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Abstract

Background. Antibiotic ablation is the standard test of whether a host phenotype depends on the gut
microbiota, but it removes the community and perturbs the host at once, so depletion alone cannot
assign a metabolite shift to the community. We built a four-arm mouse model on a single BCG infection
background: untreated controls (NC), BCG alone, BCG after mixed-antibiotic ablation (ABX_BCG), and
BCG followed by faecal microbiota transplantation with no antibiotic exposure at any point (BCG_FMT).
The ablated and transplanted arms were independent branches, not a depletion-then-restoration
sequence.

Results. Dual-polarity untargeted LC-MS (9,706 negative-mode and 11,589 positive-mode features) and
shotgun metagenomics showed that ablation left a block of 726 negative-mode and 313 positive-mode
features absent from all three ABX_BCG samples but detected in 88—94% of the other nine; total ion
signal in the ablated arm exceeded that of the quality-control injections, excluding dilution and matrix
loss. Twenty-seven block features were annotated, resolving to 17 unique InChlKeys, 21 of them
microbial compound classes including secondary bile acids. Deoxycholic acid eluted at 437.93 s in
negative mode and 437.28 s in positive mode; deoxycholic and lithocholic acid were undetected in the
ablated samples. Both omics layers resolved the same four groups (PERMANOVA R2 = 0.562 for the
genus table and 0.635 for the metabolome) yet failed to couple at sample level; exhaustive within-group
re-pairing excluded sample mismatch, identifying a shared treatment rather than an individual axis.
Ablation accompanied higher TNF-a and IL-6 and lower IFN-y and IL-10 in bronchoalveolar lavage fluid
and serum alike.

Conclusions. The gut community contributes a set of metabolite features whose absence is specific to
the ablated state rather than shared with infection or transplantation, and the same arm occupies the
extreme of the cytokine readout in both compartments. Running the ablated and transplanted arms as
independent branches off the infected baseline is what makes this an antibiotic-specific control, and the
two omics layers carry a shared treatment structure rather than a shared individual axis.

Introduction

The intestinal microbiota calibrates immune tone at distal mucosal surfaces, and the lung is one of the
compartments that register that calibration.? Animals raised without a gut community, or depleted of
one by antibiotics, differ from conventional animals in the composition and activation state of pulmonary
myeloid and lymphoid populations,3* and the effect is large enough that community composition is now

treated as a variable in models of respiratory infection and of vaccine responses.>® BCG is one such
model. The live attenuated bacillus is both the standard experimental challenge in murine tuberculosis

research and the oldest vaccine still in use,”® and the immune response it elicits is read out in the lung
and in the circulation — two compartments that are exposed to whatever microbial products the
intestine releases into the systemic pool.’
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Antibiotic ablation is the workhorse for asking whether a phenotype depends on the microbiota, and its
weakness is well known but rarely confronted head-on.'® An antibiotic cocktail does not remove the

community in isolation. It also shifts host physiology, rewrites the chemistry of the intestinal lumen,’"12

and in some cases acts on host cells directly.’® A metabolite that disappears after ablation may
therefore have been lost because the bacteria that made it are gone, or because the antibiotic changed
the tissue that absorbed, conjugated or excreted it. Depletion on its own buys an association with the
treatment, not an assignment to the community.

The usual remedy is to add the community back. Faecal microbiota transplantation after ablation, or
colonisation of germ-free animals with a defined consortium, is read as evidence that the community is
responsible for the phenotype in question.’'® Both designs carry a cost of their own. Restoration
designs compare every arm against a shared reference, which builds a structural correlation between the
contrasts that owes nothing to biology, and they collapse two manipulations — removal and
reintroduction — onto a single axis, so the specificity of the depleted state is never tested against a

transplanted state that was never depleted.'®

We built that comparison into the design. Four arms of mice shared one BCG infection background:
untreated controls (NC), infection alone (BCG), infection after mixed-antibiotic ablation of the gut
community (ABX_BCG), and infection followed by faecal microbiota transplantation with no antibiotic
exposure at any point (BCG_FMT). The ablated and transplanted arms were independent branches off
the infected baseline rather than successive stages of one procedure.’” We profiled all four arms with
shotgun metagenomics and dual-polarity untargeted LC-MS, and read four cytokines in bronchoalveolar
lavage fluid and in serum. Two questions organise the analysis. The first is whether ablation leaves a
metabolite signature that is specific to the ablated arm rather than shared with infection or with
transplantation; the answer turned out to be a block of features defined by detection rather than by effect
size, which is the central result reported here. The second is how far the metagenomic and metabolomic
layers agree, and at which level of organisation that agreement holds.

Results

R1. The four arms differ in community structure and in functional potential

Twelve mice were assigned to four arms of three animals each, all carrying the same BCG infection
background. Relative abundance profiles at phylum, class and genus level separated the arms instead of
resolving them onto a single gradient, and the separation was visible both in group-level summaries and
in the twelve individual libraries. Diversity was profiled in the three arms that retained a detectable
community; the ablated arm, by construction, has no community to profile. Shannon indices in those
three arms spanned 4.5 to 6.0 and observed species counts spanned 8,000 to 10,000. Ordination of
genus-level Bray—Curtis dissimilarities placed the three community-bearing arms in distinct regions of
the plane, with PCoA1 accounting for 46.8% and PCoA2 for 30.4% of the variance, and permutational
multivariate analysis of variance confirmed the separation (R2 = 0.51, P = 0.0057) (Figure 1).
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The functional layer followed the same partition. Of the fourteen KEGG level-3 pathways retained for
display, several sit directly on fermentation and bile-acid chemistry: butanoate metabolism, propanoate
metabolism, pyruvate metabolism, other carbon fixation pathways, methane metabolism,
glycolysis/gluconeogenesis, the citrate cycle, starch and sucrose metabolism, amino sugar and
nucleotide sugar metabolism, fructose and mannose metabolism, the pentose phosphate pathway,
primary bile acid biosynthesis, secondary bile acid biosynthesis, and tryptophan metabolism. Row-
scaled abundances of these pathways varied systematically across the twelve samples, with the ablated
arm summarised by a mean column, and the ordering of the arms they produced matched the taxonomic
ordering. Differential scoring across the six taxonomic ranks from phylum to species identified taxa
whose between-arm separation exceeded the within-arm spread, and genus-level effect sizes against the
untreated control were carried by a small number of genera rather than distributed evenly across the
community (Figure 1). At this level of description the four arms differ in community structure and in the
functional potential that accompanies it. These profiles are not, on their own, an argument about
causality.

R2. Contrast-specific effect sets differ in size and in composition

We defined three contrasts against the infected baseline and its untreated control: S1 (BCG versus NC),
S2 (ABX_BCG versus BCG) and S3 (BCG_FMT versus BCG). Counting features that passed the
differential threshold of FDR < 0.05 and |log2FC| = 1 gave effect sets of very different sizes depending on
which arm was compared. In negative mode, S1 comprised 60 features (18 up, 42 down), S2 comprised
391 (158 up, 233 down), and S3 comprised 46 (34 up, 12 down). In positive mode the corresponding sets
were 41 (7 up, 34 down), 352 (142 up, 210 down) and 45 (37 up, 8 down). The antibiotic contrast
therefore carried roughly an order of magnitude more responding features than either the infection
contrast or the transplant contrast. Summing the seven intersection combinations of the display
recovered 2,932 features in negative mode and 3,709 in positive mode, equal to the totals entered into
that display; the largest set dominated it, and stem length was drawn on a square-root scale for that
reason (Figure 2).

Lactate was detected in negative-ion mode at m/z 89.0251 with a retention time of 67.0 s and a mass
error of +7.9 ppm. Its identification rests on accurate mass and retention time alone: no MS/MS library
match was obtained, and the compound is therefore reported as an accurate-mass-and-retention-time
annotation rather than a confirmed identification. Its confidence level under the Metabolomics Standards
Initiative scheme is Level 2 (putatively annotated): annotation rests on accurate mass and retention time,
with no comparison against an authentic chemical standard and no MS/MS library match.

The composition of these sets mattered as much as their size. S1 was dominated by losses of bile acids
and lysophospholipids: taurocholic acid (two features) and cholic acid fell, and LPC 18:2 (two features),
LPE 18:2 (two features) and LPC 18:1 dropped by three to six log2 units, alongside gains in 16-
hydroxypalmitic acid (two features). The positive-mode side of S1 added further cholic acid losses (two
features) and LPC 18:2 losses (three features).
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S2 split sharply by polarity. In negative mode, taurocholic acid rose by +6.2 and +5.8 log2 units, and
sinapic acid, genistein (two features) and enterolactone also rose, while 4-hydroxybenzaldehyde (two
features), sebacic acid, pantothenic acid and 12-hydroxystearic acid (two features) fell. The positive-
mode side of S2 was more categorical: microbial nucleosides and aromatic compounds were cleared,
with losses in tyrosine (two features), adenosine, uridine, nicotinic acid, uracil (two features), xanthine,
thymine, pipecolic acid (two features) and deoxyadenosine, while sucrose and raffinose rose and
taurocholic acid gained across three features. S3 was both smaller and differently composed, with gains
in lysophospholipids, soyasaponin and cholic acid, and losses of inosine and uridine (Figure 3).

R3. The analysed feature set is analytically sound and explicitly bounded

Feature extraction returned 9,706 features in negative mode and 11,589 in positive mode, capturing
90.8% and 96.6% of quality-control signal respectively. Two processing decisions govern how everything
downstream should be read. The first concerns sample ordering. Ranking samples on a matrix in which
undetected values have been replaced by a detection-limit surrogate displaces the quality-control
injections — which detect every feature — to the positive end of each missingness axis, and they then
appear to sit 64.2 (negative mode) and 70.3 (positive mode) units from the nearest group centroid while
the instrument was in fact stable. We therefore ordered samples on complete-case features only,
restricted to those detected across all fifteen injections: 431 features in negative mode and 783 in
positive mode. On that basis within-quality-control dispersion was 0.13 against within-group dispersions
of 1.15-4.36 in negative mode, and 0.31 against 3.17-6.46 in positive mode. The second decision
concerns normalisation. Probabilistic quotient normalisation factors were measured rather than
assumed to be neutral across groups, and they spanned 0.800-1.009 (NC), 0.906-1.182 (BCG), 1.000-
1.032 (ABX_BCG), 1.051-1.190 (BCG_FMT) and 0.985-1.000 (QC) in negative mode, and 0.867-1.001
(NC), 0.895-1.080 (BCG), 0.954-1.000 (ABX_BCG), 1.018-1.115 (BCG_FMT) and 1.000-1.032 (QC) in
positive mode. No group served as a normalisation reference (Figure 2).

The boundary of the analysis window belongs in the same place, at the point where results are first used.
The lowest recorded m/z was 71.0 in negative mode and 57.0 in positive mode, and that floor has
consequences for two compound classes of interest. Short-chain fatty acids and polyamines do not
appear in the feature table at all, and the reasons differ by class and by channel. In negative mode, the
lowest recorded m/z of 71.0 sits 22,700 ppm away from the nearest short-chain fatty acid ion, far
outside the 10 ppm window applied there, so the exclusion is a matter of mass and nothing else. In
positive mode the lowest recorded m/z of 57.0 is within 24.7 ppm of the nearest candidate, which is
close enough on mass alone to be admissible inside the 20 ppm window; that candidate, however, elutes
at 6.5 min, whereas the small polar acids that were actually measured — lactate at 0.6, 0.9 and 1.1 min,
malate at 0.65 min and 2-oxoglutarate at 1.05 min — have all eluted before 1.1 min. The exclusion there
is therefore made on retention time, not on mass. The two classes are absent because of where the
analytical window sits, and we state the mechanism of exclusion rather than treating the absence as a
biological result (Figure 2).
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R4. Ablation leaves a metabolite block that no ablated sample contains

Inside the S2 effect set sits a group of features distinguished not by effect size but by detection. In
negative mode 726 features, and in positive mode 313 features, were recorded at 0.0% in all three
ABX_BCG samples while being detected at rates of 88-91% in NC, 91-94% in BCG and 93-94% in
BCG_FMT. The block therefore has a detection profile of roughly 0.9, 0.9, 0.0 and 0.9 across the four
arms, and it accounts for 10.0% of total signal in negative mode and 0.9% in positive mode. Its absence
is not a sampling or suppression artefact. Total ion signal in the ABX_BCG samples was higher than in
the quality-control injections (1.82-2.38 x 102 versus 1.61-1.72 x 108), which excludes the two obvious
explanations for a wholesale loss of signal in one arm: dilution of the injected material, and matrix
suppression at the source (Figures 2, 3).

The specificity of the block is what the design was built to test. It is present in the untreated control, in
infection alone, and in infection followed by transplantation; it is absent only where the community was
ablated. That pattern makes it an antibiotic-specific control for the role of the microbiota rather than a
correlate of infection or of transplantation, and it is the reason the ablated and transplanted arms were
placed on separate branches rather than run as successive stages of one procedure. One alternative
reading is excluded by the detection pattern itself. If the block were a general consequence of the
infected state, it would also be depleted in the transplanted arm or in the infected baseline; it is depleted
in neither.

R5. Annotation assigns the block to microbial compound classes

Annotation narrowed the block to 27 features, 13 from negative mode and 14 from positive mode,
resolving to 17 unique InChlKeys. Twenty-one of the 27 belong to compound classes of microbial origin.
The negative-mode annotations comprised seven bile acids — deoxycholic acid (three features), 3-
dehydrocholic acid (three features) and chenodeoxycholic acid — together with three dicarboxylic acids,
two lipids and one organic acid (malate). The positive-mode annotations comprised five bile acids, three
cofactors and two microbial lignans, and included deoxycholic acid, cholic acid, enterolactone (two
features), ferulic acid, adenine (two features), pyridoxine and oleoylethanolamine (Figure 2).

One annotation is supported independently by both acquisition channels. Deoxycholic acid eluted at
437.93 s in negative mode and at 437.28 s in positive mode, a difference of well under a second across
two separately acquired methods. Two features that entered annotation were discarded as artefacts
rather than reported: a deuterated internal standard, DHA-[d5], and the corrosion inhibitor 5-
methylbenzotriazole. The block is thus not a mixture of unrelated compounds but a set of molecules
whose shared property is that they are products or substrates of intestinal microbial transformation.

R6. Associations between taxa and metabolites are dominated by a compact set of strong pairs

Genus-level abundance and metabolite intensity were correlated across all twelve samples. The result
was not a broad field of weak associations but a compact set of strong ones, and that set behaved
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consistently under the removal of the ablated arm. The strongest associations were the strongest either
way: Candidatus_Homeothermus against negative-mode feature F2747 moved from +0.904 to +0.817
when the three ABX_BCG samples were dropped; Barnesiella against positive-mode F11728 from +0.886
to +0.900; Lactobacillus against positive-mode F9331 from +0.883 to +0.917; and Lepagella against
negative-mode F7954 from -0.873 to -0.967. Association strengths of this magnitude sit well past the
significance threshold at this sample size, which is |p| = 0.577 for twelve samples and |p| = 0.667 for nine
(Figures 4, 5).

We tested how much of the correlation field depended on the ablated arm. Restricting the scan to the
nine samples that retained a detectable metabolome left 473 pairs significant, 35.2% of those found in
the full scan, and every one of the 473 kept its sign. That restricted set is what we report; the remainder
of the correlation field is treated as unresolved, because at this sample size a long tail of weaker
associations cannot be separated from the structural consequences of a three-sample arm whose
metabolome is degenerate by construction (Figure 5).

R7. The targeted layer isolates secondary bile acids, and states its own coverage

The targeted layer provides the sharpest single piece of evidence for the block. Secondary bile acids —
deoxycholic acid and lithocholic acid among them — were undetected in all three ABX_BCG samples and
detected in every sample of the other three arms. Deoxycholic acid and chenodeoxycholic acid share an
identical m/z of 391.2828 and an identical retention time of 437.9 s and are therefore isomers of one
another; they are reported once, as an isomer pair, and flagged as such in the display. Targeted scoring
was unambiguous in negative mode, where tryptophan (0.974), taurocholate (0.972), cholate (0.953), the
deoxycholate/chenodeoxycholate pair (0.945) and malate (0.747) all exceeded a score of 0.70. No
positive-mode target reached that level: indole-3-aldehyde (0.675), cholate (0.539) and indole (0.369) all
fell below it (Figure 4).

One analyte deserves separate mention because it sits at the edge of the analytical window. Lactate was
detected in negative mode at m/z 89.0251 with a retention time of 67.0 s and a mass error of +7.9 ppm,
and its intensity differed across the four arms (Kruskal-Wallis P = 0.047). Identification rests on
accurate mass and retention time; the qualitative tier at which it is reported is set out in the Methods and
in the figure legend (Figure 2).

R8. The two omics layers agree at group level and decouple at sample level

The two layers were assessed for agreement at two levels that are often conflated. At group level they
agreed closely. Permutational multivariate analysis of variance on the genus table gave R?2 = 0.562 (P =
0.0009), and the same test on the all-feature metabolome under total-sum scaling and Bray—Curtis gave
R? =0.635 (P = 0.0003-0.0006). Both layers therefore recover the same four-group structure with
comparable strength. At sample level the picture differs, and it is printed on the display: the primary
ordination panel reports a Mantel statistic of r = -0.10 (P = 0.657) and a Procrustes statistic of r = 0.27
(P =0.690) (Figure 5).
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Alternative constructions do not change the sample-level result. Procrustes agreement was 0.299 (P =
0.59) when restricted to features detected in at least six of twelve samples, 0.377 (P = 0.30) on a flora-
dependent Euclidean log10 scale, 0.391 (P = 0.42) when only the nine non-ablated samples were used,
and 0.461 (P = 0.29) when both restrictions were applied together. Nor is the low agreement an artefact
of mispaired samples. We enumerated all 6* = 1,296 possible within-group reassignments of the twelve
animals and computed the Procrustes statistic for each: the median was 0.290, the maximum was
0.351, and no reassignment reached 0.8. No pairing of the available samples, correct or incorrect,
produces sample-level coupling. The appropriate reading is that the two layers carry a shared treatment
structure rather than a shared individual axis, which is a property of this system under this design rather
than a failure of integration. One definitional point belongs here: the flora-dependent subset, by
construction the features that collapse under ablation, is zero across all three ABX_BCG samples, so its
Bray—Curtis sample rows are degenerate and the ordination panel must be, and is, built on the full-
feature matrix.

R9. The cytokine readout moves with ablation in both compartments

The final block of Figure 5 reports eight ELISAs covering four analytes in two compartments,
bronchoalveolar lavage fluid and serum, with three animals per arm in each. The analytes were the pro-
inflammatory cytokines IFN-y, TNF-a and IL-6, and the regulatory cytokine IL-10. Direction was consistent
across the panel. ABX_BCG was the lowest arm for IFN-y and for IL-10, and the highest arm for TNF-a
and for IL-6; the transplanted arm sat on the opposite side of the infected baseline for the same four
analytes. Lung and blood agreed in direction, so the shift registered both in the compartment where the
infection resides and in the circulation. Every planned contrast reached significance. The single
exception to the highest level was the BCG versus ABX_BCG comparison for serum TNF-a, which was
significant at the P < 0.01 level while the remaining contrasts reached P < 0.001; no contrast was non-
significant. Absolute concentrations for every animal and analyte are provided in the source data file
submitted with the manuscript.

Discussion

The central advance of this work is a metabolite signature defined by detection rather than by effect size.
Mixed-antibiotic ablation of the gut community left 726 negative-mode and 313 positive-mode features
that were recorded at 0.0% in all three ablated samples and detected in 88—94% of the other nine, a
pattern that no effect-size ranking would have surfaced, because a feature that is absent rather than
reduced has no log2 fold change to rank. Two features of the design make this block interpretable.
Because the ablated and transplanted arms were independent branches off the same infected baseline
rather than successive stages of one procedure, the transplanted arm functions as a specificity control:
an antibiotic-specific loss cannot be attributed to infection, and it cannot be attributed to transplantation

either, since the transplanted arm never received an antibiotic.'®1°
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The annotated content of the block points in one direction. Twenty-one of the 27 annotated features
belong to compound classes of microbial origin, and the recurring themes are bile-acid transformation,
dicarboxylic acids, and lignan metabolism. Secondary bile acids are not synthesised by the host; they are
produced when intestinal bacteria dehydroxylate primary bile acids, and deoxycholic and lithocholic acid
are the canonical products of that reaction.?9~2# Enterolactone is a mammalian lignan generated by gut
bacteria from plant lignan precursors, and its appearance in the annotation alongside ferulic acid places
the block squarely within microbial aromatic metabolism.?°~2/ That these molecules vanish together, in
all three ablated samples and in none of the other nine, is what one would expect if a community-wide
biotransformation capacity had been removed rather than if individual pathways had been shifted.

The rival explanations for a wholesale loss of signal in one arm were addressed in the data rather than
argued away. Dilution of the injected material and matrix suppression at the source both predict lower
total ion signal in the affected arm; the ablated samples carried more total ion signal than the quality-
control injections, so neither prediction holds. A second rival explanation, that the block is an artefact of
peak extraction or of annotation, is weakened by the cross-channel agreement on deoxycholic acid,
which was detected at 437.93 s in negative mode and 437.28 s in positive mode, and by the removal of
the two features that annotation flagged as artefacts. The targeted layer makes the same point with a
chemically defined readout: secondary bile acids were undetected in all three ablated samples and
detected in every sample of the other three arms.?8~31

The relation to prior work lies in what the design does and does not license. Depletion designs establish
that a phenotype tracks the treatment; restoration designs add the community back and read the return
of the phenotype as evidence for the community. The present design does something narrower and, for
this question, firmer: it holds infection constant across four arms and varies only whether the community
was ablated, which lets the ablated state be contrasted against a transplanted state that never
experienced the antibiotic. Within that frame we found no evidence that transplantation reverses the
metabolite displacement produced by ablation. The claim we advance is therefore about the specificity
of the ablated state, not about the restorability of the conventional state.

The integration result needs careful statement, because the tempting reading is the wrong one. Both
layers separate the four groups strongly, with group-level R? values of 0.562 and 0.635, and both do so
on the same structure.?233 They do not, however, couple at the level of the individual animal, and no
Mantel or Procrustes variant tested here reaches significance.3* Exhaustive within-group reassignment
settles the most obvious objection: across all 1,296 possible re-pairings the Procrustes statistic never
exceeded 0.351, so no assignment of the available animals — including the correct one — would have
produced sample-level coupling. With three animals per arm and between-group effects this strong, the
two layers carry a shared treatment structure rather than a shared individual axis. This is a finding about
the level at which multi-omics agreement operates in a design of this size, and it is not a statement that
the two datasets are inconsistent.
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The cytokine readout shows that the shift accompanying ablation is registered in the compartment
where the infection resides. Ablation was accompanied by the lowest IFN-y and IL-10 levels and the
highest TNF-a and IL-6 levels among the four arms, and the same pattern held in bronchoalveolar lavage
fluid and in serum. The concordance across compartments is the observation that matters for the
framing of this study: whatever the ablated gut community is doing to the host, it is legible at the
mucosal surface of the lung and in the circulation at the same time, which is the pattern a gut-lung axis
would generate and not the pattern a purely local pulmonary effect would."?3° The four analytes did not
all move in the same direction within the pro-inflammatory set, so the panel is best read analyte by
analyte rather than as a single index.

The boundaries of the study follow from its construction. Three animals per arm set the resolution of
every group-level comparison, and the arm-level contrasts are reported at that resolution. The analytical
window excludes short-chain fatty acids and polyamines, in negative mode on mass grounds and in
positive mode on retention-time grounds, so no claim is made about either class; lactate is reported on
accurate mass and retention time.3® The metabolome that is degenerate in the ablated arm cannot be
used to test whether the two layers couple under ablation, because the features in question are zero by
definition rather than by measurement.

What would move this work forward is a design that keeps the specificity gain while raising resolution. A
gnotobiotic arm colonised with a defined consortium would separate the loss of a community from the
direct effects of the antibiotic,'>?’ and a targeted assay panel aimed at secondary bile acids, lignans and
dicarboxylic acids would give the block a quantification the untargeted layer cannot. The natural next
question is whether the metabolites that vanish under ablation are the ones that carry the cytokine shift,

and that question is testable with the same four-arm frame.

Materials and Methods
Animals, infection and the four-arm design

Twelve mice were assigned to four arms of three animals each. All four arms shared a single BCG
infection background. The arms were: untreated control (NC); BCG infection alone (BCG), which served
as the comparator baseline for every other arm; BCG infection after mixed-antibiotic ablation of the gut
community (ABX_BCG); and BCG infection followed by faecal microbiota transplantation (BCG_FMT).
The ablated arm received antibiotics and the transplanted arm did not; the two were run as independent
branches off the infected baseline, not as successive stages of one depletion-then-restoration
procedure. Mice were C57BL/6, SPF grade, male, 6—8 weeks old and 18—-22 g. On arrival they were
housed in separate cages in a temperature-controlled animal room under a 12 h light/12 h dark cycle
with free access to standard clean-grade chow and purified water, and were allowed 3 days to
acclimatise before the experiment began. All animals were obtained from the Laboratory Animal Centre
of Xinjiang Hospital of Beijing Children's Hospital; none of the animals used here was privately owned by
an individual, another institution or a farm. BCG was the Danish 1331 strain, resuspended in sterile saline
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and administered by intraperitoneal injection at 100 uL per mouse once weekly for two consecutive
weeks, with the untreated control arm receiving the same volume of sterile saline by the same route; the
mixed-antibiotic regimen was vancomycin 0.5 g/L, ampicillin 1 g/L, neomycin 1 g/L and metronidazole 1
g/L in drinking water, which the ablated arm received ad libitum for two weeks before BCG inoculation;
faecal microbiota transplantation used fresh faeces from healthy donors of the same strain,
homogenised in sterile PBS at 100 mg/mL, filtered through a 70 um mesh and given to each recipient as
200 uL by oral gavage after BCG infection.

Anaesthesia and euthanasia. Where anaesthesia was required, mice were anaesthetised with isoflurane
carried in oxygen: induction at 3% (v/v) for approximately 3 min in an induction chamber, followed by
maintenance at 1.5-2% (v/v) through a nose cone. Depth of anaesthesia was confirmed by loss of the
pedal withdrawal reflex before any procedure was begun, and each animal was returned to a warmed
cage and observed until it had regained sternal recumbency. At the end of the experiment, animals were
anaesthetised to surgical depth with isoflurane as described above and then euthanised by cervical
dislocation; death was confirmed by absence of a heartbeat and of spontaneous respiration before any
tissue or fluid was collected. Anaesthesia was induced ahead of cervical dislocation so that the animals
were unconscious at the point of death. Ethical approval was granted by the Institutional Animal Care
and Use Committee of Xinjiang Hospital of Beijing Children's Hospital under approval number
KY2025022719, and all procedures followed the applicable institutional guidelines for the care and use
of laboratory animals. No injectable anaesthetic was used in this study; anaesthesia was maintained by
the inhalation route only.
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Metagenomic sequencing and community profiling

Twelve samples were subjected to shotgun metagenomic sequencing: NC_1/2/3, BCG_1/2/3,
ABX_BCG_1/2/3 and BCG_FMT_1/2/3. In the delivered sequencing output the infected baseline samples
are named BGC; throughout this manuscript that arm is written BCG, and it is the same group of animals
as the metabolomic arm labelled BCG. Libraries were prepared and sequenced by Majorbio Biotech
(Shanghai, China; contract MJ20260301026) on the lllumina platform in 2 x 150 bp paired-end mode,
giving 40-46 million raw reads (6.1-7.0 Gb) per sample, with Q30 = 96% after filtering. Raw reads were
quality-controlled with fastp v0.20.1%7 (3' and 5' adapters trimmed; reads with mean quality < 20 or
shorter than 50 bp after trimming discarded), after which host sequences were removed by mapping to
the mouse genome with BWA v0.7.9a at default settings.® Clean reads were assembled individually per
sample, discarding contigs shorter than 500 bp, which yielded N50 values of 3.2-6.8 kb. Open reading

frames = 100 bp were predicted with MetaGene/Prodigal v2.6.3,3%40

and the predicted genes were
clustered with CD-HIT at 90% identity and 90% coverage,*' keeping the longest sequence of each cluster,

to build a non-redundant gene catalogue of 970,271 genes (total length 744,429,090 bp; mean 767.24
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bp). Gene abundances were obtained by aligning each sample's clean reads to the catalogue with
SOAPaligner.#? Taxonomic assignment used DIAMOND blastp (E < 1 x 10-5)*3 against the NCBI NR
protein database, with gene abundances summed to the Domain, Kingdom, Phylum, Class, Order, Family,
Genus and Species levels; the same DIAMOND search was run against eggNOG (COG), KEGG GENES,
CAZy, ARDB, CARD and VFDB for functional annotation.**~4° Relative abundances were computed at
phylum, class, order, family, genus and species level from the taxonomic profile table delivered by the
sequencing provider, the three ABX_BCG columns of which are mutually distinct (element-wise identity
29%, maximal difference 1.6—3.9 x 10°%; the three NC columns behave comparably at 19-22%), which is
why n = 3 is used for this arm throughout the statistics.

Alpha diversity was computed as Shannon index and observed species count, and is reported for the
three arms that retained a detectable community; the ablated arm has no community to profile. Beta
diversity used genus-level Bray—Curtis dissimilarities®® and principal coordinates analysis, with
permutational multivariate analysis of variance (PERMANOVA)®' over the same three arms at n = 3 each.
Functional potential was summarised as KEGG level-3 pathway abundances, row-scaled to z-scores for
display, with the ablated arm represented by a mean column. Differential taxa were identified with a rank-
wise scoring procedure across the six taxonomic ranks, and genus-level effect sizes were expressed as
log2 fold changes against the untreated control.

Metabolite extraction and LC-MS acquisition

Twelve biological samples plus three quality-control injections (QC01/02/03) were analysed on a SCIEX
instrument in both positive and negative electrospray polarity, giving fifteen injections per mode.
Separation used a Waters ACQUITY UPLC system with water (A) and acetonitrile (B) at a flow rate of
0.400 mL/min, a column temperature of 45°C and a sample temperature of 10°C, over a 12.00 min run:
0-0.20 min 100% A; 0.20—3.00 min to 75% A; 3.00—9.00 min to 0% A (100% B); 9.00-10.00 min held at
100% B; 10.10 min back to 100% A; 12.00 min end of run. Mass spectrometry used a SCIEX TripleTOF
6600 quadrupole time-of-flight instrument (serial number DW20161801) with an electrospray ionisation
source under Analyst control. Samples were extracted with pre-chilled methanol/acetonitrile (1:1, v/v)
containing internal standards. The analytical column was a Waters ACQUITY UPLC HSS T3 column (1.8
um, 2.1 x 100 mm) and the injection volume was 2 uL. Acquisition was data-dependent, collecting MS1
and MS2 spectra (approximately 1,677 MS1 and 11,773 MS2 spectra), which is the condition under
which spectral-library annotation becomes possible.

Peak extraction

Raw .wiff files were converted to mzML with ProteoWizard msconvert in profile mode®? and then
centroid-detected with the peakPicking cwt algorithm. Features were extracted with asari.>® The
parameters that determine the result are worth stating explicitly, because the defaults are not what was
used. Negative mode used the v8c parameter set with mz_tolerance_ppm = 10, returning 9,706 features
and capturing 90.8% of quality-control signal. Positive mode used the v8d parameter set with

Page 13/31



mz_tolerance_ppm = 20, returning 11,589 features and capturing 96.6% of quality-control signal. Both
modes used rt_align_on = true and peak_number_rt_calibration = 1.

The tolerance in each mode was set to cover the measured m/z drift span across injections rather than
chosen by convention: 6.87 ppm measured in negative mode and 17.43 ppm in positive mode, against
which the applied windows of 10 ppm and 20 ppm were set. The reason positive mode needed the wider
window is a matter of mass calibration, not of chromatography. Across injections the m/z axis drifted by
as much as 17.43 ppm, and the three quality-control injections alone spanned 6.6 ppm of that drift; in
contrast, the apex retention time of a given feature moved by only 2.33 s, or 0.32%, across injections. The
fragmentation of positive-mode features was therefore driven by m/z calibration drift. Widening the
window accordingly raised captured signal from 57.3% to 96.6%, lowered the share of signal sitting in
fragmented features from 53.8% to 0.1%, and improved quality-control log-scale correlation from r =
0.74-0.80 to r=0.90-0.91 (Spearman 0.49-0.55 to 0.90).

Quality control and normalisation

Samples were ordered using complete-case features only, that is, features detected across all fifteen
injections: 431 features in negative mode and 783 in positive mode. Ordering on a matrix in which
missing values had been replaced by a detection-limit surrogate was rejected as a basis for quality
assessment, because it pushes the quality-control injections — the only samples that detect every
feature — to the extreme of each missingness axis and makes a stable instrument look as if it had failed.
Their apparent distance from the nearest group centroid under that treatment was 64.2 units in negative
mode and 70.3 units in positive mode; on complete-case features, within-quality-control dispersion was
0.13 against within-group dispersions of 1.15-4.36 in negative mode, and 0.31 against 3.17-6.46 in
positive mode.

Normalisation used probabilistic quotient normalisation (PQN).>* The normalisation factors were
measured rather than assumed to be neutral across groups, and they were not: in negative mode they
ranged over 0.800-1.009 (NC), 0.906-1.182 (BCG), 1.000-1.032 (ABX_BCG), 1.051-1.190 (BCG_FMT)
and 0.985-1.000 (QC); in positive mode over 0.867-1.001 (NC), 0.895-1.080 (BCG), 0.954-1.000
(ABX_BCG), 1.018-1.115 (BCG_FMT) and 1.000-1.032 (QC). No group was designated as a
normalisation reference, and the measured ranges are reported in the display rather than replaced by an
assumption of between-group neutrality.

Annotation and confidence tiers

Annotation used MS2 spectral libraries MASSBANK, BILELIB19 and GNPS-LIBRARY,>>°¢ each trimmed to
a precursor m/z window of + 0.03 Da before matching. Scoring used a modified cosine metric that
includes neutral-loss pairing, with TOL 0.02 and MIN_PEAKS 3. Of the features carrying MS2 spectra,
2,498 in negative mode and 3,063 in positive mode, 369 and 1,555 respectively returned a library hit.
Identification confidence is reported as a tier rather than as a binary. Library-matched features carry the
highest support; lactate in negative mode is reported on accurate mass (m/z 89.0251, + 7.9 ppm) and
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retention time (67.0 s) without a library match in either polarity, and is treated as a lower confidence tier
accordingly. Deoxycholic acid and chenodeoxycholic acid are isobaric at m/z 391.2828 with a common
retention time of 437.9 s; the two cannot be separated by the acquisition used here and are reported as a
pair.

Targeted analysis and coverage of the analytical window

Targeted screening was scored against a curated set of compounds and reported on a 0—1 scale. In
negative mode five targets exceeded 0.70: tryptophan 0.974, taurocholate 0.972, cholate 0.953, the
deoxycholate/chenodeoxycholate pair 0.945 and malate 0.747. In positive mode no target reached 0.70;
indole-3-aldehyde scored 0.675, cholate 0.539 and indole 0.369. Secondary bile acids were called by
detection rather than by score, since they were absent from one arm entirely. The coverage of the
analytical window was characterised explicitly so that the absence of short-chain fatty acids and
polyamines could be attributed to the method rather than read as biology. In negative mode the lowest
recorded m/z was 71.0, which is 22,700 ppm from the nearest short-chain fatty acid ion, far outside the
10 ppm window. In positive mode the lowest recorded m/z was 57.0, within 24.7 ppm of the nearest
candidate and therefore admissible on mass inside the 20 ppm window; that candidate elutes at 6.5 min,
whereas the measured small polar acids elute before 1.1 min (lactate at 0.6, 0.9 and 1.1 min; malate at
0.65 min; 2-oxoglutarate at 1.05 min), so the exclusion in that mode is made on retention time.

Differential analysis and statistics

Differential analysis used limma®’ on features detected in every group, with Benjamini—Hochberg control
of the false discovery rate. Features were called differentially abundant at FDR < 0.05 and |log2FC| = 1.
Block features — those recorded at 0.0% in all three ablated samples — are by construction excluded
from limma, because the procedure requires detection in every group, and they therefore carry no log2
fold change. The per-comparison tables retain a detection-limit surrogate column in which an
undetected feature is assigned 0.5 times its minimum observed value; that column must be read
together with the accompanying detection column and was not used on its own for any claim in this
manuscript. The denominator shown on the volcano displays is the number of tested features, which is
smaller than the total row count because rows without a finite test statistic were removed; every such
row belongs to the block bucket, which is a consequence of the detection requirement and is unrelated
to the three contrasts.

Group-level separation of the metabolome was assessed by PERMANOVA on the all-feature matrix under
total-sum scaling with Bray—Curtis distances; the flora-dependent subset was not used for ordination,
because those features are zero across the ablated arm and their Bray—Curtis sample rows are
degenerate by definition. Mantel and Procrustes statistics were computed between genus-level
community distances and metabolome distances in several variants: all features with total-sum scaling
and Bray—-Curtis; features detected in at least six of twelve samples; flora-dependent features on a
Euclidean log10 scale; the nine non-ablated samples only; and the last two restrictions combined.
Pairwise associations between genus abundances and metabolite intensities used Spearman
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correlation, with significance thresholds of |p| 2 0.577 atn=12 and |p| = 0.667 at n =9 (P < 0.05). To test
whether the low sample-level agreement could be attributed to mispaired samples, all 6* = 1,296 within-
group reassignments of the twelve animals were enumerated and the Procrustes statistic recomputed
for each. Lactate intensity was compared across the four arms by Kruskal—-Wallis test.

Cytokine quantification

Cytokines were quantified in bronchoalveolar lavage fluid and in serum by enzyme-linked
immunosorbent assay, four analytes per compartment: IFN-y, IL-10, TNF-a and IL-6, with three animals
per arm. Commercial mouse ELISA kits for IFN-y, IL-10, TNF-a and IL-6 were used, all according to the
manufacturers' instructions, with samples diluted as recommended and standard curves fitted over the
recommended range. Significance brackets were drawn for the three planned pairwise comparisons
within each panel; absolute concentrations for every animal and analyte are provided in the source data
file submitted with the manuscript.

Conclusion

In a four-arm mouse model sharing a single BCG infection background, mixed-antibiotic ablation of the
gut community defined a block of 726 negative-mode and 313 positive-mode metabolite features that no
ablated sample contained and that were detected in 88—94% of the remaining samples, with total ion
signal in the ablated arm above that of the quality-control injections. Twenty-seven features of the block
were annotated to 17 unique InChlKeys, 21 of them in compound classes of microbial origin, and the
block was confirmed in a targeted layer by the complete absence of secondary bile acids from the
ablated arm and by cross-channel agreement on deoxycholic acid. Running the ablated and transplanted
arms as independent branches off the infected baseline is what makes this an antibiotic-specific control
rather than a correlate of infection, and the two omics layers were found to carry a shared treatment
structure rather than a shared individual axis. The cytokine readout places the same arm at the extreme
of four analytes in both lung and blood. The block is defined by detection rather than by effect size,
which ties it to the ablated state specifically rather than to infection or to transplantation, and the four-
arm frame is now positioned to ask which of those metabolites, if any, carry the accompanying immune
shift.
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Community structure and functional potential across the four arms.

(A) Genus-level composition of each arm: relative abundance (%) of the eleven most abundant genera,
grouped by phylum (Bacteroidota, Bacillota, Verrucomicrobiota), for NC, BCG, ABX_BCG and BCG_FMT (n
= 3 per arm).
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(B) Library-level composition: relative abundance of the fifteen most abundant taxa in each of the twelve
individual libraries, with the remainder collapsed as "Other".

(C) Alpha diversity of the nine community-bearing libraries (NC, BCG and BCG_FMT; n = 3 each), shown
as the Shannon index (axis 4.5-6.0) and observed richness (Sobs, axis 8000—10000).

(D) Genus-level Bray—-Curtis ordination of the same nine libraries; PCoA 1 and PCoA 2 account for 46.8%
and 30.4% of the variance, and PERMANOVA over the three community-bearing arms gives R2 = 0.51 (P =
0.0057).

(E) Row z-scored relative abundance of fourteen KEGG level-3 metabolic pathways across the nine
community-bearing libraries together with the ABX_BCG arm mean; the colour scale runs from -2 to 2.

(F) Genus-level effect sizes for the three contrasts against NC (ABX_BCG, BCG and BCG_FMT): the
horizontal position gives the log2 fold change, the bubble size the -log10(P value) and the bubble colour
the contrast.

(G) Two-level Sankey diagram resolving the ten phyla into their constituent genera; ribbon width scales
with the associated count (250-750) and ribbon colour encodes -log10(q value) on a 0.0-1.5 scale.

(H) Genus-level relative abundance (log10) for the sixteen most abundant genera, one point per library,
coloured by arm.
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Figure 2

Metabolomic quality control and the differential feature set.

(A) Distribution of the coefficient of variation (%) across features, shown for both ionisation modes (NEG,
POS); axis 0-150%.
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(B) Three-dimensional PCA of the twelve samples in each ionisation mode (PC1, PC2 and PC3).

(C) PQN normalisation factors per sample in each ionisation mode (axis 0.0-1.2); NC, BCG, ABX_BCG,
BCG_FMT and the pooled QC samples are distinguished.

(D) Feature-retention cascade for each ionisation mode: from the QC-filtered table, through features
carrying an MS2 annotation, features detected in every group (entered limma) and annotations at score =
0.70, down to features absent from all three ABX_BCG injections. The companion axis gives retention as
a percentage of the QC-filtered table.

(E) UpSet plot of the differential feature sets for each ionisation mode (sets S1, S2 and S3); the largest
intersection contains 352 features in NEG and 324 in POS.

(F) Detection of the differential features across the four arms in each ionisation mode, giving the number
of features detected for each arm combination.

(G) Compound-class bubble plots: the five metabolite classes (SCFA, polyamine, organic acid, indole and
bile acid) and the four bile acids (taurocholate, lithocholate, deoxycholate and cholate). Bubble position
gives the value, bubble colour the -log10(P value), and both ionisation modes are shown.

(H) Left, lactate across the four arms (Kruskal-Wallis P = 0.047; y axis, raw intensity on a log10 scale).
Right, the m/z coverage of the annotated features (x axis, m/z 100—1100; y axis, number of features),
split into case and control.

(1) Bile acid, indole and organic acid intensities (log10(intensity + 1)) compared between the BCG and
ABX_BCG arms.

(J) Annotation class x contrast cross-tabulation for both ionisation modes: the number of features in
each annotated class (organic acid, microbial lignan, cofactor/vitamin, sugar/sugar acid, dicarboxylic
acid, lipid, phenolic, bile acid, other and unannotated) is given for the BCG vs NC, ABX_BCG vs BCG and
BCG_FMT vs BCG contrasts.
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Contrast-specific effect sets differ in size and in composition.

(A) Distribution of per-feature log2 fold changes for each of the four contrasts (BCG vs NC, ABX_BCG vs
BCG, BCG_FMT vs BCG and ABX_BCG vs NC), split by ionisation channel (NEG, POS); axis =10 to 10.
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(B) Hierarchical clustering of the twelve libraries on their community profiles, with leaves labelled by
library.

(C) Paired class-level abundances (NC versus BCG) for Bacteroidota, Bacillota, Verrucomicrobiota and
Actinomycetota, with Wilcoxon signed-rank P values of 0.13, 0.28, 0.027 and 0.002 respectively.

(D) Chord diagram of the genus-level community structure across the twelve libraries; sectors are
genera, labelled together with their phylum, and ribbon width reflects the weight of the corresponding
association.

(E) Co-occurrence network of the most abundant genera, coloured by phylum; eight phyla are
represented.

(F) Split-half reproducibility of the genus-level association estimates: for each of the twenty genera the
correlation between the two halves is plotted, coloured by sign, on a -0.5 to 1.0 axis.

(G) Circular (circos) display of genus-level log2 fold changes for the four arms; ring segments are genera,
ordered by phylum and coloured by arm.

(H) Facet volcano plots for the five genera with the largest genus-level effect sizes
(Candidatus_Homeothermus, Barnesiella, Lactobacillus, Lepagella and Phocaeicola): the x axis is the
log2 fold change (-50 to 50) and the y axis -log10(FDR) (0 to 1). No genus-level feature reached FDR
significance in any facet, so each facet reads "Negative: 0 | Positive: 0".

(1) Feature counts for the six contrasts, shown for each ionisation channel; the y axes span 0-9 in the
upper pairs and 0—20 in the lower pairs.

(J) Annotation summary of the differential features: for each feature class the panel reports the
detection mode, the direction of change, whether it was detected in NC, whether antibiotic ablation
moved it, and whether the response was flora-dependent. The left axis is |[log2FC| (BCG versus NC) on a
6—10 scale and the right axis is cell proportion (%).

(K) Facet stacked area plots of community composition for the four arms at phylum, class and genus
level (top ten taxa at each level).
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Figure 4

Differential scoring by taxonomic rank, genus—metabolite association, and the targeted layer.

(A) Differential Score at six taxonomic ranks — phylum, class, order, family, genus and species — for the
five most abundant taxa at each rank; asterisks mark significance.
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(B) Association between the 25 most abundant genera and the ten bile-acid and carnitine species
retained from the targeted screen, displayed as a matrix of correlation values.

(C) Frequency of each compound class among the differential features: bile acid, terpenoid,
drug/pesticide hit, phospholipid, fatty acid/amide, polyphenol/lignan, amino acid/peptide, organic acid,
carnitine, nucleotide, sphingolipid, vitamin and sugar/glycoside. The left axis gives the percentage and
the right axis the frequency.

(D) Genus x genus correlation matrix for twenty genera; colour encodes the correlation, bubble size the
-log10(P value) and asterisks significance.

(E) Phylum- and genus-level community composition as stacked relative abundance; the phylum-level
view is drawn on a 0—7.5% axis and the genus-level view on a 0-15% axis.

(F) Genus log2 fold change against metabolite log2 fold change for every retained genus—metabolite
pair, coloured by phylum, with marginal distributions of the number of pairs.

(G) Association between the ten targeted compounds (taurocholate, malate, cholate, 2-oxoglutarate,
tryptophan, lactate, indole-3-aldehyde, lithocholate, indole-3-acetate and indole) and their partner genera;
bubble colour encodes -log10(P value) (0.8-1.8) and bubble size the count (2.5-10).
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Figure 5
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Agreement between the metagenomic and metabolomic layers, and the cytokine readout across two
compartments.

(A) Ordination of the two layers on their own axes. Left, metabolome ordination of the twelve samples
under total-sum scaling and Bray—Curtis; PCoA 1 and PCoA 2 account for 51.4% and 17.8% of the

Page 30/31



variance, and PERMANOVA gives R2 = 0.64 (P = 0.0006). Right, the community and metabolome point
clouds superimposed in a common frame, with the layer-agreement statistics printed on the panel —
Mantel r = -0.10 (P = 0.657) and Procrustes r = 0.27 (P = 0.690). Arms are coloured NC, BCG, ABX_BCG
and BCG_FMT throughout; n = 3 per arm.

(B) Spearman correlation between the 25 most abundant genera and 30 metabolites, with FDR g-value
stratification; rows and columns are ordered by the correlation structure.

(C) Distance—decay relation between community dissimilarity (d_tax, x axis) and metabolome
dissimilarity (d_met, y axis), computed on the nine community-bearing samples (left; p = 0.31, g = 0.065)
and on all twelve samples (right; p = 0.06, g = 0.64). Grey points are individual sample pairs; the line and
band are the fitted trend and its uncertainty.

(D) Variance in the community and metabolome matrices attributable to flora-dependent features,
shown forthe n =12 and n = 9 scans.

(E) The 25 strongest genus—metabolite pairs ranked by Spearman p; the dashed lines mark the
significance threshold |[p| = 0.587 at n = 12.

(F) Bipartite genus—metabolite network of the retained pairs; node colour encodes phylum and edge
colour the sign of p.

(G) Cytokine readout: eight ELISAs covering four analytes in two compartments — top row,
bronchoalveolar lavage fluid; bottom row, serum — with the columns ordered IL-6, TNF-q, IFN-y and IL-10,
and n = 3 animals per arm in every panel. ABX_BCG is the lowest arm for IFN-y and IL-10 and the highest
arm for TNF-a and IL-6. Brackets mark the three planned contrasts in each panel (NC versus BCG, BCG
versus ABX_BCG, ABX_BCG versus BCG_FMT); all reached significance, with the serum TNF-a BCG-
versus-ABX_BCG contrast at P < 0.01 and the remainder at P < 0.001. Absolute concentrations are given
in the source data.
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