3, CP4, CP6, CP7, CP8, and CP13 inhibited Bt in halo assays on LB agar.
       -  CP8-mediated inhibition was enhanced when D-fructose or glycerol was the 
           sole carbon source.
       -  CP19 did not display inhibition of Bt on LB agar even when cultured with a 
           wide variety of carbon sources.

○ CP7, CP8, and CP19 inhibited Bt in sSputum liquid co-cultures.
       -  CP8 and CP19 displayed synergistic inhibition.

 When co-cultured in/on tryptic soy broth/agar, CP8 and Bt induce each other to produce 
antibiotics.

○ CP8 induced Bt to produce capistruins A, B, and C.
      ○ Bt induced CP8 to produce bacillaene and dihydrobacillaene.

 CPs capable of re-colonizing the mouse airway predominantly belong to Bacillus or a closely 
related genus.  However, not all Bacillus strains are capable of colonizing the mouse airway.

○ 7/8 colonizing CPs belong to Firmicutes.
○ 6/6 robustly colonizing CPs belong to Bacillus or Brevibacillus.

 ○ CPs belonging to Bacillus (2), Paenibacillus (1), and Virgibacillus (1) failed to re-colonize 
the mouse airway.

      ○ B. subtilis strains (2) failed to colonize the mouse airway.
 CPs re-colonize the mouse airway predominantly as vegetative cells, rather than as spores.



32

      ○ We consider this conclusion to be preliminary, because it is based on initial 
experiments that have not been replicated yet.

 Most Bacillus CPs can protect mice against respiratory infection when administered 3 d prior 
to Bt challenge; few can do so when administered 5 d prior; and only CP19 can do so when 
administered 7 d prior.
       ○ When administered 3 d prior, CP13, CP17, CP19, CP20, CP21, CP26, CP27, and 

CP28 protected robustly; CP18 and B. subtilis (CP42) protected weakly; and CP8 did 
not protect.

      ○ When administered 5 d prior, CP17 and CP19 protected robustly; and CP21, CP27, 
and CP28 protected weakly.

 Different carbon sources favored CP8 (7) or CP19 (1) metabolic activity over Bt metabolic 
activity by ≥2-fold in Biolog PM cultures, suggesting utility as prebiotics and/or components 
of synbiotics.

4.2. Future Directions.
 Repeat 16S rRNA profiling of naive mice (for comparison to Bt-infected mice) after 

modifying the NGS library preparation protocol to prevent jack-pot effects.
○ Include dummy DNA template and/or combine airway DNA extracts from many 

mice in order to prevent runaway PCR amplification.
○ Success should enable publication of our 16S rRNA profiling studies of the airway 

microbiome in naive vs Bt-infected mice.
 Identify mechanisms of action underlying CP re-colonization of the mouse airway.

      ○ Identify genes mediating colonization via forward genetics (i.e., gene 
deletion/overexpression screens in vivo).

 Identify mechanisms of action underlying CP inhibition of Bt in vitro.
      ○ Attempt to isolate cell/supernatant fractions displaying inhibiting activity and 

identify the compounds responsible via mass spectrometry.
      ○ Knock out genes predicted to mediate production of anti-bacterial compounds and 

determine whether the mutant CPs display diminished anti-Bt activity in vitro.
      ○ Engineer CPs to overexpress genes that mediate production of anti-Bt compounds 

and determine whether the mutant CPs display enhanced anti-Bt activity in vitro, and 
potentially also enhanced colonization and/or protection vs respiratory Bt infection.

 Identify additional examples of CP combinations that synergistically inhibit Bt in vitro, and 
determine whether such CP combinations provide better protection vs respiratory Bt 
infection (as compared to individual CPs).

 Determine whether varying CP culture conditions prior to administration to the airway can 
impact ability to re-colonize and/or provide protection vs respiratory Bt infection.
      ○ Test LB vs sSputum vs Biolog media that enhance CP (but not Bt) metabolic activity.

 Determine whether carbon sources (and potentially nitrogen sources) that enhance CP (but 
not Bt) metabolic activity in the Biolog system can serve as prebiotics (as evident from 
elicited protective effects vs respiratory Bt infection) and/or synbiotics (as evident from 
enhanced ability of CPs to re-colonize the airway and/or protect vs respiratory Bt infection).

 Identify mechanisms of action underlying CP-mediated protection vs respiratory Bt infection.
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      ○ Does mechanism of action vary with CP?
      ○ Does mechanism of action vary with timing of administration (e.g., 3 d vs 5 d vs 7 d 

prior to Bt challenge)?
      ○ Does the CP directly attack vs competitively exclude Bt?  If the latter, is this 

accomplished by enlisting airway microbiome constituents, host cells, and/or host 
immune responses?

 Determine whether CPs (individually and/or in combination) can protect vs respiratory 
infection caused by other pathogens (i.e., show broad spectrum activity in vivo).
      ○ Test both bacterial and viral respiratory pathogens.
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