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Abstract

Background
Infections requiring antibiotics are common in infancy, and the first-year gut community is shaped by early exposures. Whether infection
burden relates to it is unclear. We aimed to estimate the association between the ordinal burden of first-year infections requiring penicillin
and the 230 publicly available gut bacterial features at one year, in a secondary analysis of the public ABIS dataset.

Results
Parent-reported first-year episodes of infection requiring penicillin (0, 1–2, >=3) were related to each of the 230 processed bacterial features
in pre-specified, sequentially adjusted models (M0-M3). Per-feature linear regression used HC3 heteroskedasticity-robust standard errors,
with one Benjamini-Hochberg false-discovery-rate (FDR) correction across all 230 features. Detection, sensitivity and multiple-imputation
analyses (m = 20) were also performed. In the Model 3 complete-case analysis (n = 1,023), 3 of the 230 features reached q < 0.05, all
negative: Coprococcus eutactus (beta = -0.283, 95% CI -0.403 to -0.164; q = 0.0008), Saccharimonadia unknown Species 103 (beta = -0.406;
q = 0.0251) and Intestinimonas unknown Species 284 (beta = -0.191; q = 0.0486). Only the first two remained FDR-positive in the detection
model; Intestinimonas unknown Species 284 did not and was least stable across sensitivity analyses. Imputation recovered the same three
associations plus 21 exploratory signals.

Conclusions
A higher infection burden was associated with lower values for three of the 230 bacterial features at one year. The C. eutactus finding is
concordant with a previously reported association in the same cohort, not independent. They do not support a causal role of penicillin or
changes to prescribing.

Background
The bacterial community that becomes established in the gut during the first year of life is increasingly recognised as an important correlate
of later health. Early-life microbial maturation follows a broadly reproducible trajectory that is shaped by delivery mode, feeding and
environmental exposures, and departures from this trajectory have been associated with immune, metabolic and neurodevelopmental
outcomes later in childhood [1–5]. Because this community is still malleable during infancy, exposures occurring in the first year are of
particular interest.

Antibiotic exposure in early life is among the more consistently reported modifiers of the developing gut community. In children, antibiotic
exposure has been associated with reduced microbiota richness and diversity and with characterisable shifts in composition, although the
magnitude and persistence of these changes differ by antibiotic class [1, 6]. Macrolides have generally been associated with larger and
longer-lasting changes, whereas penicillins and amoxicillin have been reported to leave a comparatively weaker imprint on community
composition [7–10]. Against this class-specific background, prospective infant studies nevertheless indicate that a single course of
amoxicillin or a macrolide, or a short course of systemic antibiotics, can perturb the developing microbiota, with some differences
persisting for weeks to months [11, 12].

Separating the contribution of infection from that of its treatment is a long-standing design problem in this literature. Infections requiring
antibiotic treatment are common in infancy, and many questionnaire-based measures of such events capture the infection and its treatment
together, so that the two cannot always be distinguished within a single item. The indication and severity of an infection may influence the
gut community and later health independently of the drug used, and in the same cohort antibiotic exposure and infection frequency have
been shown to behave differently as exposures for clinical outcomes [13, 14]. An association estimated for a composite exposure of
infection plus treatment therefore should not be attributed to the antibiotic alone [15], and designs that record infection and antibiotic
dispensing separately can help to separate the two [16].

The All Babies in Southeast Sweden (ABIS) birth cohort offers an unusually detailed setting for this question. A one-year gut bacterial profile
generated by 16S rRNA sequencing has been released as a public, processed dataset, and this resource has been used to examine future
coeliac disease, type 1 diabetes and juvenile idiopathic arthritis [4, 17, 18]. In these studies the bacterial community has generally served as
a correlate or predictor of a downstream disease outcome rather than as the outcome itself.
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It is important to state that the same ABIS one-year bacterial resource has already been used to examine infection- and antibiotic-related
exposures in relation to the bacterial community. In a multi-omics analysis of this cohort, Ahrens and colleagues dichotomised first-year
exposure to “infection with antibiotics” and to otitis and performed differential-abundance testing across the full 13,197-ASV layer using
DESeq2 with false-discovery control applied within each comparison; they reported that Coprococcus eutactus was more abundant both in
children never exposed to antibiotics (FDR-adjusted P = 1.7 × 10⁻⁵⁸) and in children who never had otitis (FDR-adjusted P = 1.0 × 10⁻³⁸) [19].
The same group has also released the processed dataset analysed here and has used a closely related parent-reported exposure variable
from the same public dataset, in that instance as a predictor of and matching covariate for future obesity, without modelling the bacterial
features as an outcome [5]. An association between an infection- or antibiotic-related exposure and C. eutactus has therefore already been
reported in the same cohort, and the present study does not provide a first description of this broader association.

What has not, to our knowledge within the sources we audited, been reported is an analysis that treats the ordinal burden of penicillin-
treated infection as the exposure, treats the publicly released bacterial features themselves as the outcome, and applies a single multiplicity
framework across all 230 features together with pre-specified presence/absence, sensitivity and missing-data analyses.

We therefore performed a secondary observational analysis of the publicly released ABIS dataset. Our aim was to estimate the association
between the ordinal burden of infections requiring penicillin during the first year of life (0, 1–2 and ≥ 3 episodes) and each of the 230
publicly available gut bacterial features assessed at approximately one year of age. Associations were estimated in pre-specified
sequentially adjusted models (M0-M3), with a single Benjamini-Hochberg false-discovery-rate correction applied across all 230 features,
and were complemented by a pre-specified presence/absence analysis, several pre-specified sensitivity analyses and multiple imputation of
the Model 3 covariates (m = 20). The analysis is intended to describe graded, transparently estimated associations; it is not designed to
establish a causal effect of penicillin, and it does not constitute independent validation of previously published findings.

Methods

Study design and data source
This was a secondary observational analysis of the publicly released, processed dataset from the All Babies in Southeast Sweden (ABIS)
birth cohort (Dryad DOI 10.5061/dryad.2v6wwq042) [5]. No new data were collected and no participant was contacted. The public dataset
contains de-identified parent-reported questionnaire variables collected at birth and at one year of age, bacterial features derived from 16S
rRNA gene sequencing of stool samples collected from diapers at approximately one year of age, and cord-blood proteomic features; only
the questionnaire and bacterial variables were used here. The 230 bacterial features available in the public processed dataset were
analysed as released and are referred to throughout as public processed bacterial features (bac_public). They are a processed layer and are
not the full 16S dataset of the original study, which comprised 13,197 amplicon sequence variants (ASVs).

Participants
Of the 1,877 children in the public dataset, 149 were excluded because they had no usable microbiome data (all 230 bacterial features
missing) and a further 389 children with microbiome data had no information on penicillin-treated infections, leaving 1,339 children in the
Model 0 eligible set (Fig. 1). The complete-case and multiple-imputation analyses were conducted within this same eligible cohort but
included different numbers of participants. The primary complete-case analysis included the 1,023 participants with complete Model 3
covariate data; successive exclusion of participants with incomplete Model 1, Model 2 and Model 3 covariate data left 1,282, 1,123 and
1,023 participants, respectively (Fig. 1). The multiple-imputation analysis retained all 1,339 eligible participants, an additional 316
participants relative to the primary analysis. No participant was excluded on the basis of outcome values. All analyses were performed at
the participant level; the 230 bacterial features are a separate dimension, and the same participants contribute to all 230 feature models.

Exposure
The exposure was the parent-reported number of infections requiring penicillin during the first year of life, taken from the public variable
meta_b_42c, labelled in the public dataset as "Infection requiring penicillin during the first year" (original categories: 1 = never, 2 = 1–2 times,
3 = 3–5 times, 4 = 6 times or more). Categories were recoded into an ordinal three-level burden variable (penicillin_inf3: 0, 1–2 and 3 or more
episodes; the last category merges the original 3–5 and 6-or-more categories, because the highest-frequency categories were sparse) and
were modelled with a single linear trend term (penicillin_trend: 0, 1, 2). Because the public dataset contains no dose, duration or dispensing
record and the questionnaire item binds an infection to the treatment it required, the exposure is a parent-reported composite of infection
and its treatment; infection and antibiotic treatment cannot be separated within this variable, and the variable is not a record of confirmed
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penicillin use. Two binary contrasts (0 versus 1 or more episodes, and fewer than 3 versus 3 or more episodes) were pre-specified as
sensitivity analyses and were not used to define the primary analysis.

Outcomes
The outcome was each of the 230 bacterial features available in the public processed dataset, analysed on the scale in which it was
released (bac_public), with no further log or other transformation. The features are a processed relative-abundance layer; the public dataset
contains no raw counts, no sequencing depth and no phylogenetic tree, and the 230 features do not represent the complete gut community.
The primary outcome model was a continuous-outcome (abundance-value) model. A pre-specified detection (presence/absence) outcome
was defined as a non-zero feature value (bac_public > 0).

Covariates
Covariates were pre-specified and were not selected on the basis of univariate P values; the P values in Table 1 are descriptive only. Model 0
was unadjusted. Model 1 added child sex, gestational age at delivery and delivery mode. Model 2 additionally added maternal pre-
pregnancy BMI (continuous), maternal smoking during pregnancy (binary), exclusive breastfeeding duration (months; ordinal, 1–8 with 9
representing 9 months or more) and maternal education (categorical). Model 3 additionally included first-year common cold, gastroenteritis
and influenza, each entered as an ordinal burden score (0–3) rather than as a count, so that the ordinal categories were not interpreted as
true numbers of infections. Each general-infection score was computed as the original category minus one (1 to 0, 2 to 1, 3 to 2 and 4 to 3),
and exclusive breastfeeding duration was entered as a numeric month variable (1–8, with 9 representing 9 months or more) rather than as a
nine-level factor. Maternal infection during pregnancy was audited as a candidate covariate but was not adjusted for in the main model,
because the item is a crude yes/no/do-not-know measure with ambiguous timing and adjustment risked over-adjustment. The alternative
any/none coding of the three general-infection variables was a pre-specified sensitivity analysis. Model formulas and covariate parameters
are listed in Additional file 1, Table S9.
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Table 1
Characteristics of participants by penicillin-treated infection burden during the first year

Characteristic Category Valid
n

Overall 0 episodes 1–2 episodes ≥ 3 episodes P

A. Pregnancy and birth

Gestational age at
delivery (weeks)

  1307 40.0 (39.0–
41.0)

40.0 (39.0–
41.0)

40.0 (39.0–
41.0)

40.0 (39.0–
41.0)

0.778

Birth weight (g)   1317 3595.0
(3245.0-
3940.0)

3580.0
(3220.0-
3921.2)

3625.0
(3291.2–
3970.0)

3630.0
(3237.5–
4005.0)

0.257

Birth length (cm)   1311 51.0 (50.0–
52.0)

51.0 (50.0–
52.0)

51.0 (50.0–
52.0)

51.0 (50.0–
53.0)

0.275

Maternal pre-pregnancy
BMI (kg/m2)

  1240 24.0 (21.0–
26.0)

24.0 (21.0–
26.0)

23.0 (21.0–
26.0)

25.0 (23.0–
27.0)

0.0409

Delivery mode Vaginal 1295 1062 (82.0%) 676 (82.7%) 330 (80.9%) 56 (80.0%) 0.843

Cesarean 1295 147 (11.4%) 87 (10.6%) 50 (12.3%) 10 (14.3%)  

Other 1295 86 (6.6%) 54 (6.6%) 28 (6.9%) 4 (5.7%)  

Parity First parity 1307 568 (43.5%) 394 (48.2%) 162 (38.6%) 12 (17.1%) < 0.001

Previous
parity

1307 739 (56.5%) 423 (51.8%) 258 (61.4%) 58 (82.9%)  

Maternal education Low 1310 58 (4.4%) 29 (3.5%) 25 (6.0%) 4 (5.8%) 0.0103

Medium 1310 736 (56.2%) 447 (54.3%) 241 (57.7%) 48 (69.6%)  

High 1310 516 (39.4%) 347 (42.2%) 152 (36.4%) 17 (24.6%)  

Maternal smoking
during pregnancy

No 1304 1195 (91.6%) 757 (92.3%) 381 (91.6%) 57 (83.8%) 0.0519

Yes 1304 109 (8.4%) 63 (7.7%) 35 (8.4%) 11 (16.2%)  

Maternal infection
during pregnancy

Yes 1278 356 (27.9%) 214 (26.7%) 116 (28.4%) 26 (38.8%) 0.133

No 1278 898 (70.3%) 576 (71.8%) 282 (68.9%) 40 (59.7%)  

Do not know 1278 24 (1.9%) 12 (1.5%) 11 (2.7%) 1 (1.5%)  

B. Infant and family

Child sex Male 1339 704 (52.6%) 417 (49.8%) 240 (55.9%) 47 (64.4%) 0.0137

Female 1339 635 (47.4%) 420 (50.2%) 189 (44.1%) 26 (35.6%)  

Exclusive breastfeeding
duration (months)

  1266 4.0 (4.0–6.0) 4.0 (4.0–6.0) 4.0 (4.0–6.0) 4.0 (3.0–6.0) 0.415

Household smoking
(first year)

Yes 1335 60 (4.5%) 30 (3.6%) 30 (7.0%) 0 (0.0%) 0.00359

No 1335 1275 (95.5%) 804 (96.4%) 398 (93.0%) 73 (100.0%)  

C. Clinical history during the first year

Common cold (first
year)

Never 1325 24 (1.8%) 21 (2.5%) 2 (0.5%) 1 (1.4%) < 0.001

1–2 times 1325 410 (30.9%) 304 (36.6%) 97 (23.0%) 9 (12.5%)  

3–5 times 1325 654 (49.4%) 392 (47.2%) 227 (53.8%) 35 (48.6%)  

≥ 6 times 1325 237 (17.9%) 114 (13.7%) 96 (22.7%) 27 (37.5%)  

Gastroenteritis (first
year)

Never 1267 857 (67.6%) 590 (71.3%) 229 (61.2%) 38 (58.5%) 0.00158

1–2 times 1267 400 (31.6%) 234 (28.3%) 140 (37.4%) 26 (40.0%)  

3–5 times 1267 10 (0.8%) 4 (0.5%) 5 (1.3%) 1 (1.5%)  

≥ 6 times 1267 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)  
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Characteristic Category Valid
n

Overall 0 episodes 1–2 episodes ≥ 3 episodes P

A. Pregnancy and birth

Influenza (first year) Never 1243 1094 (88.0%) 755 (91.0%) 288 (81.8%) 51 (83.6%) < 0.001

1–2 times 1243 142 (11.4%) 74 (8.9%) 59 (16.8%) 9 (14.8%)  

3–5 times 1243 7 (0.6%) 1 (0.1%) 5 (1.4%) 1 (1.6%)  

≥ 6 times 1243 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)  

Eczema (first year) Never 1232 953 (77.4%) 654 (80.2%) 258 (73.3%) 41 (63.1%) 0.00255

1–2 times 1232 170 (13.8%) 101 (12.4%) 51 (14.5%) 18 (27.7%)  

3–5 times 1232 29 (2.4%) 18 (2.2%) 10 (2.8%) 1 (1.5%)  

≥ 6 times 1232 80 (6.5%) 42 (5.2%) 33 (9.4%) 5 (7.7%)  

1. Model 0 sample, n = 1339 (0 episodes n = 837; 1–2 episodes n = 429; ≥3 episodes n = 73).

2. Values are n (%) for categorical variables and median (IQR) for continuous variables. Continuous variables were compared with the
Kruskal-Wallis test; categorical variables with the chi-square test (Fisher exact test or simulated chi-square when an expected cell count
was < 5).

3. Percentages for categorical variables use the variable-specific valid n as the denominator, not the total sample. Missing values were
never treated as "no" or "not exposed". The "Valid n" column gives the number of non-missing observations for each variable within the
Model 0 sample (n = 1339); the corresponding number of participants with missing data for that variable is 1339 minus its valid n. Per-
variable completeness for the full public dataset (n = 1877) is reported in Additional file 1, Table S7, where the percentages use the
1877-participant denominator; those values are not the denominators used in this table.

4. Section A: characteristics at or before birth; Section B: infant and family characteristics during the first year; Section C: clinical history
reported during the first year. The exposure (penicillin-treated infection burden) is itself a first-year clinical variable and is shown as the
grouping variable.

5. P values are descriptive group comparisons only and were not used to select covariates; the covariate set was pre-specified.

6. The 2024 childhood obesity diagnosis (ICD-10) is a long-term follow-up outcome unrelated to the exposure-microbiome question; it is
shown in a supplementary table rather than in the main Table 1.

7. ≥3 episodes is a merged category (original codes 3 = 3–5 times and 4 = ≥ 6 times), fixed before the analysis.

Statistical analysis
Each of the 230 bacterial features was modelled separately by ordinary least squares with HC3 heteroskedasticity-robust standard errors
(confidence intervals were computed as the coefficient plus or minus 1.96 times the robust standard error):

bac_public ~ penicillin_trend + covariates

Regression coefficients represent the modelled difference in the public processed bacterial-feature value per one-step increase in the
ordinal infection-burden scale (0, 1–2, 3 or more episodes). They are not the effect of one additional infection, not the effect of one
additional penicillin course, not percentage changes in abundance and not log2 fold changes. For every model, the Benjamini-Hochberg
false discovery rate (FDR) procedure was applied once across all 230 features within that model's family, and both raw P values and FDR q
values were retained. The three-category model was also fitted for every feature, so that the ordinal spacing between categories was not
assumed to be equally spaced. Trends and categorical contrasts were reported together.

Detection (presence/absence) analysis
In the pre-specified detection analysis, a logistic regression model was fitted for each feature with detection (bac_public > 0) as the
outcome and penicillin_trend as the exposure, adjusted for the Model 3 covariate set, in the Model 3 complete-case sample (n = 1,023). The
detection family for FDR control was again all 230 features; this is a separate family from the primary continuous-outcome trend model.
Detection models were fitted by maximum-likelihood logistic regression without robust standard errors. Odds ratios are per one-step
increase in the ordinal infection-burden scale and are not risk ratios or probabilities, and must not be read as percentage changes in
detection probability.
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Pre-specified sensitivity analyses
The pre-specified sensitivity analyses were: (S1) 0 versus 1 or more episodes; (S2) fewer than 3 versus 3 or more episodes; (S6) a rank
inverse-normal transform of the outcome; a depth-adjusted analysis in which log reconstructed library size was added to each of the Model
0 to Model 3 covariate sets; a centred log-ratio (CLR) analysis of candidate reconstructed counts (counts reconstructed as
round(exp(bac_public) − 1), zero values replaced by 0.5 before log transformation, and the log values then centred by the per-participant
mean, which makes the result equivalent to the CLR of the corresponding composition); a negative-binomial model of candidate
reconstructed counts; and a restriction of the FDR family to the 158 features detected in at least 10% of the Model 0 sample. Candidate
reconstructed counts are not the original raw sequencing counts; the authors' exact transformation of the released values has not been
published, and no DESeq2 analysis was performed. Each sensitivity analysis was evaluated within its own pre-specified FDR family, and
direction consistency, coefficient magnitude, confidence-interval coverage and FDR status were reported as separate questions.

Missing data and multiple imputation
Complete-case analysis was the primary analysis. Missing Model 3 covariates were handled in a sensitivity analysis by multiple imputation
with m = 20 imputations, applied to the Model 3 covariates only; the exposure and the microbiome outcomes were never imputed.
Imputation was performed within the 1,339 Model 0-eligible participants. The imputation model included the nine Model 1 to Model 3
covariates together with auxiliary questionnaire variables and five principal components of the 230-feature matrix; the exposure and the
outcomes were never imputed. Twenty imputations with 10 iterations each were generated, and estimates were pooled by Rubin's rules with
a standard small-sample degrees-of-freedom approximation. Multiple-imputation results depend on the missing-at-random assumption, on
the imputation model and on the choice of imputed variables, and were therefore not used as the primary analysis. Feature-level
completeness in the full public dataset is reported in Additional file 1, Table S7.

Software and reproducibility
Analyses followed the pre-specified statistical analysis plan, which was finalised before the outcome models were fitted. All reported
analyses were performed with the archived R scripts in R version 4.6.1 using the pre-specified random seed 20260918. Multiple imputation
used the mice package (v3.19.0; predictive mean matching for continuous variables and logistic or polytomous regression for binary and
categorical variables), and HC3 heteroskedasticity-robust standard errors were computed with the sandwich package (v3.1-3) through the
lmtest package. The statistical analysis plan also permitted the use of FreeStatistics for routine procedures, but no result reported here was
produced with FreeStatistics. Complete scripts, package versions, model formulas, per-step sample sizes, model warnings and session
information were retained. All reported P values are two-sided. The use of artificial intelligence tools in the preparation of this manuscript is
documented in the Declarations section ('Use of artificial intelligence').

Results

Study population and participant characteristics
Of the 1,877 children in the public ABIS dataset, 149 were excluded because they had no usable microbiome data (all 230 bacterial features
missing), leaving 1,728 children. A further 389 children with microbiome data had no information on penicillin-treated infections, leaving
1,339 children in the Model 0 eligible set (Fig. 1).

The complete-case and multiple-imputation analyses were conducted within the same eligible cohort but included different numbers of
participants. The multiple-imputation (MI) analysis included all 1,339 eligible participants and imputed the Model 3 covariates (m = 20); the
exposure and the microbiome outcomes were never imputed. The primary complete-case analysis included the 1,023 participants with
complete Model 3 covariate data; an additional 316 participants were included in the MI analysis. Successive exclusion of participants with
incomplete Model 1, Model 2 and Model 3 covariate data left 1,282, 1,123 and 1,023 participants, respectively (Fig. 1).

Within the Model 0 sample, 837 children (62.5%) had no penicillin-treated infection, 429 (32.0%) had 1–2 episodes and 73 (5.5%) had ≥ 3
episodes. Table 1 summarises participant characteristics by infection-burden group. Just over half the children were male (704/1,339,
52.6%); median gestational age at delivery was 40.0 weeks (IQR 39.0–41.0), most deliveries were vaginal (1,062/1,295, 82.0%), median birth
weight was 3,595 g (IQR 3,245-3,940), and median exclusive breastfeeding duration was 4.0 months (IQR 4.0–6.0). Representative group
differences in first-year history included a rise in ≥ 6 common-cold episodes from 13.7% (0 episodes) to 37.5% (≥ 3 episodes) and a fall in
the proportion reporting no gastroenteritis from 71.3% to 58.5%; parity and maternal education also differed across groups.
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The P values in Table 1 describe between-group differences only and were not used to select covariates, which were pre-specified. The
exposure and the first-year clinical history were recorded during the same period and are not all pre-exposure variables. Variable-level
completeness in the full public dataset (n = 1,877) is reported in Additional file 1, Table S7; the reduction from 1,339 to 1,023 participants in
the complete-case pathway reflects incomplete Model 3 covariate data (Fig. 1).

Associations between penicillin-treated infection burden and bacterial features
In the pre-specified Model 3 complete-case analysis (n = 1,023), the ordinal association between penicillin-treated infection burden and each
of the 230 bacterial features was tested, with Benjamini-Hochberg (BH) false discovery rate (FDR) correction applied once across all 230
features (Additional file 1, Table S1). Three features reached q < 0.05 (Table 2, Fig. 2), and all three associations were negative (Fig. 3).

Table 2
Bacterial features associated with penicillin-treated infection burden (Model 3 primary analysis)

Bacterial feature Unique taxon ID n beta (95% CI) P FDR q

Coprococcus eutactus bac_Coprococcus.eutactus 1023 -0.283
(-0.403,
-0.164)

< 0.001 0.0008

Saccharimonadia unknown
Species 103

bac_Saccharimonadia.unknown.Species.103 1023 -0.406
(-0.621,
-0.192)

< 0.001 0.0251

Intestinimonas unknown
Species 284

bac_Intestinimonas.unknown.Species.284 1023 -0.191
(-0.300,
-0.082)

< 0.001 0.0486

1. Pre-specified primary analysis: Model 3 complete-case sample, n = 1023.

2. Model: bac_public ~ penicillin_trend (0 = 0, 1 = 1–2, 2 = ≥ 3 episodes) + child sex + gestational age + delivery mode + maternal pre-
pregnancy BMI + maternal smoking + breastfeeding duration + maternal education + ordinal burden scores for common cold,
gastroenteritis and influenza; per-feature ordinary least squares with HC3 robust standard errors.

3. beta is the modelled difference in the public processed bacterial-feature value per one-step increase in the ordinal infection-burden
scale. It is not the effect of one additional infection or of one additional penicillin course, and it is not a causal effect.

4. bac_public was used directly, with no further log transformation. beta cannot be converted to a percentage change: beta = − 0.283
must NOT be reported as a 28.3% decrease in abundance.

5. Benjamini-Hochberg FDR was applied once across all 230 bacterial features within the Model 3 family; raw P values and FDR q values
are both shown.

6. Intestinimonas unknown Species 284 reaches FDR q = 0.0486 in this primary analysis; it does not reach FDR significance in several
sensitivity analyses (Table 5), so it must not be described as significant in all analyses.

7. Display names omit the programmatic bac_ prefix; the unique taxon ID maps to the taxonomy audit (Additional file 1, Table S8) and to
Additional file 1, Table S1.

Coprococcus eutactus had the smallest q value (β = -0.283, 95% CI -0.403 to -0.164; P < 0.001; q = 0.0008). Saccharimonadia unknown
Species 103 (β = -0.406, 95% CI -0.621 to -0.192; P < 0.001; q = 0.0251) and Intestinimonas unknown Species 284 (β = -0.191, 95% CI -0.300
to -0.082; P < 0.001; q = 0.0486) were also FDR-positive. Coprococcus eutactus is a formally named species; Saccharimonadia unknown
Species 103 and Intestinimonas unknown Species 284 were not resolved to species level in the public feature labels and are reported as
unidentified taxa (Additional file 1, Table S8).

Regression coefficients represent the estimated difference in the publicly processed bacterial-feature value per one-category increase in
penicillin-treated infection burden (0, 1–2 and ≥ 3 episodes), after adjustment for the Model 3 covariate set. Coefficients are on the public
processed scale used directly (bac_public), with no further log transformation; they are not percentage changes in abundance and not log2
fold changes.

Figure 4 shows unadjusted observed means of the three features by infection-burden group in the Model 0 sample (n = 1,339). In the ≥ 3-
episode group, all 73 observed values of Coprococcus eutactus were zero, so the group mean and its conventional confidence interval
degenerate to 0 (0 to 0).

Associations across sequentially adjusted models
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Adding covariates left the direction of all three associations unchanged, but the magnitude did not change uniformly (Table 3, Additional file
2, Supplementary Figure S1). Coprococcus eutactus had β = -0.244 at M0 (n = 1,339), -0.260 at M1 (n = 1,282), -0.246 at M2 (n = 1,123) and
− 0.283 at M3 (n = 1,023); Saccharimonadia unknown Species 103 had β = -0.311, -0.318, -0.380 and − 0.406 across M0-M3. For these two
features the absolute coefficient was larger in M3 than in M0. Intestinimonas unknown Species 284 was essentially unchanged (-0.191 at
M0 and − 0.191 at M3; -0.192 at M1 and − 0.189 at M2). All three features reached q < 0.05 within each model-specific FDR family.
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Table 3
Stepwise adjusted models (M0-M3) for the FDR-confirmed bacterial features

Bacterial feature Unique taxon ID Model n beta (95%
CI)

P FDR q

Coprococcus
eutactus

bac_Coprococcus.eutactus M0 1339 -0.244
(-0.339,
-0.149)

< 
0.001

0.0001

  M1 1282 -0.260
(-0.359,
-0.162)

< 
0.001

< 
0.0001

  M2 1123 -0.246
(-0.355,
-0.137)

< 
0.001

0.0022

  M3
(PRIMARY)

1023 -0.283
(-0.403,
-0.164)

< 
0.001

0.0008

Saccharimonadia
unknown Species 103

bac_Saccharimonadia.unknown.Species.103 M0 1339 -0.311
(-0.475,
-0.147)

< 
0.001

0.0099

  M1 1282 -0.318
(-0.490,
-0.147)

< 
0.001

0.0095

  M2 1123 -0.380
(-0.569,
-0.192)

< 
0.001

0.0045

  M3
(PRIMARY)

1023 -0.406
(-0.621,
-0.192)

< 
0.001

0.0251

Intestinimonas
unknown Species 284

bac_Intestinimonas.unknown.Species.284 M0 1339 -0.191
(-0.275,
-0.108)

< 
0.001

0.0006

  M1 1282 -0.192
(-0.278,
-0.105)

< 
0.001

0.0011

  M2 1123 -0.189
(-0.281,
-0.097)

< 
0.001

0.0045

  M3
(PRIMARY)

1023 -0.191
(-0.300,
-0.082)

< 
0.001

0.0486

1. Models are fitted independently; the rows for one feature form one display block.

2. Model definitions: M0 unadjusted; M1 + child sex, gestational age, delivery mode; M2 + maternal pre-pregnancy BMI, maternal
smoking, breastfeeding duration, maternal education; M3 + ordinal burden scores (0–3) for common cold, gastroenteritis and influenza.

3. Sample sizes differed across models because of missing covariate data (M0 n = 1339, M1 n = 1282, M2 n = 1123, M3 n = 1023).
Consequently, changes in regression coefficients across models may reflect both covariate adjustment and changes in the analytic
sample; they cannot be attributed to the added covariates alone.

4. FDR q values are computed within each model-specific family of 230 features and are therefore not comparable across models; M3 is
the pre-specified primary analysis.

5. The direction of the adjusted association is stable across models, but the magnitude does not decrease uniformly with adjustment:
for Coprococcus eutactus and Saccharimonadia unknown Species 103 the absolute coefficient is larger in M3 than in M0 (|beta| 0.244 -
> 0.283 and 0.311 -> 0.406 respectively), while for Intestinimonas unknown Species 284 it is essentially unchanged (0.191 -> 0.191). The
phrase "stepwise attenuation" is therefore not appropriate and has been removed.

6. beta is on the public processed bacterial-feature scale (bac_public used directly, no further transformation); see the Table 2 footnotes
for interpretation limits.

Because model sample sizes differed, changes in β may reflect both covariate adjustment and the changed analytic sample.

Presence/absence analysis of the primary bacterial features
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In the pre-specified presence/absence sensitivity analysis (Table 4), detection was a non-zero feature value (bac_public > 0), and logistic
regression estimated the odds ratio (OR) per one-category increase in infection burden in the Model 3 complete-case sample (n = 1,023).

Table 4
Detection (presence/absence) logistic-regression sensitivity analysis

Bacterial feature Unique taxon ID n Detected
n

Detection
%

OR
(95%
CI)

P FDR q FDR 
< 
0.05

Coprococcus
eutactus

bac_Coprococcus.eutactus 1023 81 7.9 0.38
(0.22,
0.67)

< 
0.001

0.0399 yes

Saccharimonadia
unknown
Species 103

bac_Saccharimonadia.unknown.Species.103 1023 606 59.2 0.58
(0.46,
0.72)

< 
0.001

0.0005 yes

Intestinimonas
unknown
Species 284

bac_Intestinimonas.unknown.Species.284 1023 153 15.0 0.62
(0.43,
0.88)

0.008 0.2092 no

1. Pre-specified presence/absence sensitivity analysis: logistic regression with Y = detection of the bacterial feature (bac_public > 0) and
X = penicillin_trend (0/1/2 adjusted for the Model 3 covariate set); complete-case n = 1023. No model showed separation or zero
variation (status "ok" for all three features).

2. Detection % uses the whole Model 3 sample as the denominator (n = 1023). Detected n: Coprococcus eutactus 81, Saccharimonadia
unknown Species 103 606, Intestinimonas unknown Species 284 153. Coprococcus eutactus has few detection events (81); the model
converged normally with no separation and no alternative estimator was substituted.

3. Only Coprococcus eutactus (q = 0.0399) and Saccharimonadia unknown Species 103 (q = 0.0005) reach BH-FDR q < 0.05 in this
sensitivity analysis. Intestinimonas unknown Species 284 has OR 0.62 (0.43, 0.88) but q = 0.2092 and is therefore NOT FDR-significant
here; this does not change its FDR-positive status in the complete-case primary abundance analysis. The three features must not be
described as all being FDR-confirmed in the detection model.

4. The odds ratio is the multiplicative change in the odds of detection per one-step increase in the ordinal infection-burden scale. OR = 
0.38 means the odds of detection are estimated to be 0.38 times those at the next lower burden level; it is not a risk ratio, not a
probability, and not the effect of an actual number of infections, and must not be read as a percentage decrease in detection probability.

5. Detected n (81 events) is reported because small event counts affect the precision of the odds ratio; it is not by itself a reason to
consider the model invalid.

6. Display names omit the bac_ prefix; unique taxon IDs map to the taxonomy audit (Additional file 1, Table S8).

All three features had ORs below 1 (Additional file 2, Supplementary Figure S4, Additional file 1, Table S4). Coprococcus eutactus: OR 0.38
(95% CI 0.22–0.67; P < 0.001; q = 0.0399), detected in 81 of 1,023 participants (7.9%). Saccharimonadia unknown Species 103: OR 0.58
(95% CI 0.46–0.72; P < 0.001; q = 0.0005), detected in 606 participants (59.2%). Intestinimonas unknown Species 284: OR 0.62 (95% CI
0.43–0.88; P = 0.008; q = 0.2092), detected in 153 participants (15.0%). Coprococcus eutactus and Saccharimonadia unknown Species 103
therefore remained FDR-positive in the detection model, whereas Intestinimonas unknown Species 284 did not; this does not change its
FDR-positive status in the continuous-outcome primary analysis. The OR is the multiplicative change in the odds of detection per one-
category increase in infection-burden category.

Sensitivity analyses and multiple imputation
Across the pre-specified sensitivity analyses (Table 5, Additional file 1, Table S5), the three features were not uniformly FDR-significant.
Coprococcus eutactus remained negative and FDR-significant in every analysis in which it was tested; it was not included in the prevalence 
≥ 10% analysis because its detection rate (7.9%) fell below that threshold, which is a family-definition restriction rather than a negative
result. Saccharimonadia unknown Species 103 was FDR-positive in most analyses but not in the high-burden binary contrast (< 3 vs ≥ 3
episodes; β = -0.453, 95% CI -1.023 to 0.118; q = 0.5876) or in the reconstructed-count CLR analysis (q = 0.0544). Intestinimonas unknown
Species 284 was not FDR-positive in the high-burden binary contrast (q = 0.5005), the reconstructed-count CLR analysis (q = 0.2392), the
reconstructed-count negative-binomial analysis (q = 0.1425) or the prevalence ≥ 10% analysis (q = 0.0501, just above 0.05 and not rounded
down).
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Table 5
Trend and pre-specified sensitivity analyses for the FDR-confirmed features

Bacterial feature Analysis n beta (95%
CI)

P FDR q FDR < 
0.05

Model; exposure
coding; outcome scale

Coprococcus eutactus Primary (M3
complete case)

1023 -0.283
(-0.403,
-0.164)

< 
0.001

0.0008 yes OLS-HC3; trend 0/1/2;
bac_public

S1: 0 vs ≥ 1 episodes 1023 -0.323
(-0.486,
-0.160)

< 
0.001

0.0136 yes OLS-HC3; binary 0 vs ≥ 
1; bac_public

S2: <3 vs ≥ 3 episodes 1023 -0.471
(-0.610,
-0.332)

< 
0.001

< 
0.0001

yes OLS-HC3; binary < 3 vs 
≥ 3; bac_public

Prevalence ≥ 10%
restriction

not
tested

NA NA NA NA OLS-HC3; trend 0/1/2;
bac_public

S6: rank inverse-
normal

1023 -0.112
(-0.160,
-0.065)

< 
0.001

0.0010 yes OLS-HC3; trend 0/1/2;
inverse-normal score

Sequencing-depth
adjusted

1023 -0.285
(-0.404,
-0.165)

< 
0.001

0.0009 yes OLS-HC3; trend 0/1/2;
bac_public + depth

Reconstructed
counts, CLR

1023 -0.252
(-0.383,
-0.120)

< 
0.001

0.0211 yes OLS-HC3; trend 0/1/2;
CLR (reconstructed)

Reconstructed
counts, negative
binomial

1023 -1.340
(-2.025,
-0.655)

< 
0.001

0.0041 yes Neg. binomial; trend
0/1/2; recon. counts

Multiple imputation
(m = 20)

1339 -0.266
(-0.373,
-0.159)

< 
0.001

0.0003 yes MI pooling; trend
0/1/2; bac_public

Saccharimonadia
unknown Species 103

Primary (M3
complete case)

1023 -0.406
(-0.621,
-0.192)

< 
0.001

0.0251 yes OLS-HC3; trend 0/1/2;
bac_public

S1: 0 vs ≥ 1 episodes 1023 -0.511
(-0.770,
-0.252)

< 
0.001

0.0136 yes OLS-HC3; binary 0 vs ≥ 
1; bac_public

S2: <3 vs ≥ 3 episodes 1023 -0.453
(-1.023,
0.118)

0.120 0.5876 no OLS-HC3; binary < 3 vs 
≥ 3; bac_public

Prevalence ≥ 10%
restriction

1023 -0.406
(-0.621,
-0.192)

< 
0.001

0.0344 yes OLS-HC3; trend 0/1/2;
bac_public

S6: rank inverse-
normal

1023 -0.191
(-0.295,
-0.086)

< 
0.001

0.0273 yes OLS-HC3; trend 0/1/2;
inverse-normal score

Sequencing-depth
adjusted

1023 -0.415
(-0.628,
-0.202)

< 
0.001

0.0159 yes OLS-HC3; trend 0/1/2;
bac_public + depth

Reconstructed
counts, CLR

1023 -0.423
(-0.667,
-0.179)

< 
0.001

0.0544 no OLS-HC3; trend 0/1/2;
CLR (reconstructed)

Reconstructed
counts, negative
binomial

1023 -0.230
(-0.361,
-0.098)

< 
0.001

0.0154 yes Neg. binomial; trend
0/1/2; recon. counts

Multiple imputation
(m = 20)

1339 -0.288
(-0.463,
-0.114)

0.001 0.0234 yes MI pooling; trend
0/1/2; bac_public

Intestinimonas
unknown Species 284

Primary (M3
complete case)

1023 -0.191
(-0.300,

< 
0.001

0.0486 yes OLS-HC3; trend 0/1/2;
bac_public
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Bacterial feature Analysis n beta (95%
CI)

P FDR q FDR < 
0.05

Model; exposure
coding; outcome scale

-0.082)

S1: 0 vs ≥ 1 episodes 1023 -0.237
(-0.376,
-0.098)

< 
0.001

0.0393 yes OLS-HC3; binary 0 vs ≥ 
1; bac_public

S2: <3 vs ≥ 3 episodes 1023 -0.225
(-0.457,
0.008)

0.058 0.5005 no OLS-HC3; binary < 3 vs 
≥ 3; bac_public

Prevalence ≥ 10%
restriction

1023 -0.191
(-0.300,
-0.082)

< 
0.001

0.0501 no OLS-HC3; trend 0/1/2;
bac_public

S6: rank inverse-
normal

1023 -0.110
(-0.175,
-0.045)

< 
0.001

0.0402 yes OLS-HC3; trend 0/1/2;
inverse-normal score

Sequencing-depth
adjusted

1023 -0.191
(-0.301,
-0.082)

< 
0.001

0.0475 yes OLS-HC3; trend 0/1/2;
bac_public + depth

Reconstructed
counts, CLR

1023 -0.157
(-0.281,
-0.033)

0.013 0.2392 no OLS-HC3; trend 0/1/2;
CLR (reconstructed)

Reconstructed
counts, negative
binomial

1023 -0.496
(-0.894,
-0.097)

0.015 0.1425 no Neg. binomial; trend
0/1/2; recon. counts

Multiple imputation
(m = 20)

1339 -0.206
(-0.299,
-0.113)

< 
0.001

0.0008 yes MI pooling; trend
0/1/2; bac_public

1. All analyses use the frozen Model 3 covariate set unless stated; the primary complete-case result is the first row of each block. n = 
1023 for complete-case analyses and n = 1339 for multiple imputation (all Model 0-eligible participants; missing covariates were
imputed; exposure and outcomes were never imputed).

2. The last column gives “model; exposure coding; outcome scale”; these three concepts must not be conflated. Full definitions of the
column codes and of the rounding conventions for P and q values are given in Additional file 3.

3. The prevalence ≥ 10% restriction limits the BH-FDR family to the 158 features detected in at least 10% of the Model 0 sample.
Coprococcus eutactus (detection 7.9%) is outside that family and is reported as “not tested”; this is a family-definition effect, not a failed
result.

4. Multiple-imputation estimates are pooled by Rubin's rules from 20 imputations of the Model 3 covariates; the pooled beta and 95% CI
are taken from the pooled imputation estimates, not the complete-case results. MI is a sensitivity analysis only and depends on the MAR
assumption and the imputation model.

5. Significance is judged by each analysis's pre-specified BH-FDR family; direction consistency, magnitude, CI coverage and FDR status
are reported separately. Coprococcus eutactus is FDR-significant in every analysis in which it was tested. Saccharimonadia unknown
Species 103 is not FDR-significant in S2 or the reconstructed-count CLR analysis. Intestinimonas unknown Species 284 is not FDR-
significant in S2, reconstructed-count CLR, reconstructed-count negative binomial, or the prevalence restriction (q = 0.0501, just above
0.05 and not rounded down).

6. Outcome scales differ across analyses (public processed feature scale, inverse-normal scores, CLR, reconstructed counts, negative
binomial counts); beta values must NOT be compared across rows with different outcome scales. Reconstructed counts are
round(exp(bac_public) – 1), not original raw sequencing counts; no DESeq2 analysis was performed.

The three primary bacterial features retained negative associations and remained FDR-significant in the multiple-imputation analysis (n = 
1,339; m = 20): Coprococcus eutactus β = -0.266 (95% CI -0.373 to -0.159; q = 0.0003), Saccharimonadia unknown Species 103 β = -0.288
(95% CI -0.463 to -0.114; q = 0.0234) and Intestinimonas unknown Species 284 β = -0.206 (95% CI -0.299 to -0.113; q = 0.0008) (Additional
file 1, Table S6a). MI depends on the missing-at-random assumption and on the imputation model.

However, multiple imputation identified 21 additional FDR-positive features that did not meet the FDR threshold in the complete-case
analysis (Additional file 1, Table S6b); with the 3 primary features, 24 features were FDR-positive under MI. These 21 additional findings were
considered exploratory and were not included among the primary findings. Across all 230 features, 3 were complete-case FDR-positive, 21
MI-only, 179 not FDR-positive in either analysis with a consistent direction, and 27 with opposite signs under the two analyses (Additional
file 2, Supplementary Figure S2); the 27 direction-inconsistent features were not FDR-positive in either analysis.
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Discussion
In this secondary analysis of the publicly released ABIS dataset, we examined the ordinal association between the burden of first-year
infections requiring penicillin and 230 publicly available gut bacterial features at approximately one year of age. In the pre-specified Model 3
complete-case analysis (n = 1,023), three of the 230 features reached q < 0.05 and all three associations were negative: Coprococcus
eutactus (β = -0.283, 95% CI -0.403 to -0.164; q = 0.0008), Saccharimonadia unknown Species 103 (β = -0.406, 95% CI -0.621 to -0.192; q = 
0.0251) and Intestinimonas unknown Species 284 (β = -0.191, 95% CI -0.300 to -0.082; q = 0.0486). The three features are not equivalent: C.
eutactus is a formally named species, whereas the other two are unresolved taxa identified in the public feature labels only to class and
genus level, respectively. In the pre-specified presence/absence analysis, C. eutactus (OR 0.38, q = 0.0399) and Saccharimonadia unknown
Species 103 (OR 0.58, q = 0.0005) remained FDR-positive, whereas Intestinimonas unknown Species 284 (OR 0.62, q = 0.2092) did not.
Multiple imputation (n = 1,339; m = 20) recovered the same three negative associations and identified a further 21 FDR-positive features;
these additional signals were treated as exploratory and are not part of the primary findings reported here.

The most direct point of comparison is a previous analysis of the same ABIS one-year bacterial resource [19]. In that study the exposure
was dichotomised, the outcome layer comprised all 13,197 ASVs analysed with DESeq2, and false-discovery control was applied within
each comparison. Coprococcus eutactus was reported to be more abundant in children never exposed to antibiotics (FDR-adjusted P = 1.7 ×
10⁻⁵⁸) and in children without otitis (FDR-adjusted P = 1.0 × 10⁻³⁸). Our finding for C. eutactus is directionally concordant with that report.
Because it is derived from the same cohort and the same one-year bacterial resource, however, it represents concordance with earlier work
in the same cohort and not independent external validation. The analyses differ in exposure coding (ordinal versus binary), outcome layer
(the 230 publicly released features versus 13,197 ASVs), statistical model (linear regression of the processed bacterial-feature value on the
ordinal exposure as a single linear trend term, with heteroskedasticity-robust standard errors, versus DESeq2) and multiplicity framework
(one Benjamini-Hochberg family across all 230 features versus within-comparison control). A later analysis by the same group used a
closely related exposure variable from the same public dataset, but modelled future obesity with the microbiome and cord proteome as
predictors and did not report a model in which a bacterial feature was the outcome [5]. More broadly, our findings are directionally
consistent with the general observation that early-life antibiotic and infection exposures accompany altered gut community composition [1,
6, 11]. At the same time, the human evidence on antibiotic-class specificity indicates that penicillins leave a comparatively weak imprint on
community composition [7–10]. One explanation that remains hypothesis-generating is that the exposure analysed here is a composite of
infection and its treatment rather than penicillin alone, so that infection-related factors, treatment, or their combination could each
contribute; differences in age window and in taxonomic resolution may also contribute. The present design cannot distinguish among these
possibilities.

C. eutactus is a formally named species in the family Lachnospiraceae and has species-level functional evidence from non-epidemiological
settings. A mouse study reported that administration of C. eutactus alleviated colitis through an acetate-mediated IgA response and
microbiota restoration [20]; in vitro genomic work showed that C. eutactus and related strains use β-glucan as a growth substrate [21]; the
relative abundance of C. eutactus was selected as a predictor of language development in 3-year-old children in a rural Ugandan cohort [22];
and an isolate attenuated stress-related behavioural changes in mice [23]. Genus-level reviews describe Coprococcus as a butyrate-
producing genus of potential biomarker interest [24]; that butyrate evidence is genus-level and does not transfer to the species, whereas the
acetate link was demonstrated specifically for C. eutactus in mice [20]. Taken together, these findings are compatible with C. eutactus
behaving as a fibre-utilising commensal whose lower abundance and lower probability of detection in children with a higher infection burden
could reflect loss of a potentially beneficial community member. The supporting evidence nevertheless remains indirect, deriving from
animals, in vitro systems or other cohorts, and it does not establish a mechanism in this cohort. Apart from the same-cohort report
discussed above, we identified no direct human evidence linking penicillin or antibiotic exposure to C. eutactus abundance at species level.

Saccharimonadia unknown Species 103 was not resolved below class in the public feature labels and belongs to the phylum
Patescibacteria. We found no direct evidence on this specific taxon. Background information on the Saccharibacteria (TM7) group derives
mainly from the oral cavity and from episymbiotic lifestyles [25], and a separate one-year infant cohort reported Saccharibacteria taxa in
relation to neurodevelopment without examining this exposure [26]. Because these sources concern a different taxon, a different
anatomical site or a different design, we do not attribute any specific metabolic function to this feature.

Intestinimonas unknown Species 284 was resolved to the genus Intestinimonas (family Oscillospiraceae) but not to species. Here too we
found no direct evidence on the specific taxon. The available evidence concerns the genus or a different species: Intestinimonas
butyriciproducens and its fructoselysine-to-butyrate fermentation have been associated with favourable cardiometabolic markers and
improved host metabolic health [27], and the genus and its type species have been characterised taxonomically and physiologically [28, 29].
This is genus-level or other-species evidence and must not be assigned to Intestinimonas unknown Species 284; we therefore do not
describe this feature as a known butyrate producer. Its limited robustness (see below) should also constrain interpretation.
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Across the pre-specified sensitivity analyses the three features did not behave uniformly. C. eutactus remained negative and FDR-significant
in every analysis in which it was tested; it was not included in the prevalence ≥ 10% restriction because its detection rate (7.9%) fell below
the threshold defining that family, which is a family-definition restriction rather than a negative result. Saccharimonadia unknown Species
103 was FDR-positive in most analyses but not in the high-burden binary contrast (< 3 versus ≥ 3 episodes; β = -0.453, 95% CI -1.023 to
0.118; q = 0.5876) or in the reconstructed-count centred-log-ratio analysis (q = 0.0544). Intestinimonas unknown Species 284 was not FDR-
positive in the high-burden binary contrast (q = 0.5005), the reconstructed-count centred-log-ratio analysis (q = 0.2392), the reconstructed-
count negative-binomial analysis (q = 0.1425) or the prevalence ≥ 10% analysis (q = 0.0501, just above the threshold and not rounded down);
less weight should therefore be placed on this feature. Under multiple imputation all three features remained negative and FDR-significant,
and 21 additional features became FDR-positive; the latter depend on the missing-at-random assumption and on the imputation model, are
exploratory only, and are not part of the primary findings. Direction consistency, coefficient magnitude, confidence-interval coverage and
FDR status are separate questions that we report separately; notably, the 27 features whose coefficients changed sign between the
complete-case and imputed analyses were not FDR-positive in either analysis.

Because the exposure combines infection and penicillin treatment, several non-exclusive processes could contribute to the observed
associations: the infection itself and its indication or severity; an effect of penicillin treatment on the gut community; and confounding by
factors related to both infection frequency and microbiome composition, such as host genetics, dietary detail, other antibiotic classes and
household or social factors. Existing human evidence on penicillin specifically is limited and does not point consistently to a strong
compositional effect. In a large prescription-linked metagenomic study, penicillin V and extended-spectrum penicillins were associated with
only a few species, whereas clindamycin, fluoroquinolones and flucloxacillin accounted for most of the associations [9]; a prospective
observational study of adults receiving penicillin V for pharyngotonsillitis, which used culture-based faecal sampling of specific bacterial
groups and resistance rather than whole-community metagenomic sequencing, found an increase in ampicillin-resistant Enterobacterales
with limited evidence of a compositional shift [10]; and a small prospective infant cohort showed that a single course of amoxicillin or a
macrolide perturbs the microbiota [11]. Interpretation of the present associations as a direct effect of penicillin is therefore not supported
by the available evidence, and we frame the possible mechanisms as hypotheses that the present design cannot test.

These findings add transparent and reproducible observational evidence on the relationship between the burden of early-life infection
requiring treatment and gut bacterial features at one year. They may be useful for framing and powering future studies of early-life antibiotic
exposure and microbiome development, and for pre-specifying which features are worth re-examining in independent cohorts. They do not,
however, justify any change to antibiotic prescribing, to the management of infections, or to paediatric care. The exposure was reported by
parents, without dose or duration; infection and treatment could not be separated; and the associations are observational. It is also relevant
that, in the same cohort, early-life infections and antibiotic use have shown limited or outcome-specific clinical associations [14, 30].

The strengths of this analysis are its pre-specified statistical analysis plan, the use of an ordinal exposure entered as a single linear trend
term rather than a binary exposure, testing of all 230 publicly released features within a single Benjamini-Hochberg family, a pre-specified
presence/absence model, several pre-specified sensitivity analyses, multiple imputation of the Model 3 covariates, and complete reporting
of all 230 features including null results, from a publicly released dataset that permits reproduction. Several limitations qualify the
interpretation. First, this is a secondary analysis of publicly released processed data; the 230 features are a processed relative-abundance
layer without raw counts, sequencing depth or a phylogenetic tree, and they do not represent the complete gut community. Second, the data
and research content overlap substantially with previous work in the same cohort [5, 19], and in particular the association with C. eutactus
has already been reported there. Third, the exposure is a parent-reported composite measure and may be affected by recall bias; dose and
duration were not recorded, the category boundaries are coarse, and misclassification cannot be excluded. Fourth, infection and actual
antibiotic treatment cannot be distinguished. Fifth, the exposure and the microbiome sampling window overlap in time, so the temporal
ordering of exposure and outcome is not established and reverse causation cannot be excluded. Sixth, residual confounding remains
possible, including by host genetics, dietary detail and antibiotic classes other than penicillin, which were not fully modelled. Seventh,
interpretation is constrained by differing taxonomic levels and by the two unresolved taxa, which cannot be assigned species identities or
functions; the numbers 103 and 284 are internal feature identifiers and carry no taxonomic meaning. Eighth, the complete-case and
multiple-imputation analyses rest on different assumptions: the primary complete-case analysis included 1,023 of the 1,339 eligible
participants, which may introduce selection, while the imputation analysis depends on the missing-at-random assumption and on the
imputation model and generated 21 additional exploratory signals. Finally, we identified no independent external validation; the findings are
limited to the ABIS population and to this published feature layer.

Conclusions
In this secondary analysis of the publicly released ABIS dataset, a higher burden of infections requiring penicillin during the first year of life
was associated with lower abundance values for three of the 230 bacterial features and with a lower probability of detection for two of them
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at approximately one year of age. In the abundance (continuous-value) models, C. eutactus, Saccharimonadia unknown Species 103 and
Intestinimonas unknown Species 284 were all FDR-positive with negative coefficients; in the detection (presence/absence) model, C.
eutactus and Saccharimonadia unknown Species 103 remained FDR-positive whereas Intestinimonas unknown Species 284 did not, and
this feature was also the least stable across the sensitivity analyses. The three features are not taxonomically equivalent, and the finding for
C. eutactus is concordant with an association previously reported in the same cohort [19] and is therefore not independent. These
associations should be understood as signals that require evaluation in independent settings; they do not establish a causal effect of
penicillin, and statistical significance should not be equated with clinical importance.
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Figure 1

Flow of participants from the public ABIS dataset to the primary and sensitivity analyses.

Arrows indicate successive selection steps from the public dataset downwards. Of 1877 children, 149 were excluded because they had no
usable microbiome data (all 230 bacterial features missing; no child had a partially missing microbiome profile). A further 389 children had
microbiome data but no information on penicillin-treated infections (meta_b_42c), leaving 1339 children in the Model 0 eligible set. The 83
children with exposure data but no microbiome data were excluded at the first step, so the two steps do not double-count. The 1339
participants are then analysed along one of two alternative pathways. In the complete-case pathway, 57 participants were excluded for a
missing Model 1 covariate (leaving 1282), a further 159 for a missing Model 2 covariate (leaving 1123), and a further 100 for a missing
Model 3 covariate (leaving 1023); this Model 3 complete-case analysis is the pre-specified primary analysis. In the multiple-imputation
pathway the same 1339 participants are retained and the Model 3 covariates are imputed (m = 20 imputations); the exposure and the
microbiome outcomes were never imputed, and this pathway is a sensitivity analysis only. The two pathways are alternative analyses of the
same participants and are never added together. The unit of analysis is one participant per row; the 230 bacterial features are a separate
dimension, and the same participants contribute to all 230 feature models. Because a participant may be missing more than one covariate,
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per-variable missingness does not sum to the number excluded at each step; variable-level detail is in the missing-data report (Additional
file 1, Table S7).

Figure 2

Association coefficients and statistical significance across 230 bacterial features.

Each point is one of the 230 bacterial features available in the public processed ABIS dataset. The x-axis is the regression coefficient (beta)
for penicillin_trend (0 = 0 episodes, 1 = 1-2 episodes, 2 = >=3 episodes) in the Model 3 complete-case analysis (n = 1023); the y-axis is the
unadjusted P value on a -log10 scale. The model was fitted per feature by ordinary least squares with HC3 heteroskedasticity-robust
standard errors, adjusted for child sex, gestational age, delivery mode, maternal pre-pregnancy BMI, maternal smoking, breastfeeding
duration, maternal education, and ordinal burden scores (0-3) for common cold, gastroenteritis and influenza. Benjamini-Hochberg FDR was
applied once across all 230 features within the Model 3 family; points in red (n = 3) reach q < 0.05. The outcome was the public processed
bacterial-feature value (bac_public) used directly with no further log transformation, so beta is not a log2 fold change and cannot be
converted to a percentage change. This is a coefficient-and-significance plot for a continuous outcome, not a classical differential-
abundance volcano plot.
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Figure 3

Associations between penicillin-treated infection burden and bacterial features at one year.

Points are regression coefficients (beta) and horizontal lines are 95% confidence intervals based on HC3 heteroskedasticity-robust standard
errors, from the pre-specified primary Model 3 complete-case analysis (n = 1,023). Penicillin-treated infection burden was coded as 0, 1 and
2, corresponding to 0, 1-2 and >=3 parent-reported episodes of infection treated with penicillin during the first year. Model 3 included child
sex, gestational age, delivery mode, maternal pre-pregnancy BMI, maternal smoking during pregnancy, exclusive breastfeeding duration,
maternal education, and first-year common cold, gastroenteritis and influenza (ordinal burden scores 0-3). Benjamini-Hochberg false
discovery rate correction was applied once across all 230 bacterial features available in the public processed ABIS dataset, and only
features reaching q < 0.05 are displayed (n = 3). The dashed vertical line marks beta = 0. Beta is the modelled difference in the public
processed feature value per one-step increase in the ordinal infection-burden scale; values were used as released (bac_public) with no
further transformation, so beta is not the effect of one additional infection or penicillin course, cannot be converted to a percentage change,
and no causal effect is implied. Display names omit the bac_ prefix; full identifiers are given in Additional file 1, Tables S1 and S8.
Saccharimonadia unknown Species 103 belongs to the Saccharibacteria/TM7 (Patescibacteria) lineage; the other members of that lineage
in the 230-feature set were directionally consistent but did not pass FDR (TM7x sp. 44: beta = -0.358, q = 0.082), and each feature was
tested as a separate association. The 230 features are those available in the public processed dataset and are not the complete 16S
dataset of the original study.
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Figure 4

Observed bacterial-feature values across penicillin-treated infection-burden groups.

Unadjusted observed means (points) with 95% confidence intervals (error bars) of the public processed bacterial-feature values by
penicillin-treated infection-burden group in the Model 0 sample (n = 1339; 0 episodes n = 837, 1-2 episodes n = 429, >=3 episodes n = 73).
These are descriptive observed values and are not covariate-adjusted Model 3 predictions; the group means must not be interpreted as the
M3 regression coefficients. The x-axis is an ordinal infection-burden classification, not a penicillin dose, a cumulative number of treatment
days, or an equally spaced count of infections; the statistical evidence for a graded association comes from the pre-specified Model 3 trend
model, not from the visual slope across groups. Each panel uses its own y-axis scale, so visual slopes should not be compared between
panels. In the >=3 group, all 73 observed values of Coprococcus eutactus were zero (0 of 73 detected), so under the conventional mean
confidence-interval method used throughout this figure the sample standard deviation, standard error and confidence interval all degenerate
to zero and the interval is displayed as 0 to 0 with zero width. This degenerate interval reflects the observed sample and the method used; it
should not be read as evidence that the population mean is known without uncertainty.
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