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This study presents a valuable framework for the rational design of bacterial probiotics to
protect against respiratory infections. The evidence supporting the central claim - that
metabolic niche overlap predicts probiotic efficacy - is solid, combining innovative in vitro
modeling with in vivo validation, though the model appears less effective for probiotics
that rely on antimicrobial metabolite production.

https://doi.org/10.7554/eLife.108304.2.sa2

Abstract

For years, the airway microbiota have been theorized to be gatekeepers of respiratory health, as
pathogens entering the airway make contact with resident microbes prior to or coincident with
their interaction with host cells. Thus, modification of the native airway community may serve as
a means of altering the local environment in favor of health. In this work, we hypothesize that
synthetic bacterial communities introduced into the airway can serve as prophylactic
countermeasures against infection by Burkholderia thailandensis in mice. We demonstrate that
understanding of antagonistic interactions between a pathogen and airway microbiota in vitro can
guide identification of probiotics with protective capabilities in vivo. Specifically, we show that
niche overlap between the probiotic and pathogen is indicative of probiotic performance in vivo.
This work serves as a foundation for the rational design of probiotic communities for protection
against and treatment of respiratory infections.

Introduction

Every mammalian body compartment that opens to the outside world has microbial life associated
with it\. Until recently, the healthy lung was thought to be a sterile environment; however, recent
work has demonstrated that the lower respiratory tract is colonized by a complex and roughly
stable microbiome that impacts the health of the host?~. For years, the airway microbiota have
been theorized to be gatekeepers of respiratory health, as pathogens entering the airway make
contact with its microbiota prior to or coincident with their interactions with host cells>. While the
latter interactions have been studied in detail, little is known about pathogen-microbiome

interactions in the airway.
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It has been hypothesized that pathogen establishment in the airway could be halted by its
microbiota through either indirect or direct competition with the pathogen§’§.’§. During indirect
competition, airway microbiota would modulate the host immune response to increase
surveillance, promoting rapid recognition and clearance of foreign microbes including pathogenic
organisms. During direct competition, the airway microbiota would competitively exclude a
pathogen through production of inhibitory specialized metabolites, and/or by occupying a
nutritional niche that would otherwise be used by the pathogen. Enhancement of these defense
mechanisms might be achieved through addition of health-promoting microbes (probiotics)
directly to the lower airway, an approach that has been demonstrated to prevent pneumococcal

and Pseudomonas aeruginosa infection previously’-%,

While these studies have shed light on the utility of lower airway probiotics for preventing two
specific infections, greater understanding of the principles that dictate probiotic efficacy would
allow rapid identification of probiotics with therapeutic potential against many pathogenic targets.
To enable development of these therapies in the future, pipelines for probiotic nomination need to
be made which can rapidly and cheaply identify effective therapies. Further, systematic analysis
of the mechanism of action of these probiotics would allow fine-tuned control of their activity
allowing for more reliable therapeutic outcomes in the clinic.

Here, we seek to fill this gap in knowledge by systematically characterizing factors that make
efficacious lower airway probiotics that can competitively exclude a model pathogen,
Burkholderia thailandensis (Bt), from the lung environment. Specifically, we hypothesize that
negative microbial interactions between a probiotic and pathogen better protect the host against
infection. Our systematic study of the microbial ecology of these organisms enables development
of a pipeline for nomination of effective single and multi-organism probiotics that, to this point,
remain underdeveloped. We show that using our pipeline, we can accurately identify pairwise
combinations of organisms with enhanced activity against Bt. Finally, we test the ability of these
prophylactically administered probiotics to promote survival during a challenge with Bt in vivo.

Results

Isolation and characterization of candidate probiotics

To develop a system for testing the efficacy of lower airway probiotics in preventing infection, it
was first necessary to identify a suitable pathogen to investigate. Burkholderia thailandensis (Bt) is
a pathogen of mice that is genomically similar to several human pathogens including Burkholderia
pseudomallei, Burkholderia mallei and organisms of the Burkholderia cepacia complex, the latter of
which poses a high risk of mortality for cystic fibrosis patients>~'>. Thus, Burkholderia
thailandensis is an appropriate subject of study for our purposes as it is safe, infectious in mice
and a good model of several pathogens with clinical relevance.

To acquire candidate probiotics for use in the lower airway, we sought organisms which would be
able to survive in the lower airway for an extended period of time and be capable of tolerating its
low-nutrient environment%. We hypothesized that organisms directly isolated from the airway
would fulfill this criterion, as they are already well-adapted to the environment and may be more
immunologically tolerated by the host. To isolate candidate probiotics, the trachea and lungs were
collected from C57Bl/6j mice, homogenized, and plated onto five different solid growth media,
either directly or after an initial period of culture in blood bottles. Tissues that should be sterile
(liver and spleen) were collected from the same mice and processed in parallel, in order to recover
any contaminants [“background” (B) strains] inadvertently introduced through our bacterial
isolation procedures. Bacterial colonies were repeatedly streaked on LB agar to recover clonal
isolates for whole-genome sequencing. In total, 28 isolates recovered from the lower airway
tissues were further characterized for use as airway probiotics.

Prior work on the lung microbiome has led to the widely held hypothesis that many of its
constituents originate from the oral and/or nasal microbiome and are unable to actively replicate
and persist in the lower airway].i’.l.(’... We therefore sought to identify airway isolates that are

capable of active growth in the lower respiratory tract, with the supposition that they should be

Hern et al., 2025 eLife 14:RP108304. https://doi.org/10.7554/eLife.108304.2 2 0f43


https://doi.org/10.7554/eLife.108304.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/microbiology-infectious-disease

°Ye o Microbiology and Infectious Disease
w9 eLife

better equipped to re-colonize the airway and compete against an invading pathogen. To do this,
the airway isolates were cultured in lung simulating medium (LSM), which is based on the
nutrient composition of sputum samples from cystic fibrosis patients, and therefore is thought to
approximate the nutritional environment of the lower respiratory tract!/~2% We found that 10 of
28 airway isolates tested were capable of robust growth (>1 doubling within 48 hours) in LSM
(Figure STA®). These 10 isolates, and model pathogen Bt, are arrayed on a phylogenomic tree

The phylogenetic assignments of the CPs were compared to those of airway microbiome
constituents previously identified through 16S rRNA profiling of mouse airway tissue?'~2>. This
analysis revealed that the taxonomic groups to which the CPs belong are well represented in the
mouse airway microbiome (Tables S14-3 ). For example, we found that all 9 of the species to
which the CPs belong were detected in at least 1 of 4 previous airway microbiome profiling efforts,
with 7 of the 9 species detected in more than 1 profiling effort. In contrast, only 1 of the 9 species
to which the B strains (contaminants recovered from liver and spleen) belong was detected, in
only 1 of the 4 profiling efforts. Similarly, 3 of the 4 genera to which CPs belong were detected in
all 4 profiling efforts (whereas for B strains, only 3 of 9 genera were detected in all 4 efforts); and
all 4 of the families to which the CPs belong were detected in all 4 profiling efforts (whereas for B
strains, only 6 of 8 families were detected in all 4 efforts). These results indicate that the CPs
belong to taxonomic groups that are typically well represented in mouse airway microbiome,
consistent with the idea that they are airway microbiome constituents that have been recovered
into culture.

Next, we aimed to identify CPs capable of inhibiting Bt during co-culture in LSM, with the
hypothesis that they might also inhibit Bt in the lower respiratory tract and therefore serve as
efficacious probiotics. Expression of antagonistic phenotypes is dependent on several factors
including the cell density relative to the available resources>%2”. Accordingly, we decided to assay
interbacterial interactions in LSM across varying cell densities, with the hypothesis that this would

enable us to capture information about CP potency. Each CP was co-cultured with Bt in LSM at

Additionally, co-culture with Bt impacted growth of some CPs but not others, potentially affecting
their interaction dynamics (Figure S1B®).

Production of a specialized secondary metabolite plays a role in
the antagonistic activities of CP8

Next, we sought to better understand the mechanism(s) of the observed negative interactions.
First, we hypothesized that those CPs that strongly inhibit Bt may do so by simply growing at a
faster rate than the pathogen thus dominating the environment. However, we found no
correlation between doubling time of the CPs in LSM and their Bt antagonism (r = -0.21, P = 0.155,
95% CI [-0.47 to 0.088], N = 49). It has been shown previously that bacteriophages can modulate
interbacterial competition, and some that can target Bt have been identified.2§‘§1.; therefore, we
next hypothesized that some of the negative interactions between CPs and Bt might be mediated
through production of Bt-targeting phages. To test this, we attempted to recover phages from each

CP using standard methods>%23, and tested the resulting product against Bt in plaque assays
(Figure S2(%). We found that none of the CPs appeared to produce a phage that could effectively
lyse Bt

Given this information, we next hypothesized that these negative interactions could be direct,
through chemical attack (ie. production of inhibitory metabolites); or indirect, through occupying
a shared metabolic niche with the pathogen. First, we investigated the presence of inhibitory
metabolites by growing Bt in sterilized co-culture supernatant from itself and a CP. We predicted
that if Bt-inhibiting secondary metabolites were produced by a given CP during co-culture in LSM,
then the conditioned medium recovered from the co-culture would inhibit growth of Bt. To test
this, each negatively-interacting CP was co-cultured with Bt for 72 hours, filter sterilized, and
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Figure 1. Characterization of CP activity against B. thailandensis in vitro.

(A) Phylogenomic tree of CPs (yellow) and model pathogen 8. thailandensis (Bt) (red), interspersed amongst publicly available
genomes (no color). (B) Schematic of competition assay used to test in vitro inhibitory capabilities. Percent growth of Bt is
calculated as the CFU in co-culture at 24 hours divided by the CFU in the Bt monoculture at 24 hours multiplied by 100. Co-
culture inhibition was tested for multiple starting densities of CP (see Figure 1CC2 x-axis). Starting density of Bf and CP at a
1:1 ratio are 3.33x104 CFU/ml per organism. Bt monoculture is inoculated at 3.33x1 0* CFU/ml. (C) Dose-response curves for
CPs against Bt. Relative IC50 is denoted with a vertical dashed-dotted line, and 100% and 50% growth are denoted with

horizontal dotted lines. Percent growth at each density is represented as meant SEM.
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Cp

CP7

CP4
CP19
CP17

CP18
CP20
CP26

CP13
CP9

CP8

Species

Pseudomonas
stutzeri
Pseudomonas
fluorescens
Brevibacillus
borstelensis
Bacillus
megaterium
Peribacillus
[frigoritolerans
Bacillus clausii
Bacillus
licheniformis
Bacillus
licheniformis
Neisseria
lactamica
Bacillus
velezensis

Relative IC50

0.001172

0.003086

0.006604

5738

0.0001693
n.d.
n.d.

n.d.

n.d.

2.316

Table 1. Summary of pathogen inhibition by CPs.

Relative IC50 values and 95% confidence intervals (95% CI) are shown for each inhibitory CP. Not determined (n.d.) indicates

95% CI

0.0006442-
0.003346
0.001791-
0.005331

0.006484 -
0.01141

3598 —n.d.

0.0001633 -
0.0001850
n.d.

n.d.

n.d.

n.d.

0.8280 —
5.073

Bt growth ata
1:1 ratio (%)

1.893
3.200
3.046
98.99

0.534
115.2
260.0

913.0
157.1

56.97

that a value could not be measured. CPs are listed in order of decreasing NI values.

Microbiology and Infectious Disease

Niche
Index

0.875

0.869

0.775

0.704

0.591
0.457
0.433

0.421

0.357

0.351
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We found that the co-culture supernatant from only one of the airway isolates (CP8) significantly
reduced growth of Bt compared to supernatant from a Bt monoculture (negative control) (Figure

engaging in interference competition. To confirm our findings, we performed agar diffusion
assays on all inhibitory CPs and found that, aside from CP8, none produced a zone of inhibition on
alawn of Bt (data not shown).

To understand the degree to which CP8’s specialized metabolite is responsible for mediating the
competitive phenotype observed in Figure 1C (%2, we aimed to create a knockout of this molecule in

CP8. Previously, we used antiSMASH>" to identify biosynthetic gene clusters in the CP8 genome
sequence, and found that CP8 likely produces 19 specialized metabolites>>. A review of the
literature revealed that biosynthesis of many of these specialized metabolites is dependent on Sfp,
a phosphopantetheinyl transferase which catalyzes their conversion to the active holo-form3%=32,
Therefore, we hypothesized that knocking out the sfp gene in CP8 would yield a mutant with an
inability to produce a specialized metabolite with inhibitory capabilities against Bt. A clean
deletion of the sfp gene was made in CP8, and the resulting mutant (CP8Asfp) was found to produce
a smaller zone of inhibition in an agar diffusion assay, indicating that interference competition

was reduced (Figure 2C @). Additionally, growth curves of wildtype CP8 and the CP8Asfp mutant

that its reduction in interference competition was not due to a growth defect. Finally, a
competition assay was performed using the CP8Asfp mutant. The mutant showed reduced
inhibitory activity compared to wildtype CP8 and, in contrast, demonstrated a positive interaction
with Bt when interference competition was disrupted (Figure 2E(2).

Metabolic niche overlap is indicative pathogen and CP antagonism

While production of an inhibitory metabolite appeared to be the primary mode of inhibition for
CP8, 5 other CPs showed a negative interaction with Bt but did not appear to produce specialized
metabolites. Previous work has shown that competition for a shared metabolic niche is an
important mediator of interbacterial interactions in bacterial communities?044, Therefore, we
hypothesized that inhibition of Bt by these 5 CPs may be due to metabolic niche overlap.
Specifically, we postulated that passive consumption of a limiting resource by the CP could reduce

the supply to Bt, thus inhibiting its growth.

The Redfield Ratio describes the stoichiometric relationship between carbon, nitrogen and
phosphorus which supports life on earth and is canonically 106:16:12. Recent work has shown
that this ratio is variable across body sites, with areas like the mouth and gut being more carbon
rich, and the airways being relatively carbon poor°. Similar to the upper airway, LSM is carbon
limiting, with a C:N:P ratio of approximately 88:14:1. This suggests that carbon may be the limiting
nutrient in the lower airway and thus, may be the limiting resource in the airway niche. We
predicted that if carbon was limiting, then supplementation of LSM with additional carbon would
reduce the antagonism between the CP and Bt. To test this, LSM was supplemented with 43mM
glucose to increase the C:N:P ratio to 101:14:1. We observed a leftward shift of the dose-response

curve for CP7 in the additional carbon condition (Figure 3A), and a significant reduction in

abundance there is a reduction in antagonism, consistent with the idea that, under the carbon
limiting conditions of the airway, carbon is the primary nutrient for which CPs and Bt are
competing.

Further, we sought to explore the extent to which metabolic overlap with Bt for carbon sources
could predict inhibitory capabilities of each CP. To do this, we assayed the growth of each CP and
Bt in each individual carbon source from LSM to determine which carbon sources could be
utilized by each organism (Figure 3C (). Bt showed a wide range of metabolic potential and was

able to grow on every carbon source presented except for ornithine. This is perhaps unsurprising
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Figure 2. Production of a specialized metabolite plays a role in the antagonistic activities of CPS.

(A) Schematic representation of supernatant inhibition experiment workflow. Supernatant from a Bf and CP co-culture or
from Bf monoculture (supernatant) is mixed 1:1 with 2x LSM. This mixture is used as the growth medium for subsequent Bf
growth curves. Fold-change in Bt growth is calculated by dividing the maximum growth of Bt in co-culture supernatant by the
maximum growth of Bt grown in supernatant from itself. (B) Left: Heatmap of fold-change in max CFU of Bt grown in
supernatant from each inhibitory CP and Bt co-culture relative to Bt grown in supernatant from itself. Co-culture supernatant
was collected at 72 hours. A fold-change of 1 indicates no difference in growth in co-culture supernatant compared to Bt
growth in supernatant from itself. A fold-change less than 1 indicates a reduction in pathogen growth. Right: Boxplot of
growth inhibition by CPS supernatant. Data are represented as meanz SD. (C) Agar diffusion assays testing the CPS wildtype
strain (CPS WT) and sfp mutant strain (CP8Asfp) for inhibition of Bt after 48 hours. (D) Growth curves of CP8 WT (black) and
CP8b.sfp (red) (E) Dose-response curve of CP8 WT (black) and CP8b.sfp (red) against Bt after 24 hours of co-culture. Percent
growth at each density is represented as mean + SEM.
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Figure 3. Metabolic niche overlap is indicative of pathogen and CP antagonism.

(A) Dose-response curve for CP7 grown in unsupplemented LSM (black) or with additional glucose (red). Percent growth at
each density is represented as mean + SEM. (B) Activity of CP7 against Bt at a 1:100 ratio with or without glucose
supplementation (red and gray, respectively). Data are summarized as mean + SD. ***P<0.001. (C) Carbon utilization
heatmap for CPs and Bt. (D) Venn diagram of carbon sources utilized by CP7 and Bt. (E) Plot of rank percent Bt growth at a 1:1
ratio after 24 hours vs rank of Niche Index for each CP. Correlation is determined by Spearman rank correlation (r = -0.6367, P
<0.0001, 95% Cl [-0.7891 -0.4261], N = 49). (F) Total carbon consumed by CPs grown in combination with Bt at 36 hours
(meant SD). Activity indicates relative amount of Bt inhibition at a 1:1 ratio from most(+++) to least(+) inhibitory. *P=0.05;
**P<0.01. (G) Total electron flux at 24 hours. Red dashed line indicates the estimated abundance of Bt in each co-culture. (H)
Summed electron flux of lactate (black), proline (white), and aspartic acid (gray) at 24 hours in different CP co-culture
conditions (meanz SD). *P<0.05.(I) Receiver operator characteristic curve showing the ability of growth on lactate to
distinguish inhibitory CPs from non-inhibitory CPs. An AUROC of 1 indicates perfect distinction between inhibitors and non-
inhibitors; an AUROC of 0.5 (dashed red line) indicates no distinction between inhibitors and non-inhibitors.
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as it has been shown previously that pathogens acquire new metabolisms in order to survive in
their host*/. Conversely, the CPs displayed diverse metabolic activity, with CP4 and CP7 appearing
most similar to Bt (Figure 3C%).

Each carbon source in LSM is used both for production of biomass as well as the primary electron
donor to generate energy via aerobic respiration. In the niche exclusion hypothesis, a competitive
advantage can be obtained for an organism that is able to consume those resources that would
otherwise fuel aerobic respiration of a competitor. We therefore hypothesized that those CPs that
are capable of sharing a greater proportion of carbon-derived electrons with Bt would have more
potent antagonism of the pathogen by covering a greater percentage of the energetic niche (Figure

source in LSM utilized by a given CP by the theoretical electron contribution of that given source,
with the belief that such a metric could identify probiotics capable of achieving maximal niche
coverage. We hypothesized that weighting each carbon source by its theoretical electron
contribution would improve the accuracy of the niche index, as those sources which contribute
more electrons represent a greater proportion of the energetic niche and therefore have a
potentially greater impact on antagonistic phenotypes. While many excellent models exist for
metricizing niche overlap?3=? and greatly inspired our model design, we sought to create a model
which would describe the metabolic niche of the respiratory tract as a function of the energy

available to the microorganisms within it.
Niche Index (NI) is calculated as follows:

First, the number of electron equivalents generated by each carbon source is calculated assuming
the complete oxidation of these sources to carbon dioxide under standard conditions. The electron
equivalents are then multiplied by the total number of molecules of the carbon source in the
media. This yields the total electron equivalents for each carbon source per liter of media. These
values are held in vector E.

8.02 x 10%
glucose 6.72 % 102
lact'ate ’ 5 08 x 107!
asparticaci s
1.03 x 10
threonine X N
: 8.71 x 10
serine N
glutamine 1.68 x 10
proline 2.20 x 10?2
glycine 4.35 x 102
alanine 1.29 x 1022
cysteine 1.54 x 102!
E= valine 161 x 1022
methionine 1.07 x 10%2
isoleucine 902 x 102
leucine 501 x 10
tyrosine. | 84 % 102
phenylalanine 198 1072
ornthine "
lvsi 8.96 x 10
ysine N
histidine 3.59 x 1021
tryptophan 6.25 x 10
arginine 3.60 x 10%°
4.05 x 102

The weighted value for each carbon source is:
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For all CPs and Bt, a carbon utilization vector is generated. If a carbon source is consumed,

then i =1, if it is not able to be consumed, then i = 0.
i

i2

i3

7

Ln
To calculate the Niche Index of each CP with Bt, the Hadamard product of the carbon
utilizations vectors for each CP and Bt are multiplied by the weighting vector. The resulting
value represents the electron equivalents utilized by both the CP and Bt. This value is divided
by the electron equivalents utilized by Bt alone. Thus, the equation for Niche Index is: :

[Cﬁcp © CﬁBt] W
Nlcp =

[Cﬁfﬂ ' W} — [CUcp.om - W] @)

NIis higher when a given CP shares a greater number of carbon-derived electrons with Bt. To
evaluate the association between the co-culture interaction with Bt and the NI of each CP, a
non-parametric spearman rank-order correlation was performed with the null hypothesis
that there is no monotonic association between the two variables. We found that NI is
negatively associated with the co-culture growth of Bt with a given CP at a 1:1 ratio (r = -0.64,
P <0.0001, 95% CI [-0.79 -0.43], N = 49) (Table 1 and Figure 3E®). Since CP8’s potency is
primarily due its secondary metabolite production (Figure 2E (3), percent growth of the

calculate niche overlap between CPs and Bt in LSM, this model is generalizable and can be
used to calculate the niche overlap between organisms in any media with a known molar
carbon composition.

To confirm our hypothesis that those organisms that consume a greater number of carbon-derived
electrons with Bt are more antagonistic, we performed exometabolomics on supernatants from 3
CPs. These 3 CPs represent a range of inhibition strengths and niche indexes, with CP7 being the
most potent (IC50 = 0.001172 NI = 0.875), CP19 displaying moderate potency (IC50 = 0.006604 NI =
0.775) and CP8 being the least potent (IC50 = 2.316 NI = 0.351). Each of these CPs was combined
with Bt at their respective IC90 and co-incubated for 36 hours. Supernatants from these CPs at 36
hours show that more potent CPs consume a statistically greater amount of carbon from the media
the same, more potent probiotics consume fewer carbon-derived electrons than less potent
competitors (Figure 3G (2). This led us to hypothesize that certain carbon sources were being
prioritized, allowing more antagonistic CPs to have the same net effect on Bt while consuming
fewer electrons. Further, we speculated that if high priority carbon sources were to be identified,
perhaps the consumption of a smaller set of these high priority carbon sources could predict
activity with similar accuracy to the Niche Index.

From the exometabolomics data, consumption of three carbon sources, lactate, proline and
aspartic acid are prioritized more at 24 hours by the most potent candidate probiotic, CP7, than
the least potent, CP8 (Figure 3H (%). Furthermore, we found that a CP’s ability to generate biomass

be important for pathogen control. Overall, these results indicate that consumption of specific
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resources can have an especially strong influence on niche exclusion, with consumption of a
specific carbon source (lactate) appearing to play a key role in niche exclusion of Bt by the most
potent of the CPs (CP7). While these results are promising building blocks for the development of a
metric of activity based upon a smaller feature set, a larger screen of candidate probiotics may be
necessary to understand the generalizability of these features. Further, future efforts to develop
this model should take into account a CP’s uptake rate for a given resource as this may influence
antagonism and reveal features of the metabolic niche that have disproportionate significance to
interbacterial interactions.

Niche overlap aids in the identification of efficacious multi-
organism probiotics

While our work showed that 6 of the CPs were potent inhibitors of Bt growth in co-culture, 4 were
poor inhibitors or actually promoted Bt growth (Figure 1 ). Having found that NI is well
correlated with CP activity in vitro, we hypothesized that this metric could be altered to identify
pairwise combinations of poor-performing CPs with enhanced antagonism. To do this, we created
a new metric, the Niche Index Fraction (NIF), which is calculated by generating the NI between
two CPs and dividing this value by the NI of the two CPs and Bt (Figure 4A(%). We hypothesized
that combinations with lower NIF values would have optimal coverage of the Bt niche space while
minimizing niche overlap between two CPs. Thus, low NIF values might indicate combinations

with enhanced inhibition of the pathogen compared to each CP alone. NIF is calculated as follows:

First, the overlap between two CPs is generated and is weighted by the relative electron
contribution of each carbon source

— — .
y= |CUcp; ©CUcpy| - W 3)

Total carbon-derived electron utilization is calculated for both CPs
p= chzﬂcpy - W, such that p is never 0 (C))
For which
)?CPI,CPy =1if C?Ji,CPx = 1land CT[)]i,CPy =1

o _ — —
Xcpaory = Xcpz,cpy = 0if CU; cpy = 0and CU; cpy = 0 )

o = —
Xcopecpy = 1if CU;cpr # CUicopy
Thus the niche overlap between two CPs is
Y
Nlcpycpy = — (6)
p
The niche overlap between two CPs and Bt is thus

Nlcp,cp
NIFcp,cp, = &

[CﬁBt . I/f/} — I:XCPI,CPy,orn W )

evaluate pairwise combinations with the three lowest NIF values, a moderate value and a
high value using competition assays.
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Figure 4. Niche overlap aids in identification of efficacious CP combinations.

(A) Venn diagram representation of the Niche Index Fraction (NIF) calculation. Yellow represents the fraction numerator and
red the denominator. (B) Heatmap of NIF values for each colonizing CP. (C) Dose-response curve for the CP8/CP19
combination (mean + SEM). (D) Dose-response curve for the CP19/CP13 combination (mean + SEM). (E) Dose-response curve
for the CP13/CPB combination (mean+ SEM). (F) Lactate consumed (as determined via GC-TOF) for 3 conditions, normalized
to CFU of each CP inoculated (mean + SD). ****P<0.0001. (G) Dose-response curve for the CP8/CP19 (red) and
CP8sfp/CP19Asfp (black) combinations. (H) Schematic of the proposed mechanism for Bt inhibition by the CP8/CP19
combination. CP8 produces a specialized metabolite that inhibits growth of the Bt. Additionally, increased lactate
consumption by CP19 in the presence of CP8 further reduces Bt growth. Overall, minimal niche overlap between the CPs, and
high overlap with Bt, allows for further inhibition of Bt with minimal inter-CP antagonism.
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In these experiments, two CPs were combined at a 1:1 ratio such that the total CP concentration at
a given ratio was the same as their individual CP counterparts. This enabled us to directly
compare activity of an individual CP and the activity of a combination of two CPs at a given ratio
as the total cell density was the same in each. From competition assays, we determined that NIF
was able to predict combinations with enhanced and reduced Bt antagonism as reflected by their
relative IC50 values (Figure 4C,D,E(@, Figure S4(% and Table S4(®).

For one combination, CP8 and CP19, we sought to understand the mechanism by which
antagonism was being enhanced. First, to understand the effect of the interaction on all members
of the co-culture, we performed growth curves of each strain (CP8, CP19 and Bt) in co-culture and
compared their individual abundances when grown together to their growth in monoculture

understand how CP8 and CP19 may enhance each other’s antagonistic impact on Bt, we performed
exometabolomics analysis on supernatant from this combination. At 24 hours, significantly more
lactate was consumed per cell by the CP8/CP19/Bt co-culture than by the CP8/Bt co-culture or

again suggests that lactate utilization may be important for antagonism of Bt in an airway-
simulating environment.

To further investigate how the combination of CP8 and CP19 more effectively inhibits the
pathogen, we performed a competition assay using the CP8Asfp mutant in combination with CP19
to understand the degree to which secondary metabolite production was responsible for their
combined effect (Figure 4G 2). When wildtype CP8 was replaced with the CP8Asfp mutant, there
was a significant reduction in Bt inhibitory activity compared to the wildtype CP8/CP19
combination. Together, these findings suggest that both consumption of specific carbon sources
and secondary metabolite production are important for activity of the CP8/CP19 combination and
likely enable Bt inhibition activity (Figure 4H C2). While the concept of NIF suggests that coverage

of the pathogen niche may be responsible for the observed activity in other combinations, further
investigation needs to be done to understand these interactions in more detail.

CPs provide protection against infection

Having observed the ability of the CPs to compete with Bt in an in vitro airway-simulating
environment, we were encouraged to test their ability to confer protection against respiratory Bt
infection in vivo. We hypothesized that CPs that can colonize at high density over an extended
period of time would provide better protection against Bt infection. To test the airway colonization
capabilities of the CPs we administered each to C57Bl/6j mice at 10% CFU via oropharyngeal
aspiration (OPA) and after a period of 7 days we assessed the lungs and trachea for CP load via CFU
enumeration (Figure 5A ). We found that several CPs were able to colonize the airway for the

We screened both colonizing and non-colonizing CPs for their ability to confer protection in a
mouse model of respiratory Bt infection. In these studies, 108 CFU of each of 6 CPs were
administered to the airway of C57Bl/6j mice via OPA. Following a period of 3, 5, or 7 days, Bt was
administered to the airway via OPA and mortality was monitored for 10 days following Bt
challenge (Figure 5C(%). Mice administered no CP prior to Bt challenge showed high mortality,

protective when administered 3 days prior to Bt challenge; CP17 was protective when
administered at 3 or 5 days prior to Bt challenge; and CP19 was protective when administered at 3,
5, or 7 days prior to Bt challenge.

We observed that the most protective probiotics, CP19 and CP17, were predicted to have the
highest niche overlap with Bt as indicated by their NI values (Table 1%), showed an ability to
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Figure 5. CPs colonize the mouse airway and protect against respiratory Bt infection.

(A) Schematic of colonization testing for CPs. Each CP (108 CFU) is administered to the lower airway via OPA. After 7 days, the
airway tissues (lungs and trachea) are collected, homogenized, and plated in order to enumerate viable CPs (expressed as
CFU per tissue homogenate) (B) Colonization results from airway tissues collected at 7 days following CP administration. The
dotted line represents the minimum CFU at which the CP is considered able to colonize in a reliably detectable manner. Data
are represented as the mean = SD. (C) Schematic of the method for survival testing. Each CP (106 CFU) is administered to the
lower airway via OPA at 3, 5 or 7 days post-GP a normally lethal dose of of Bt (3x10% - 5x10° CFU) is administered to the lower
airway via OPA. Survival is measured over the course of 10 days post-Bt. (D) Survival data from mice administered no CP
(vehicle control) and challenged with Bt (E) Survival data from mice administered CPs at 3 days (blue), 5 days (orange), or 7
days (red) prior to Bt challenge. The Niche Index value for each CP is listed in the lower-right corner of its associated graph.
Comparison of survival rate with versus without CP treatment was accomplished using the Mantel-Cox test ****P<0.0001,
*%%P<0,0002, **P<0.01. A summary of the relationship between days surviving and Niche Index value for each dosing
schedule is also shown (F) Pathogen loads in airway tissues of mice prophylactically treated with CPs. Each CP or PBS (“no
CP" negative control) is administered to the lower airway via OPA, 3 days later Bl (3x10% - 5x10° CFU) is similarly administered,
and 3 days later (i.e., 3 days post-challenge, 6 days post-treatment) the airway tissues are collected for enumeration of Bl
CFU. Mean Bt CFU counts are as follows for each group: CP19 (1.6x10%), CP17 (1.7x103), CP20 (2.2x10%), CP26 (8.7x10°), CP13
(1.3x107), CPS (3.9x108), No CP (4.6x108). Asterisks indicate significant differences in Bt CFU between treatment versus no
treatment groups as determined using Dunn’s multiple comparisons test ****pP<0.0001, ***P<0.0002, **P<0.01. The
relationship between the Niche Index values of CPs and the Bl CFU detected in mice treated with the CPs is indicated in the
upper left corner.
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CP26) showed no significant protection when administered at 5 or 7 days prior to Bt challenge
as inhibition in competition assays, but showed no significant protection of mice challenged with
Bt. This may be explained by its low niche overlap with the pathogen (Table 1) and/or its

niche overlap with the pathogen may be suggestive of a CPs protective capabilities. However,
given the potential for certain CPs to inhibit Bt via the production of specialized metabolites

We sought to estimate the strength of correlation between NI-p and CP protection efficacy.
Accordingly, we performed a non-parametric spearman rank correlation analysis with the null
hypothesis that there existed no relationship between NIcp and the number of days surviving
when CP treatment was performed 3, 5 or 7 days in advance of pathogen challenge. We found a
moderately strong relationship between NIcp and survival when CPs are dosed 3 days prior to
pathogen challenge (r = 0.48, P<0.0001, 95% CI [0.33 to 0.62], N = 115), a very strong relationship
when dosed 5 days prior (r = 0.77, P<0.0001, 95% CI [0.60 to 0.88], N = 40), and a strong relationship
when dosed 7 days prior (r = 0.66, P<0.0001, 95% CI [0.52 to 0.77], N = 89) (Figure 5E (). Additional

contrast, we found that the protective effects of CP17 and CP19 when administered 5 or 7 days
prior to pathogen challenge largely depended on CP viability. Taken together, these results suggest
that niche exclusion is the dominant mechanism of protection except when CPs are administered 3
days prior to pathogen challenge, in which case other mechanisms that are not captured in our
model (potentially including immune priming) must play a role.

We further sought to determine whether the survival benefits conferred by CPs were associated
with reduced pathogen loads in the airway, which would be consistent with the niche exclusion
mechanism of protection. In these studies the CPs were administered to the airway 3 days prior to
Bt challenge, and airway tissues collected at 3 days post-challenge for Bt CFU analysis. We found
that prophylactic treatment with the CPs significantly reduced pathogen loads in the airway, with
the notable exception of CP8 (Figure 5F (2). Moreover, we observed a very strong inverse
relationship between NI-p and pathogen load (r = -0.84, P<0.0001, 95% CI [-0.90 to -0.76], N = 77),
where CPs with higher NI values more effectively reduced pathogen loads. While it appears that
NI is a reasonable indicator of the protective effects of a CP in vivo, additional development of this
model will need to be done to better capture the host environment, improve prediction, and
determine the extent to which it can be used to nominate efficacious probiotics in the future.

From our in vitro studies, we found that lactate consumption by a CP was important for pathogen
inhibition. To study the specific role of lactate in a scenario more similar to the in vivo context,
CP19 (10% CFU) or PBS (negative control) was introduced into airway tissue homogenates and after
24 hours of incubation the lactate levels were measured. We found that lactate levels were
significantly lower in tissue homogenates inoculated with CP19 as compared to those receiving
PBS only (Fig (%). We also found that sterile filtrates recovered from CP19-conditioned
tissue homogenates failed to support growth of B, in contrast to those recovered from PBS-treated
tissue homogenates (Figure S8B(2). These results suggest a link between lactate depletion by CP19

and its ability to inhibit the pathogen in the context of airway tissues.

Discussion

The human respiratory tract microbiome composition has been linked to both respiratory health

and the occurrence of respiratory infections>.. As a result of this connection, manipulation of the

lower airway microbiome is an attractive strategy for anti-infective therapies. Airway microbiome
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modulation via supplementation with probiotics has previously shown success in preventing
infections; however, these studies lack a more broad and systematic analysis which is necessary to

learn generalizable principles for the design of efficacious airway probiotics’.S.

In this work, we developed a system that probes interactions between airway-derived candidate
probiotics (CPs) and a model respiratory pathogen Burkholderia thailandensis (Bt). From this
exploration, we find that consumption of shared resources explains the majority of antagonistic
phenotypes between CPs and Bt in vitro. Specifically, consumption of shared carbon sources seems
to play an important role in these interactions. As a result, a metric of niche overlap, Niche Index
(ND), is correlated with CP inhibitory activity in vitro in most instances. Furthermore, we use these
same principles to design combinations of CPs with enhanced antagonism against Bt. We explore
the mechanism by which one combination, CP19 and CP8, exploits both metabolic niche exclusion
and inhibitory metabolite production to its advantage in competing with Bt. Finally, we find that
several CPs are able to re-colonize the mouse airway for at least 7 days, and that two CPs (CP19 and
CP17) significantly reduce mortality in mice subjected to otherwise lethal respiratory Bt challenge.
While it appears that there is a relationship between the NI and the protective capabilities of a CP,
further preclinical experiments will need to be done to determine if NI alone can guide
formulation of airway probiotics with clinical applicability. Further, consideration of potential
effects from patient genetic background, environment, host immune response, and cross-feeding
must also be explored.

The method described here is a step towards a more rapid, inexpensive, and effective means of
identifying efficacious probiotics, all factors that have stalled probiotic development previously=2.
Selection of these probiotics based on their niche-exclusion capabilities, as demonstrated here,
also has the potential to enable development of probiotics with better safety profiles. While
probiotics with the ability to produce inhibitory small molecules can be identified easily,
pathogens can rapidly evolve to evade this form of antagonism. In comparison, probiotics which
occupy a niche may leave a pathogen with fewer strategies to evolve resistance, allowing long-
term efficacy and more predictable effects on health in clinical applications.

Another great challenge for clinical development of airway probiotics is potency. In order to allow
for adequate oxygen exchange in the lungs, alveoli need to remain unobstructed and, thus,
colonization of the lung with a large dose of bacteria may result in undesirable outcomes.
Therefore, probiotics which require extremely low doses to achieve a protective effect are
desirable. Our methodology shows potential for repurposing of organisms that are typically poor
performers for use in highly potent multi-organism formulations.

In this work, we found that one way that probiotics defend against a pathogen is through
consumption of available carbon sources which would otherwise feed the pathogen. In particular,
lactate consumption appears to be important for efficacy. Several studies have found that there is
increased lactate in the lung during inflammatory exacerbations, which could feed pathogen

growth23722, Interestingly, previous studies have shown that consumption of lactate is important

for fitness in the host and pathogenesis for several different bacterial pathogens>%-2C.
Theoretically, if probiotics that preferentially consume lactate can be designed, they may be useful
in controlling infections in hosts with inflammatory lung conditions, such as cystic fibrosis,

idiopathic pulmonary fibrosis, and chronic obstructive pulmonary disease>22:81.

Broadly, we hypothesize that airway probiotics may have functionality by stopping the positive
feedback loop of infection. In this model, pathogen infiltration into the lung and growth results in

inflammation and cellular injury, causing a leak of nutrient-rich fluids into the alveolar
5

interfere with pathogen metabolism could be forward-designed to work optimally within these
environments in order to maximize potency and efficacy.
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Figure 6. Proposed mechanism of CP protection.

Left: During lower airway infection, bacterial growth elicits inflammation from the host, with concurrent endothelial and
epithelial injury. Intra-alveolar oedema introduces additional nutrients from the blood into the alveoli and lung lumen,
enabling further growth of the pathogen. This positive feedback loop results in uncontrolled growth of the pathogen,
ultimately facilitating its instantiation. Right: Probiotics delivered directly to the lower airway may limit infection by reducing
nutrient abundance after oedema, which prevents further growth of the pathogen and thereby breaks the infection-
promoting feedback loop.
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The native airway microbiome, and its interactions with host cells and incoming pathogens, is only
partially understood, making development of airway probiotics a challenge. As our knowledge
grows, health-promoting functionalities could be introduced into the lower respiratory tract,
through supplementation with microbiome constituents in unaltered state (as demonstrated here)
or with engineered properties, such as novel metabolisms. However, for utility in the clinic,
numerous questions will need to be answered about the predictability, long-term safety and
reliability of airway probiotics as alternatives or additions to antibiotic therapies. To improve this
nomination pipeline further, future models should incorporate elements which have been shown
to influence interbacterial antagonism previously such as the rate of consumption of shared
resources and and the impact of sudden alterations in resource availability as might occur in acute
lung injury. To ensure safety, evolution of the CP in the airway should be monitored over time, and
the potential contribution of cross-feeding between CP and pathogen should be investigated.
Additionally, future efforts will need to focus on reliable probiotic delivery modalities, formulation
stability, and potential for variance in colonization, protection, and immunogenic responses in
different hosts and environmental contexts. Work is currently underway to understand the
generalizability of the findings here to models of other respiratory diseases, and to evaluate their
safety and efficacy for therapeutic applications.

Methods

Isolation and Culture of Bacteria

A Burkholderia thailandensis E264 strain that constitutively expresses GFP was provided by Daniel
J. Hassett (University of Cincinnati College of Medicine; Cincinnati, OH)-~. The candidate probiotic
(CP) isolates were recovered from the lower respiratory tracts of healthy mice using a culturomics
approach-=. All animal work was conducted in accordance with protocols approved by the
Lawrence Livermore National Laboratory (LLNL) Institutional Animal Care and Use Committee
(IACUC, protocol 304) and Institutional Biosafety Committee (IBC, protocol 2021-010). LLNL is
accredited by the Association for Assessment and Accreditation of Laboratory Animal Care
(AAALAC) International, and is Public Health Service-Assured (PHS assurance A3184-01). Briefly,
airway (trachea and lung) tissues were collected from 24 mice (C57Bl/6j, 10-20 weeks),
homogenized in 500 uL of phosphate-buffered saline (PBS), and used to inoculate five different
solid growth media [tryptic soy (TS); TS + 5% sheep’s blood; M9 minimal salts + 0.2% glucose;
brain-heart infusion (BHI); and Luria broth (LB) (Teknova; Hollister, CA)] as well as three different
BACTEC blood bottles [Plus Aerobic/F; Plus Anaerobic/F; and Lytic/10 Anaerobic/F (Becton
Dickinson; Franklin Lakes, NJ)]. The inoculated solid growth media were incubated at 37C for
seven days. The inoculated blood bottles were incubated with shaking (250 rpm) for 1-5 days, and
100 uL aliquots were periodically withdrawn for use in inoculating the five different solid growth
media, which were then incubated at 37C for seven days. All colonies detected on the solid growth
media were individually transferred to LB agar and, after further incubation at 37C for 1-3 days,
streaked to single colonies on fresh LB agar. A representative single colony from each Petri plate
was used to inoculate LB liquid and solid media, and these cultures incubated at 37C for 1-3 days
for use in preparing frozen glycerol stocks as well as extraction of genomic DNA for sequencing.
Sterile tissues (liver and spleen) that were collected from the same mice using a second set of
dissection instruments were processed in parallel, in order to recover contaminants of the
bacterial isolation procedures [referred to as “background” (B) strains].

Genome Sequencing and Analysis

Extraction of high molecular weight DNA from overnight cultures of CPs was accomplished using
the Nanobind CBB kit (PacBio catalog n0.102-301-900). Barcoded sequencing libraries were
prepared using the SMRTbell prep kit 3.0 (PacBio catalog no.102-141-700) with SMRTbell barcoded
adapter 3.0 (PacBio catalog no.102-009-200) and using the Covaris g-TUBE shearing method to
generate DNA fragments of 7-12 kb in length. Quantification of DNA concentrations was
accomplished using the Qubit fluorometer method. The barcoded libraries were sequenced using a
PacBio Sequel ITe system with HiFi workflows; one SMRT Cell 8M was used for run times of 15 hrs.

Hern et al., 2025 eLife 14:RP108304. https://doi.org/10.7554/eLife.108304.2 18 of 43


https://doi.org/10.7554/eLife.108304.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/microbiology-infectious-disease

9 eLife

Microbiology and Infectious Disease

Resource

Provider/Source

Strains

GFP-expressing
Burkholderia
thailandensis

GFP-expressing Burkholderia

thailandensis provided by Daniel J.

Hassett.

Genomes

Genomes for CP strains

NCBI Accession numbers:
SAMN45914816 (CP4)
SAMN45914815 (CP17)
SAMN45914814 (CP9)
SAMN45914813 (CP8)
SAMN45914812 (CP7)
SAMN39610772 (CP20)
SAMN39610773 (CP26)
SAMN39610771 (CP19)
SAMN39610770 (CP13)

Plasmids

T2(2)-ori plasmid

Addgene ID#216627

Tools

Long read assembly of
candidate probiotic
genomes was
performed using Canu

RRID:SCR_015880

For speciation of 16S
sequences, speciatelT
was used

RRID:SCR_014615

The phylogenomic tree
was built using KBase

RRID:SCR_022162

Key resources table.
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Raw sequencing reads were assembled using canu v2.2 with its standard optionsﬁ.‘}.. Resultant
contigs were manually inspected, and BLAST was used to identify and remove duplicate
assembled contigs. Phylogenetic placement in the GTDB release 202 system used the ANI-based
script speciate.pI®2%

Comparison of CP versus Airway Microbiome Phylogenetic
Assignments

Sequencing reads from 4 independent 16S rRNA profiling investigations of the mouse airway
microbiome?! 2> were aligned against refseq genome assemblies and placed into taxonomic
groups using an established software pipeline called RapTOR. Sequence quality filtering was
performed to remove low-quality ends as well as any partial primer sequences, as described
previously?.?:.‘.'?.?. The Duskmasker software tool was applied in order to remove low complexity and
unidentified reads’’. FASTQ sequences with low quality scores were then removed, followed by
removal of any host sequences as identified through alignment against the mouse genome
sequence (GRCm38) using Bowtie 2”.\. An additional precise alignment with mitochondrial and
ribosomal genome sequences was performed to remove any of these host sequences. The
remaining non-host (unaligned) sequences were then aligned to the Silva SSU database’? using
Bowtie 2 with local alignment settings. The generated “.sam” files were converted to “.taxsum”
files using SAMtools’? in a custom Perl script for each sample, producing a table for read
abundance at each taxonomy level, with reads aligning equally well to multiple Silva entries
placed through application of the lowest common ancestor (LCA) algorithm. Finally, reads
mapping to each taxonomic group represented in a given profiling dataset were enumerated; and
each group was assigned a rank based on the relative abundance of reads mapping to it (i.e., the
prominence with which it was represented in the profiling dataset). This information is
summarized for the taxonomic groups to which the CPs [and, for comparison, the B strains

(contaminants)] belong (Tables S1(2-3(%).

Lung Simulating Medium (LSM) Preparation

LSM was made according to Palmer (2006).... Adjustments were made to the original formulation
to increase sodium and chloride concentrations to more closely match those in healthy lungs. As a
result, LSM contains 92mM NaC(l, instead of 66.6mM NaCl as in SCFM/4. Similarly, glucose
concentration was increased to 5.5mM.

Competition Assays

3ml monocultures of individual CPs and Bt were inoculated from frozen glycerol stocks and grown
in LSM at 37C with shaking (278rpm) for 24 hours. Cultures were then serially diluted again in
LSM at a 1:50 ratio, and grown at 37C with shaking until late log phase, at which point the cultures
were centrifuged at 3000g for 10 min and resuspended in fresh LSM. CPs were then diluted
according to the ratios being tested, where a 1:1 ratio represented a cell suspension of 3.33x10%
CFU/mL, a 0.1 ratio represented 3.33x103 CFU/mL, etc. After dilution, 3.33x10% CFU/ml of Bt was
added to each 15ml CP dilution tube as well as to a Bt-only control. The 15ml volume was split into
5 3ml aliquots to make biological replicate assays. All samples were incubated at 37C with shaking
for 24 h.

After 24 hours, samples were removed, diluted 1:100-1:100,000 in PBS, and plated onto LB plus
carbenicillin (100ug/mL) to select for Bt colonies. Plates were incubated at 37C for 48 h or until
colonies became visible, and colony forming units (CFU) were enumerated. Percent Bt growth was
calculated by taking the CFU/ml of each replicate culture and dividing by the average of the
CFU/ml in the Bt-only control and multiplying by 100. Dose-response curves and analyses were
generated using the ECAnything algorithm in Graphpad Prism 10.
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Competition Assays Measuring CP Cell Densities

As the CPs were generally sensitive to antibiotics, it was not possible to measure their abundance
in competition assays using the antibiotic selection plating method outlined in “Competition
Assays”. Monocultures of each CP and Bt were inoculated from frozen glycerol stocks and grown
in LSM at 37°C with shaking (220rpm) overnight. Cell density of the monocultures was measured
using a Quantom Tx Microbial Cell Counter.

Cultures were diluted to 3.33E4 CFU/ml in LSM, and 800ul of each CP were loaded into 6 chambers
of the Cerillo Co-Culture Duet System (cat#NC2389319). The opposite side of 3 chambers was
loaded with 800ul of Bt in LSM, or of LSM alone as a negative control. Plates were incubated with
shaking at 350rpm at 37°C for 24 hours, and then 100ul of culture were removed from the CP side
of each chamber and diluted 1:10. The diluted samples were counted using the Quantom Tx
Microbial Cell Counter.

Phage Isolation and Plaque Assays

A 3ml culture of each CP was grown at 37C with shaking (278rpm) for 16 h, at which point 2ul of
the culture were added to a well of a 2ml deep well plate containing 1ml of LB. These cultures
were grown at 30C with shaking (750rpm) for 24 h, at which point each culture was back-diluted
1:70 and grown at 30C with shaking until it reached an OD of 1. To each of these 1ml cultures, 2ul
of 3% hydrogen peroxide were added in order to induce phage production. After incubation at 30C
with shaking for 16 h, the cultures were centrifuged to pellet cells, and the supernatant was
collected and sterilized using a 0.22uM filter. Ammonium sulfate was added to 30% saturation, and
precipitate was collected by centrifugation at 16000g for 40 minutes at 4C. The supernatant was
decanted, and the phage-containing precipitate was resuspended in 1ml of SM buffer (100mM
NaCl, 8mM MgS04*7H,0, 50mM Tris-Cl, 0.01% gelatin) and stored at 4°C for use in plaque assays.

To perform plaque assays, 3ml of Bt was grown at 37C with shaking (278rpm) for 16 h, at which
point it had reached stationary phase. Standard LB agar was prepared in 100x15mm Petri dishes
(BD Biosciences) and allowed to cool. To create the soft agar overlay, 200ul of the Bt culture were
mixed with 5ml molten LB soft agar (0.5%) and spread over the standard LB agar in each plate.
The plates were allowed to cool for 20 min. Phage-containing precipitate was serially diluted 1:10,
and 2ul of the solution was pipetted onto the soft agar and allowed to dry for 10 min. The plates
were then incubated at 37C for 24 h, and the presence or absence of plaques was observed.

Supernatant Inhibition Experiments

CPs and Bt were grown in LSM monocultures as previously described. The cultures were diluted to
5x10° CFU/ml, and each CP was combined with Bt in co-cultures; additionally, a Bt-only control
was generated. The co-cultures were grown at 37C with shaking (278rpm) for ~72 h, centrifuged to
pellet cells, and the supernatants collected and sterilized using a 0.22uM filter. The sterilized
supernatant samples were pH adjusted to 7.03. Each supernatant sample was mixed 1:1 with 2X-
concentrated LSM, and exponential-phase Bt was added to each mixture at 3.33x10% CFU/mL.
Growth curves were performed using a Tecan Spark plate reader, measuring OD600 every 0.25 h
during growth at 37C with shaking (240rpm) for 30 h. Fold-change in maximum Bt CFU/ml reached
was calculated by dividing the maximum CFU of Bt grown in supernatant from itself divided by
the maximum CFU of Bt grown in supernatant from each CP co-culture.

Knockout of sfp in CP8

The CP8Asfp mutant was generated using a double-crossover homologous recombination method
described previously/=>. Briefly, homologous arms were amplified up- and down-stream of the sfp
gene using PCR, and the amplicon was cloned into the T2(2)-ori plasmid in addition to the oriT/tra]
region which facilitates conjugative transfer using Golden Gate assembly. The resulting plasmid
was introduced into CP8 using an established method for conjugation in Bacillus’. The
transconjugants were plated onto LB supplemented with kanamycin (20 yg/mL) and polymyxin B

(5 pg/mL) to select for plasmid-bearing CP8. Colonies recovered from the selection plates were
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used to inoculate 3ml LB plus kanamycin (20 pg/mL), and the resulting cultures were grown at 37C
with shaking (278rpm) for 16 h. 0.05 ml of each culture were then spread on an LB plus kanamycin
(20 pg/mL) plate that was incubated at 45C for 16 h in order to induce the first crossover event. A
single colony positive for the first crossover event by PCR was recovered from each plate and
passaged 6 times in LB liquid culture. Liquid cultures were streaked onto 10 LB agar plates to
generate single colonies. Replica plating of 96 colonies was performed to check for loss of
kanamycin resistance, and PCR was used to screen for colonies in which sfp was absent. Resulting
fragments and the 16S region were sequenced to confirm deletion and strain identity.

Growth Curves of CP8 and the CP8Asfp Mutant

CP8 and the CP8Asfp mutant were streaked on LB agar and incubated at 37C for 16 h. Single
colonies were used to inoculate 3ml LB cultures in 14ml plastic tubes, and the cultures incubated
at 37C with shaking (278rpm) until they reached early stationary phase. The cultures were then
back-diluted to an OD of 0.1 in LB, and 100ul of the cell suspension were added to each well of a
96-well plate, generating 4 replicate assays per condition. Growth curves were performed using a
Tecan Spark plate reader, measuring OD600 every 0.16 h during growth at 37C with shaking
(240rpm) for 20 h.

Agar Diffusion Assays

Overnight cultures of Bt and CP8 were made in LSM as previously described. Bt was diluted to OD
0.5 and streaked onto LSM agar using a sterile cotton swab. Plates were briefly allowed to dry and
2ul spots of CP8 overnight culture were added. Plates were incubated at 37C and checked for the
appearance of a zone of inhibition after 48 h.

Carbon Source Screening

Overnight cultures of CPs and Bt in LSM were generated as previously described. Cultures were
centrifuged and the pelleted bacteria washed twice with 2x LSM with carbon sources removed.
The bacteria were then diluted to an OD of 0.04, and 20 ul were added to each well of a 384-well
plate in which individual carbon source from LSM were deposited to produce a final
concentration of 10mM. Initial OD600 readings were taken using a plate reader, and then the
plates were incubated at 30C with shaking (800rpm) for 3 days before a final OD600 reading was
taken. Each CP or Bt was considered able to utilize a given carbon source if the final 0D600
reading was greater than that of the inoculated blank plus 2 standard deviations.

Exometabolomics

Overnight cultures of CP7, CP8, CP19 and Bt were generated as previously described. The cultures
were back-diluted 1:50 and then grown at 37C with shaking (278rpm) to late log phase. 3ml co-
cultures were made in LSM combining Bt at 3.33x10* CFU/ml with the relevant CP at its IC90. The
co-cultures were incubated at 37C with shaking, and 1ml samples were collected at 24 h and 36 h.
For collection, each sample was centrifuged at 3000rcf for 10 min, and the . supernatant was
removed and syringe filtered to remove residual cellular material. Samples were analyzed via GC-
TOF by the West Coast Metabolomics Center (Davis, CA). Data were SERRF normalized to remove
batch effects, then normalized to the amount injected. Metabolite concentrations were normalized
to a media-only control. For analysis, concentrations of each metabolite were converted to
metabolite-contributed electrons using the oxidation-reduction half reaction for each metabolite
analyzed. For carbon subset analysis, total electrons from lactate, proline, and aspartic acid in the
co-culture supernatant at 24 hours were added. Electron concentrations below 0 indicate that a
given metabolite is more abundant in co-culture than the media control.

Pairwise Combination Competition Assays

Pairwise combination competition assays were performed as described above (“Competition
Assays”) with the following adjustment. After resuspension in fresh media, the two CPs of interest
were mixed together at a 1:1 ratio to generate the desired final CFU/ml (eg. for a 1:1 ratio with Bt,
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the two CPs were combined to generate a final concentration of 3.33x10* CFU/ml). Subsequent
dilutions were made and carried out as previously described.

Quantification of CP8, CP19 and Bt Growth in Co-Culture

gPCR primers and probes for the 16S rRNA region for CP8, CP19 and Bt were purchased from IDT
with the following sequences:

Strain Probe Sequence Primer Sequences
CP8 /56-FAM/AAAGAGCGA/ZEN/CAG | CAGATCTGCCGGATTCATCTT
GGAAACAGTGCT/3IABKFQ/
CCGGCATTCTCCATCTCATT
CP19 /5SUN/CCAGATTCG/ZEN/CTTTCT | GCAGACATGGGTGAAGAATTTG
CGACCGGATT/3IABKFQ/
GGCGATTTCTACCGCTTCAT
Bt /5Cy5/TGTCCGGAAAGAAATCATC [ AGGCCTTCGGGTTGTAAAG
CTGGCT/3IAbRQSp/
GTAGTTAGCCGGTGCTTATTCT

To generate standard curves, overnight cultures of CP8, CP19 and Bt were made as previously
described in LB. The following day, cultures were backdiluted 1:250 in LB and 1ml of each culture
was collected at 11 timepoints. Optical density at each timepoint was measured (OD600 values
ranged from 0.05 to 1.033) and cells were pelleted by centrifugation. Genome preparations were
done on each pellet using the QIAgen DNeasy Powersoil kit (cat#47014). Concentrations of genomic
DNA were quantified using the Qubit dsDNA Quantification Assay Kit (cat#Q32854). A 1:5 dilution
of each sample was made to adjust DNA concentration to 3pg-100ng. PrimeTime Gene Expression
Master Mix (cat#1055772) was used to run the gPCR reactions in triplicate, with 2ul of diluted
genome preparation per well. Samples were analyzed using the BioRad CFX96 Touch Real-Time
PCR detection system, with annealing at 60C. To create the standard curve, OD values were plotted
against Cq values and a line was fit to the points.

To generate the growth curve, three biological replicates of CP8, CP19 and Bt were co-cultured in
LSM at 37C and 278rpm for 36 hours, with 1ml collections made every hour between 4-30 hours
post-inoculation and an additional collection made at 36 hours. Optical density measurements,
DNA extraction and gPCR reaction preparation were performed as previously described. Samples
were run in duplicate using the previously established conditions. Measured Cq values from the
co-culture samples were converted to OD600 values for each organism using the previously
generated standard curve.

Animal Models

These studies were carried out in strict accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals and the National Institute of Health. All efforts were made to
minimize suffering of animals. All animals were housed in ABSL2 conditions in an AAALAC-
accredited and PHS-assured facility, and the protocol was approved by the Lawrence Livermore
National Laboratory Institutional Animal Care and Use Committee (IACUC), which includes ethics
in evaluation of protocols. Barrier-housed, specific pathogen-free 6 week old C57Bl/6j mice were
acclimated prior to experiments. CP, Bt, and animal use were also approved by the Institutional
Biosafety Committee (IBC).
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CP Colonization Studies

Each CP was grown in monoculture in LB at 37°C with shaking (250 rpm) for 16 h, recovered
through centrifugation, resuspended in PBS, and diluted to an OD600 corresponding to 3.3x10”
CFU/mL (based on prior determination of OD600-to-CFU plating efficiency measurements). 30 ul of
this dosing material (corresponding to 108 CFU) were administered to the airway (via OPA) of each
mouse. After 7 days, the trachea and lungs were collected and homogenized in PBS; dilutions (in
PBS) were plated on LB agar; and, after 1-5 days at 37°C, the CFU enumerated in order to assess CP
load in the airway tissues.

Survival Studies

CP dosing material was generated and administered to mice as described above. After 3, 5 or 7
days, the mice were similarly administered (via OPA) 3x10% - 5x10° CFU of Bt. Weight, morbidity,
and mortality were monitored for 10 days following Bt challenge; mice displaying >20% loss of
body weight were euthanized.

For studies comparing viable versus nonviable CPs, the dosing material was generated as
described above but then split into two aliquots, with one remaining untreated (viable CP) and the
other subjected to inactivation treatments: Exposure to short-wavelength UV-C light (254 nm) for
20 min in a UV-Box decontamination chamber (Air Science; Fort Meyers, FL) followed by heating
at 95°C for 20 min in a dry block incubator (Thermo Fisher Scientific; Waltham, MA). This
inactivation protocol causes 100% loss of viability (i.e., no CFU detected after plating on LB) for all
CPs tested, as determined through previous experiments and specifically verified for the dosing
materials prepared for the studies reported here (data not shown). The viable and nonviable CP
dosing materials were then separately administered to mice; after 3, 5, or 7 days the mice were
challenged with Bt (3x10% - 5x10° CFU); and weight, morbidity, and mortality were monitored for
10 days post-challenge (all as described above).

Quantification of CP and Pathogen Loads in Airway Tissues

CP dosing material was generated and administered to mice as described above. After 3 days the
mice were challenged with Bt (3x10% - 5x10° CFU) as described above. After an additional 3 days
(i.e., at 3 days post-challenge) the airway tissues were collected and homogenized, and dilutions
were plated on LB agar, as described above. After incubation at 37°C for 24 hours the CP CFU were
enumerated in order to assess CP load in the airway tissues. After incubation at 37°C for an
additional 24-48 hours the Bt CFU were enumerated in order to assess Bt load in the airway
tissues. Note that CP versus Bt CFU were easily distinguished based on colony size and
morphology.

Ex vivo Lactate Depletion and Pathogen Inhibition Studies

A single colony of CP19 was grown in LSM at 37°C overnight. The culture was centrifuged and the
pellet washed twice with PBS followed by resuspension in PBS. Cell density in the suspension was
quantified using a Quantom Tx Microbial Cell Counter. The suspension was then backdiluted to
3.3x10’ CFU/ml, and 30ul of this diluted suspension, or of PBS (negative control), were added to
120ul of murine lung homogenate. A total of 5 replicate homogenate-based cultures were made
per condition, housing them in a 2ml deep-well block. The homogenate-based cultures were
incubated at 37°C with shaking at 150rpm for 24 hours, and then centrifuged and sterile filtered.
Quantification of lactate levels in the CP19-conditioned and PBS-treated tissue homogenate
filtrates was accomplished using the Promega Lactate-Glo Assay (cat#]5021). Bt was grown in LSM,
centrifuged and washed twice with PBS, and then resuspended in PBS to 5x107 CFU/ml. CP19-
conditioned and PBS-treated tissue homogenate filtrates were inoculated with Bt (106 CFU) and
incubated at 37°C. Growth of the pathogen in the filtrates was monitored by measuring the OD600
every 15 minutes using the Agilent Biotek Synergy Neo2.
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Statistical analyses

Microbiology and Infectious Disease

Ordinary one-way ANOVA with Tukey’s multiple comparisons test, ROC curve analyses, Mantel-Cox
survival analyses, Holm-Sidak multiple comparisons tests and all plotting of data to generate
graphs, was completed using Graphpad Prism 10.
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Figure S1.Growth curves in LSM and inhibition of CPs by Bt. (A) CPs and Bt were individually inoculated into
LSM at 108 CFU/ml, and the cultures were incubated at 37C with shaking (278rpm) for 48 h. (B) Co-culture data
measuring CFUs of each CP after co-culture with Bt (+) at a 1:1 ratio or each CP grown alone (-) in LSM.

*%%%P<0.0001; ***P=0.0002; **P=0.0021
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Figure S2. Plaque assays to detect phage isolated from CPs.

Microbiology and Infectious Disease

Supernatants from phage-induced CP cultures were serially diluted 1:10 and spotted onto soft agar containing Bt.
Supernatant from a phage-induced culture of Bt strain E421, which produces a Bt-targeting phage, generated visible plaques
as expected, demonstrating that the phage detection method was effective.

CP18

A

CP13 CP20 CP8 CP7 CP17 CP26 CP19 CP13 E4

Figure S3. Addition of glucose decreases antagonism between CP19 and Bt.

Dose-response curve of Bt in co-culture with CP19 in standard LSM (5.5mM glucose) (black) or LSM supplemented to 43mM
glucose (red). Vertical dotted lines indicate the IC50 in the low or high glucose condition. Data are represented as the mean +

SEM.
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Figure S4. Dose-response curves for pairwise CP combinations with low Niche Index Fractions

(A) IC50 curve for the CP20/CP17 combination (red diamonds). Single strain inhibition curves (black) are shown for CP20
(circles) and CP17 (triangles). (B) IC50 curve for the CP26/CP19 combination (red diamonds). Single strain inhibition curves
(black) are shown for CP26 (circles) and CP19 (triangles).
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Figure S5. qPCR generated growth curves for CP8, CP19 and Bt grown in co-culture.

CP8, CP19 and Bt were co-cultured in LSM for 36 hours at 37C and 278rpm. Samples were periodically taken to quantify their
OD using qPCR. Three biological replicates of co-cultures were made and two technical replicates of each co-culture analyzed.
All 6 points for each organism at each timepoint are displayed. Bt growth curve is denoted as black open circles, CP8 as blue
closed circles and CP19 as purple closed circles.
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Figure S6. CP8 colonization of the airway is significantly reduced in Bt-infected mice.

CP8 (10° CFU) was administered to the airway via OPA and after 3 days challenged with either PBS (CP8 alone) or Bt (3x10%-
5x10° CFU) (CP8 + Bt) via OPA. Airway tissues were recovered at 3 days post-challenge (6 days post-CP8 administration) for
enumeration of CP8 load (expressed as CFU per tissue homogenate). **P<0.002.
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Figure S7. Survival of mice treated with non-viable CPs prior to pathogen challenge.

CPs were rendered non-viable (via UV and heat treatment) and administered to the mouse airway (via OPA) at 3 days (blue), 5

days (orange), or 7 days (red) prior to challenge with Bt (via OPA). Survival was monitored for 10 days following pathogen
challenge. For CP20, CP26, CP13, and CP8 treatment at 3 days prior to pathogen challenge was the only dosing regimen
investigated because these CPs provided little to no protection when viable bacteria were administered at 5 days or 7 days
prior to pathogen challenge (see Fig. 5E ). Asterisks indicate significant differences between survival of mice treated with

PBS (negative control) versus the non-viable CP, whereas plus signs indicate significant differences between survival of mice

treated with the non-viable CP versus the viable CP, as calculated using the Holm-Sidak multiple comparisons test (****or
*T*P<0.0001, ***or ***P<0.0002, ** or **P<0.0021, * or *P<0.0332).
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Figure S8. CP19 consumption of lactate and inhibition of pathogen growth in mouse airway tissues ex vivo.

(A) Lactate levels in airway tissue homogenates treated with PBS (-CP19) or CP19 (1 0° CFU) (+CP19) for 24 hours.
****P<0,0001. (B) Growth of Bt in airway tissue homogenates pre-treated with PBS (-CP19) or CP19 (10% CFU) (+CP19) for 24
hours. Pre-treated tissue homogenates were filter sterilized, the filtrates were inoculated with Bt (106 CFU), and OD600
measurements were taken every 15 minutes to monitor growth of the pathogen over the course of 12 hours.
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Source Profile 1 (Krogfelt) Profile 2 (Klinman) Profile 3 (Schéler) Profile 4 (Dickson)
Isolate Family # Hits Rank H?ts Rank | # Hits Rank | # Hits Rank
Mouse | Tissue (86859 | % Hits | (206 % Hits | (113 | (667669 | % Hits | (282 | (527235 | % Hits | (269
(6634
total) total) total) total) total) total) total)
total)
L | 7.17 | Aiway | Pseudomonadaceae | 2478 | 28520 | 9 | 127 |191a4 | 5 | 1004 [o01614| 20 | 103030 | 195416 | 3
CP8,
CP13, | 20, 15,
CP17, | 17,19, | Airway Bacillaceae 2047 2.3567 10 35 0.5276 29 46875 6.9171 5 1347 0.2555 29
CP20, 17
CP26
CP9 24 Airway Neisseriaceae 888 1.0223 19 1 0.1658 56 133 0.0196 63 1492 0.2830 26
%}:,112 8,15 Airway Paenibacillaceae 28 0.0322 88 2 0.0301 95 122 0.0180 69 783 0.1485 35
B3 6 Liver | Pseudonocardiaceae 25 0.0288 95 0 0.0000 - 425 0.0627 39 25 0.0047 128
B8 2 Liver Bacillaceae 2047 2.3567 10 3] 0.5276 29 46875 6.9171 5 1347 0.2555 29
BB:’?B 2,22 | Spleen Lactobacillaceae 235 0.2706 37 30 0.4522 34 6209 0.9162 16 5364 1.0174 13
B11 23 Liver Aerococcaceae 71 0.0817 60 0 0.0000 - 103 0.0152 74 17 0.0032 139
B17 7 Spleen | Enterobacteriaceae 1041 1.1985 18 299 | 4.5071 4 174 0.0257 57 124400 | 23.5948 2
B21 21 Spleen | Xanthomonadaceae 361 0.4156 28 56 0.8441 15 442 0.0652 37 845 0.1603 34
B29 18 Spleen | Streptomycetaceae 24 0.0276 97 2 0.0301 95 312 0.0460 47 120 0.0228 74
B30 13 Spleen Planococcaceae 14 0.0161 109 1 0.0151 113 50 0.0074 97 165 0.0313 64

Table S1. Representation of CP families in mouse airway microbiome profiles.

Family-level phylogenetic assignments of the CPs were compared to those of mouse airway microbiome constituents
previously identified in four independent 16S rRNA profiling efforts?122, An identical analysis was performed for
“background” (B) strains (contaminants recovered from liver and spleen). For each CP and B family, listed are: 1) The number
of times that it is represented in a given airway microbiome profile (“# Hits"); 2) Its relative abundance in the profile (“%
Hits"); and 3) Its relative rank within the profile, with the most abundant family in the profile designated as “Rank” = 1. For
each profile, the total number of 16S rRNA sequences placed at the family level, and the total number of families represented,
are listed the headings of the “# Hits” and “Rank” columns, respectively.
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Source Profile 1 (Krogfelt) Profile 2 (Klinman) Profile 3 (Schéler) Profile 4 (Dickson)
Isolate Genus # Hits Rank H:'ts Rank | #Hits Rank | # Hits Rank
Mouse | Tissue (73265 | % Hits (483 (6013 % Hits (202 | (617190 | % Hits (847 (437422 % Hits (877
total) total) total) total) total) total) total) total)
?:; 7,17 | Airway | Pseudomonas 2399 | 3.2744 8 124 | 2.0622 5 938 0.1520 40 102178 | 23.3591 2
CP8,
CP13, 20, 15,
cp17, | 17,19, | Airway Bacillus 1567 | 2.1388 | 10 6 | 00998 | 82 44156 | 7.1544 | 3 1145 0.2618 28
CP20, 17
CP26
cpP9 24 | Airway Neisseria 329 | 04491 | 28 2 | 00333 | 142 a4 0.0071 | 170 633 0.1447 41
CP18, . Tyl
o 8,15 | Airway Brevibacillus 0 0.0000 0 0.0000 23 0.0037 | 233 22 0.0050 243
B3 6 Liver Saccharothrix 0 0.0000 0 0.0000 225 0.0365 218 2 0.0005 699
B8 2 Liver Halobacillus 5 0.0068 263 0 0.0000 11 0.0018 344 5 0.0011 498
B9 22 | spleen | Lactobacillus 232 | 03167 | 36 30 | 04989 | 28 6183 | 1.0018 | 16 5360 1.2254 9
B11 23 Liver Aerococcus 3 0.0041 | 333 0 0.0000 99 0.0160 | 115 4 0.0009 546
B17 7 Spleen Klebsiella 14 0.0191 181 5 0.0832 91 4 0.0006 539 281 0.0642 63
B21 21 Spleen Lysobacter 203 | 02771 | 40 1 | 00166 | 202 0 0.0000 3 0.0007 | 603
B29 18 Spleen Streptomyces 23 0.0314 | 138 2 0.0333 | 142 276 0.0447 73 117 0.0267 107
B30 13 | Spleen | Planomicrobium 4 0.0055 | 295 o | 0.0000 1 0.0002 | 847 6 0.0014 | 458
B38 2 spleen |  Pediococcus 2 0.0027 | 393 o | 0.0000 10 0.0016 | 363 3 0.0007 | 603

Table S2. Representation of CP genera in mouse airway microbiome profiles.

Genus-level phylogenetic assignments of the CPs, and of the B strains, were compared to those of mouse airway microbiome

constituents previously identified in four independent 165 rRNA profiling efforts21-22. For each CP and B genus, listed are: 1)
The number of times it is represented in a given airway microbiome profile (“# Hits"); 2) Its relative abundance in the profile
(“% Hits"); and 3) Its relative rank within the profile, with the most abundant genus in the profile designated as “Rank” = 1.

For each profile, the total number of 16S rRNA sequences placed at the genus level, and the total number of genera
represented, are listed the headings of the “# Hits” and “Rank” columns, respectively.
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Table S3. Representation of CP species in mouse airway microbiome profiles.

Species-level phylogenetic assignments of the CPs, and of the B strains, were compared to those of mouse airway
microbiome constituents previously identified in four independent 165 rRNA profiling efforts21722, For each CP and B species,
listed are: 1) The number of times it is represented in a given airway microbiome profile (“# Hits"); 2) Its relative abundance
in the profile (“% Hits"”); and 3) Its relative rank within the profile, with the most abundant species in the profile designated as
“Rank” = 1. For each profile, the total number of 16S rRNA sequences placed at the species level, and the total number of
species represented, are listed the headings of the “# Hits” and “Rank” columns, respectively.

Source Profile 1 (Krogfelt) Profile 2 (Klinman) Profile 3 (Schéler) Profile 4 (Dickson)
Isolate Species # Hits Rank H‘i’ts Rank # Hits Rank # Hits y Rank
Mouse | Tissue (60364 | % Hits | (1358 (5631 %Hits | (275 | (370596 | %Hits | (5357 | (282127 | % Hits | (4361
total) total) total) total) | total) total) total) total)
cp4 7 Airway | fluorescens 6 0.0099 | 449 2 0.0355 | 179 23 0.0062 | 946 819 0.2903 32
cp7 17 Airway stutzeri 17 0.0282 | 237 1 0.0178 | 275 6 0.0016 | 2185 234 0.0829 92
cP8 20 Airway velezensis 2 0.0033 | 906 0 0.0000 - 0 0.0000 - 0 0.0000 -
cP9 24 Airway lactamica 0 0.0000 - 0 0.0000 - 1 0.0003 | 5357 0 0.0000 S
cP13 15 Airway | licheniformis 12 0.0199 | 302 0 0.0000 - 26 0.0070 | 859 26 0.0092 | 521
cP17 17 Airway | megaterium 88 0.1458 | 79 0 0.0000 - 7600 2.0508 10 9 0.0032 | 1133
CcP18 8 Airway | frigoritolerans 0 0.0000 - 0 0.0000 - 24 0.0065 | 908 7 0.0025 | 1369
CP19 15 Airway | borstelensis 0 0.0000 - 0 0.0000 - 0 0.0000 1 0.0004 | 4361
cP20 19 Airway clausii 0 0.0000 - 0 0.0000 - 7 0.0019 | 1996 1 0.0004 | 4361
cP26 17 Airway | licheniformis 12 0.0199 | 302 0 0.0000 - 26 0.0070 | 859 26 0.0092 | 521
B3 6 Liver | coeruleofusca 0 0.0000 - 0 0.0000 - 0 0.0000 0 0.0000 -
B8 2 Liver litoralis 0 0.0000 - 0 0.0000 - 0 0.0000 1 0.0004 | 4361
B9 22 Spleen | amylolyticus 0 0.0000 - 0 0.0000 - 0 0.0000 0 0.0000 -
B11 23 Liver suis 0 0.0000 - 0 0.0000 - 0 0.0000 0 0.0000 =
B17 7 Spleen pasteurii 0 0.0000 - 0 0.0000 - 0 0.0000 0 0.0000 -
B21 21 Spleen niabensis 0 0.0000 - 0 0.0000 - 0 0.0000 0 0.0000 -
B29 18 Spleen collinus 0 0.0000 - 0 0.0000 - 0 0.0000 0 0.0000 -
B30 13 Spleen glaciei 0 0.0000 - 0 0.0000 - 0 0.0000 0 0.0000 -
B38 2 Spleen cellicola 0 0.0000 = 0 0.0000 = 0 0.0000 0 0.0000 -

Table S4. Relative IC50 and Niche Index Fraction values for each CP combination tested.

Relative IC50 values are reported as IC50 (95% confidence interval). Non-inhibitory combinations have relative IC50 values
listed as n.a. (not applicable).

CP Combination | Relative IC50 Niche Index Figure
(95% CI) Fraction (NIF)

CP19/CP26 3.524x10 0.34 Figure S4A
(2.576x10° —
5.10x107)

CP17/CP20 1501 (1071 — 0.49 Figure S4B
1935)

CP8/CP19 4.707x10° 0.56 Figure 4C
(3.256x10° —
9.914x107)

CP19/CP13 0.002126 0.72 Figure 4D
(0.0007314 —
0.008040)

CP8/CP13 n.a. 1.78 Figure 4E
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Data availability

Genomes for all CP strains are available on NCBI with the following accession numbers:
SAMN45914816 (CP4), SAMN45914815 (CP17), SAMN45914814 (CP9), SAMN45914813 (CP8),
SAMN45914812 (CP7), SAMN39610772 (CP20), SAMN39610773 (CP26), SAMN39610771 (CP19),
SAMN39610770 (CP13). Knockout plasmid T2(2)-ori is deposited in Addgene ID#216627. All data
generated in this study are available at 10.5061/dryad.ht76hdrxw & .
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Summary:

This study aims to establish a rational framework for designing bacterial probiotics against
respiratory infections. The central hypothesis is that in vitro antagonism, particularly
through metabolic niche overlap with a pathogen, predicts in vivo efficacy.

Strengths:

(1) Systematic pipeline: The study integrates bacterial isolation, in vitro characterization,
model development, and in vivo validation into a cohesive workflow.

(2) Quantitative model: The introduction of the Niche Index (NI) and Niche Index Fraction
(NIF) provides a novel, quantitative tool for predicting probiotic efficacy based on ecological
principles.

(3) Mechanistic insight: The work dissects different modes of action, clearly demonstrating
that inhibition can be driven by specialized metabolite production (CP8) or carbon resource
competition (e.g., CP7), with lactate utilization identified as a key factor.

Weaknesses:

(1) Limited model generalizability: The predictive power of the NI model is not universal. It
fails to account for the in vivo inefficacy of CP8 (a metabolite-dependent inhibitor) and
cannot explain the short-term protection conferred by some non-inhibitory CPs in vivo,
suggesting unmodeled mechanisms like immune priming are at play.

(2) Preliminary nature of key findings: The emphasis on lactate consumption as a critical
predictor, while interesting, is not sufficiently explored to establish its general importance
beyond the specific strains and conditions tested.

Appraisal:

The authors successfully achieve their aim of establishing a rational probiotic-design
pipeline. The data robustly support the conclusion that metabolic niche overlap predicts
efficacy for many strains, while also clearly delineating the model's limitations, as
acknowledged by the authors.

Impact:

This work provides a valuable methodological framework for hypothesis-driven probiotic
discovery. The quantitative Niche Index offers immediate utility to the field and, with further
refinement, has the potential to become a fundamental tool for developing respiratory
therapeutics.
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Comments on revised version.

I thank the authors for their meticulous revisions.
https://doi.org/10.7554/eLife.108304.2.sa1

Author response:

The following is the authors’ response to the original reviews.
Public Reviews:

Reviewer #1 (Public review):

A summary of what the authors were trying to achieve:

(1) Identify probiotic candidates based on the phylogenetic proximity and their presence
in the lower respiratory tract based on phylogenetic analysis and on meta-analysis of 16S
rRNA sequencing of mouse lung samples.

(2) Predefine probiotic candidates with overlapping and competing metabolic profiles
based on a simple and easy-to-applicable score, taking carbon source use into
consideration.

(3) Confirm the functionality of these candidate probiotics in vitro and define their
mechanism of action (niche exclusion by either metabolic competition or active
antibacterial strategies).

(4) Confirm the probiotic action in vivo.
Strengths:

The authors attempt to go the whole 9 yards from rational choice of phylogenetic close
lower respiratory tract probiotics, over in silico modelling of niche index based on use of
similar carbon sources with in vitro confirmation, to in vivo competition experiments in
mice.

Weaknesses:

(1) The use of a carbon source is defined as growth to OD600 two SD above the blank
level. While allowing a clear cutoff, this procedure does not take into account larger
differences in the preferences of carbon sources between the pathogen and the probiotic
candidate. If the pathogen is much better at taking up and processing a carbon source,
the competition by the probiotic might be biologically irrelevant.

While the definition of carbon utilization in this work is a commonly used definition, we
agree that there are numerous ways that one could define carbon utilization. We also agree
that it is possible that inclusion of additional features of carbon consumption such as the
order of prioritization of carbon sources by CP could improve the model. Our data in Figure
3H and 3I do suggest that certain carbon sources may be disproportionately important for
predicting antagonistic phenotypes. However, given that the objective of this work was to
develop a simple model to aid in the design of probiotic communities, we feel that the current
definition of carbon utilization allows maximum accessibility and is suitable for our needs.
Work is currently underway to identify additional features, such as carbon source processing
efficiency, that may improve the model’s utility.

(2) The authors do not take into account the growth of candidate probiotics in the
presence of Bt. In monoculture, three of the four most potent candidate probiotics grow
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to comparable levels as Bt in LSM.

Yes, our model only accounts for a one way interaction (effect of pathogen on CP). This is for
two reasons (1) We are only interested in characterizing and modeling the antagonistic
potential of the CP on the pathogen as this antagonism, we propose, is what gives a CP
therapeutic potential (2) The degree to which co-culture with Bt impacts CP activity will be
captured by the performed competition experiments and therefore any inhibition of the CP
by Bt will be accounted for.

While further investigation of the effect of Bt on the growth of the CP may not be necessary to
achieve our objective, we agree that ecologically it would be interesting to understand this
dynamic better. To explore this, we conducted co-culturing studies between each CP and Bt or
media-only control and measured the amount of CP after 24 hours of co-culture. From the
data it appears that only a small number of organisms (CP4, CP7 and CP19) are significantly
inhibited by the pathogen at the 1:1 ratio tested. This result is perhaps unsurprising as these
CPs have the highest niche index and therefore have a greater metabolic overlap with the
pathogen.

These data have been incorporated into Figure S1B and additional text has been added to line
157 and the methods at line 712.

(3) Niche exclusion in vivo is not shown. Mortality of hosts after infection with Bt is not a
measure for competition of CP with the pathogen. Only Bt titers would prove a
competitive effect. For CP17, less than half of the mice were actually colonized, but still,
there is 100% protection. Activation of the host immune system would explain this and
has to be excluded as an alternative reason for improved host survival.

We have revised the manuscript to address these issues as follows:

(1) We include Bt titer data as suggested, displayed in a new figure (Figure 5F). The results
indicate that CP8 fails to reduce Bt titers as compared to the no-CP control, whereas the other
CPs tested (CP13, CP17, CP19, CP20, and CP26) do reduce Bt titers to statistically significant
degrees (p-value < 0.05 by ANOVA/Tukey). These results support the idea that the CPs
competitively exclude Bt in vivo (as they do in vitro), with the notable exception of CP8 (which
competitively excludes in vitro but not in vivo, consistent with the mortality results). Further,
additional spearman correlation analysis was performed to understand the relationship
between the Niche Index value for a given CP and pathogen instantiation when pre-treatment
with a given CP is performed. We found that there was a strong relationship between NI¢p
and pathogen load (r = -0.84, P<0.0001, 95% CI [-0.90 to -0.76], N = 77) such that prophylactic
treatment with a CP with a high Niche Index value strongly correlated with lower pathogen
load following Bt challenge. Text describing these findings has been added at line 471.

(2) We include survival studies of mice prophylactically treated with non-viable CPs,
displayed in a new figure (Figure S7). Viability is required for niche exclusion, so protection
conferred by non-viable CPs must be due to other effects such as elicited immune responses.
We found that non-viable CPs provide some protection when administered at 3 days prior to
Bt challenge, though not to the same degree as viable CPs. Together, our data suggest that
with the day 3 dosing schedule there are alternative mechanisms of protection (potentially
including immune priming) that our current model does not capture. These results are
described in further detail at line 460.

Appraisal:

(1) Based on phylogenetic comparison and published resources on lower respiratory
tract colonizing bacteria, the authors find a reasonably good number of candidate
probiotics that grow in LSM and successfully compete with the pathogenic target
bacterium Bt in vitro.
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(2) In vivo, only host survival was tested, and a direct competition of CP with Bt by testing
for Bt titers was not shown.

Impact:

Niche exclusion based on competition for environmentally provided metabolites is not a
new concept and was experimentally tested, e.g. in the intestine. The authors show here
that this concept could be translated into the resource-poor environment of the
respiratory tract. It remains to be tested if the LSM growth-based competition data in
vitro can be translated into niche exclusion in vivo.

Reviewer #2 (Public review):
Summary:

This study aims to establish a rational framework for designing bacterial probiotics
against respiratory infections. The central hypothesis is that in vitro antagonism,
particularly through metabolic niche overlap with a pathogen, predicts in vivo efficacy.

Strengths:

(1) Systematic pipeline: The study integrates bacterial isolation, in vitro characterization,
model development, and in vivo validation into a cohesive workflow.

(2) Quantitative model: The introduction of the Niche Index (NI) and Niche Index Fraction
(NIF) provides a novel, quantitative tool for predicting probiotic efficacy based on
ecological principles.

(3) Mechanistic insight: The work dissects different modes of action, clearly
demonstrating that inhibition can be driven by specialized metabolite production (CP8)
or carbon resource competition (e.g., CP7), with lactate utilization identified as a key
factor.

Weaknesses:

(1) Limited model generalizability: The predictive power of the NI model is not universal.
It fails to account for the in vivo inefficacy of CP8 (a metabolite-dependent inhibitor) and
cannot explain the short-term protection conferred by some non-inhibitory CPs in vivo,
suggesting unmodeled mechanisms like immune priming are at play.

The NI model is not able to identify antagonism of metabolite-dependent inhibitors as their
inhibitory activity is unrelated to the variables for which the model accounts. Based on the NI
model, CP8 is predicted to have the least metabolic overlap with the pathogen which may
explain its in vivo inefficacy. We do agree that short-term protection is only moderately
related to NI (r = 0.48, P<0.0001, 95% CI [0.33 to 0.62], N = 115) and may represent an
unmodeled alternative mechanism of protection as discussed at line 445, 466 and 523. We
have added additional data in Figure S6 and corresponding text at line 444 which gives
additional information about CP8 colonization in the context of infection.

(2) Preliminary nature of key findings: The emphasis on lactate consumption as a critical
predictor, while interesting, is not sufficiently explored to establish its general
importance beyond the specific strains and conditions tested.

Indeed, our model and assertions about critical predictors of antagonism only extend to the
specific strains and conditions tested. While we cannot assert that lactate consumption is a
critical predictor of antagonism universally, several other studies have indicated the
importance of lactate in infection at other body sites [53-57].
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To further characterize the role of lactate utilization in the respiratory context, we performed
an ex vivo experiment to measure lactate concentrations in respiratory tissue with or without
treatment with a key isolate - CP19. After 24 hours of incubation, we found that lactate levels
were significantly reduced in the CP19-containing homogenate compared to the PBS-only
control (Figure S8A). Additionally, the pathogen was unable to grow in the CP19 conditioned
homogenate but was able to grow in the untreated homogenate (Figure S8B). This indicates
that CP19 can deplete the total lactate in lung tissue, and that this conditioning can inhibit
pathogen growth in the lung tissue. These results are reported in a new supplementary figure
(Figure S8) and summarized in corresponding text (line 485), with a description of the
experimental procedure in the Methods section (line 924). While this does not prove our
theory about the importance of lactate utilization universally, we believe that our work
contributes to the growing body of evidence around lactate and its role in infection. Work is
ongoing to expand the number of strains screened and determine the generalizability of
particular carbon sources and their role in interbacterial antagonism.

Appraisal:

The authors successfully achieve their aim of establishing a rational probiotic-design
pipeline. The data robustly support the conclusion that metabolic niche overlap predicts
efficacy for many strains, while also clearly delineating the model's limitations, as
acknowledged by the authors.

Impact:

This work provides a valuable methodological framework for hypothesis-driven probiotic
discovery. The quantitative Niche Index offers immediate utility to the field and, with
further refinement, has the potential to become a fundamental tool for developing
respiratory therapeutics.

Recommendations for the authors:
Reviewer #1 (Recommendations for the authors):

Suggestions for improved or additional experiments, data or analyses.

(1) CP titers at the end of the coculture experiment are missing in LSM.

To quantify pathogen abundance after co-culture, cultures were plated on carbenicillin-100 to
select for only colonies of the pathogen. As a result, no data about CP abundances were
collected in the original experiments. However, we agree that ecologically it would be
interesting to understand this dynamic better. We have added additional data about the
impact of the pathogen on CP in co-culture to Figure S1B.

(2) Bt titers in mice are essential to claim niche exclusion happens in vivo, and immune-
mediated effects have to be excluded.

Please see response to question 3 of the public review.

(3) The definition of the use of carbon sources should be refined. Qualitative differences
between the pathogen and the CP with regard to the usage of a given carbon source
might have a substantial impact on the actual competitive effect.

The definition of carbon utilization is stated at line 811. While we agree that there may be
other carbon-consumption related variables (rate of growth on a particular carbon source,
amount of biomass generation on that carbon source etc) that could be used in the model, for
the purposes of this study a binary (can versus cannot grow on the carbon source) was
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sufficient. Work is currently ongoing to determine if metrics of growth on carbon sources
such as those listed would improve the predictive capability of the model.

Reviewer #2 (Recommendations for the authors):
(1) Experimental & Analytical Suggestions:

(a) To further validate the role of lactate, consider measuring lactate concentration in the
airways of mice colonized by key CPs (e.g., CP7, CP19) versus controls. This would directly
test if in vivo protection correlates with local lactate depletion.

Unfortunately due to the funding for this project ending, we weren’t able to perform
additional animal experiments. However, we were still able to test lactate utilization by CP19
in the respiratory context via an ex vivo experiment. We inoculated mouse lung homogenates
with 108 CFU of CP19, or PBS as a negative control, and co-incubated for 24 hours. After 24
hours, we measured lactate levels and found that they were significantly reduced in the CP19-
containing homogenate compared to the PBS-only control (A). Additionally, we measured the
growth of the pathogen in CP19 conditioned (+CP19) and untreated (-CP19) homogenates and
found that the pathogen was unable to grow in the CP19 conditioned tissues (B). This
indicates that CP19 can deplete the total lactate in lung tissue, and that this conditioning can
inhibit pathogen growth in the lung tissue. These results are reported in a new
supplementary figure (Figure S8) and summarized in corresponding text (line 485), with a
description of the experimental procedure in the Methods section (line 924).

(b) The finding that CP8 provides no in vivo protection despite in vitro efficacy warrants
further investigation. We suggest quantifying CP8 and Bt loads in co-colonized mice to
determine if the probiotic fails to persist during infection or if the pathogen evades
inhibition.

Please see updated Figure S6 and accompanying text at line 444.
(2) Quantitative Analysis:

Please consider adding a brief justification in the manuscript explaining why the specific
Niche Index formula (based on electron equivalents of shared carbon sources) was
selected over alternative ecological metrics for quantifying niche overlap.

Text was added starting at line 264 explaining our reasoning for choosing this model.
https://doi.org/10.7554/eLife.108304.2.sa0
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