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            Abstract
Mucosal immunity develops in the human fetal intestine by 11â€“14 weeks of gestation, yet whether viable microbes exist in utero and interact with the intestinal immune system is unknown. Bacteria-like morphology was identified in pockets of human fetal meconium at mid-gestation by scanning electron microscopy (nâ€‰=â€‰4), and a sparse bacterial signal was detected by 16S rRNA sequencing (nâ€‰=â€‰40 of 50) compared to environmental controls (nâ€‰=â€‰87). Eighteen taxa were enriched in fetal meconium, with Micrococcaceae (nâ€‰=â€‰9) and Lactobacillus (nâ€‰=â€‰6) the most abundant. Fetal intestines dominated by Micrococcaceae exhibited distinct patterns of T cell composition and epithelial transcription. Fetal Micrococcus luteus, isolated only in the presence of monocytes, grew on placental hormones, remained viable within antigen presenting cells, limited inflammation ex vivo and possessed genomic features linked with survival in the fetus. Thus, viable bacteria are highly limited in the fetal intestine at mid-gestation, although strains with immunomodulatory capacity are detected in subsets of specimens.
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                    Fig. 1: Rare bacterial structures in fetal meconium.[image: ]


Fig. 2: Divergent immune cell phenotypes are associated with Micrococcaceae relative enrichment in fetal meconium.[image: ]


Fig. 3: Micrococcus isolate from fetal meconium exhibits adaptation to the fetal environment.[image: ]


Fig. 4: Fetal Micrococcus isolate promotes immunotolerance phenotypes in vitro.[image: ]
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                Data availability


All sequencing data associated with this study have been made publicly available. The 16S rRNA bacterial profiling data generated in this study are available in the EMBLI-EBI European Nucleotide Archive repository accession PRJEB25779 (https://www.ebi.ac.uk/ena). De novo assembled genomes were deposited at DDBJ/ENA/GenBank under accession number VFQL00000000 for Micro36. The genome version described in this paper is version VFQL01000000 for Micro36. Raw sequence reads used for genome assembly were deposited in NCBI Sequence Read Archive under BioProject accession PRJNA498337 for Micro36. RNA sequencing data are available in NCBI under PRJNA506292 accession. All additional datasets and materials are available from the corresponding author upon request; requests are promptly reviewed by the UCSF Office of Technology Management to verify whether the request is subject to any intellectual property or confidentiality obligations. Any data and materials that can be shared will be released via a Material Transfer Agreement. Filtered and unfiltered OTU tables as well as metadata are provided as Supplementary Table 2 to this manuscript. Source data are provided for all figures and extended data.
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Extended data

Extended Data Fig. 1 Low-burden bacterial signal in fetal meconium.
a. Fluorescent in situ hybridization probes targeting eubacteria (EUB) or non-targeting probe (NEUB) in 5 Î¼m cryosections of human fetal (top panel) or murine (bottom panel) terminal ileum at 400x magnification. Arrowheads indicate EUB-positive findings in fetal sections. Scale bar corresponds to 50â€‰mm. Quantification of independent fields of view (FOV) per mm within a representative b. human fetal (nâ€‰=â€‰28) or c. murine (nâ€‰=â€‰13) intestinal segments, where n is an independent segment of the intestine. For a-b, representative images of three fetal specimens and three mice. d. Total 16S copy number per 100â€‰ng gDNA in meconium from mid-section of the fetal small intestine (nâ€‰=â€‰13), fetal kidney (nâ€‰=â€‰11), and procedural (nâ€‰=â€‰11), air (nâ€‰=â€‰8), or blank (nâ€‰=â€‰3) swab was quantified by qPCR of DNA extracts using a standard curve where n represents biologically independent samples; two-sided Satterthwaiteâ€™s method on linear mixed effects model to test for significance. e. Total 16S copy number per gram frozen sample in meconium from proximal (nâ€‰=â€‰12), mid (nâ€‰=â€‰13), and distal (nâ€‰=â€‰13) sections of the fetal small intestine where n represents independent biological samples across the length of the intestine or extraction buffer (nâ€‰=â€‰5, n represents biologically independent samples) was quantified by qPCR of DNA extracts using a standard curve; two-sided Wilcoxon rank sum test for significance compared to buffer control. Boxplots indicate the median (center), the 25th and 75th percentiles, and the smallest and largest values within 1.5â€‰Ã—â€‰the interquartile range (whiskers).

Source data



Extended Data Fig. 2 Depletion of mtDNA by Cas9 does not alter bacterial composition after 30 cycles of amplification.
16S rRNA V4 profiling of a subset (nâ€‰=â€‰10) of banked fetal meconium samples using different library preparation methods: gel extraction and 30 or 35 cycles of amplification, or 30 cycles combined with DASH performed on individual samples (Individual DASH) or on the library pool (Pooled DASH). a. Expansion in Enterobacteriaceae family is detected in 35-cycle amplification method, while small expansion of Pseudomonadaceae is detected post-DASH. Principal coordinates analysis of Bray Curtis distances of libraries using b. 30 cycles of amplification or c. 30 and 35 cycles of amplification, latter to provide an outgroup known to skew bacterial composition. Ellipses indicate 95% confidence intervals. All p-values were calculated using two-sided Satterthwaiteâ€™s method on Linear Mixed Effects (LME) modeling to correct for nâ€‰=â€‰10 paired samples that underwent multiple library preparation methods.

Source data



Extended Data Fig. 3 Sparse bacterial signal distinct from background detected in fetal meconium.
a. Histogram of number of operational taxonomic units (OTUs) per sample detected in fetal meconium from proximal-, mid-, or distal-segments of the small intestine after technical control filtering. b. Principal coordinates analysis (PCoA) of Bray Curtis distances of rareified bacterial profiles of proximal- (nâ€‰=â€‰32), mid- (nâ€‰=â€‰40), and distal- (nâ€‰=â€‰36) sections of the intestine. c. Inter- and intra-sample Bray Curtis distances between indicated comparisons of proximal- (nâ€‰=â€‰32), mid- (nâ€‰=â€‰40), and distal- (nâ€‰=â€‰36) intestinal sections. For a-b, n represents biologically independent fetal samples across the length of the intestine. d. Bacterial abundance ranks in fetal meconium, post-natal meconium, procedural swab, and kidney control. e. Relative abundance of select genera among samples dominated by OTU12, OTU10, or other OTUs. Symbols indicate samples with paired immunological datasets. PCoA of Bray Curtis distances of Lactobacillus-meconium (LM, nâ€‰=â€‰6), Micrococcaceae-meconium (MM, nâ€‰=â€‰9), or Other-meconium (OM, nâ€‰=â€‰25) compared to f. procedural swab (nâ€‰=â€‰14) or g. fetal kidney (nâ€‰=â€‰7) control, where n represents biologically independent fetal samples. h. Normalized read counts for Micrococcocaceae OTU10 in LM (nâ€‰=â€‰6), MM (nâ€‰=â€‰9), OM (nâ€‰=â€‰25), swab (nâ€‰=â€‰14), and fetal kidney (nâ€‰=â€‰7) control samples, where n represents biologically independent fetal samples; samples collected from the same fetus indicated by grey line, when possible. i. PCoA of Bray Curtis distances of unrareified and unfiltered bacterial profiles of meconium (nâ€‰=â€‰138 biologically independent fetal samples across three segments of the intestine) with technical negative controls (nâ€‰=â€‰48 biologically independent samples including extraction buffer, room air swab, pre-moistened swabs). LM (nâ€‰=â€‰6) and MM (nâ€‰=â€‰9) samples identified in later analyses are highlighted; significance was measured using two-sided Satterthwaiteâ€™s method on linear mixed effects model to test for significance and correct for repeated measures in b,h; ANOVA of linear mixed effects model was used to test for significance and correct for repeated measures in i, two-sided t-test was used for c, PERMANOVA was used in f-g. Boxplots indicate the median (center), the 25th and 75th percentiles, and the smallest and largest values within 1.5â€‰Ã—â€‰the interquartile range (whiskers).

Source data



Extended Data Fig. 4 Divergent epithelial transcriptome and lamina propria T cells in samples associated with LM, MM, or OM.
a. Proportion of PLZF+ CD161+ T cells among live, TCRÎ²+, VÎ±7.2âˆ’, CD4+ cells in intestinal lamina propria (LP, nâ€‰=â€‰28), mesenteric lymph node (MLN, nâ€‰=â€‰27), and spleen (SPL, nâ€‰=â€‰10) where n is a biologically independent fetal sample. b. Representative flow plots of mesenteric lymph node (top panel, gating control) or intestinal lamina propria (bottom panel) associated with MM and LM. Experiments were repeated 5 independent times for each LM and MM associated samples with similar results. c. Proportion of PLZF+ CD161+ T cells in intestinal lamina propria paired with LM, MM, or OM (LM-LP, nâ€‰=â€‰5; MM-LP, nâ€‰=â€‰5; OM-LP, nâ€‰=â€‰12) among live, TCRÎ²+, VÎ±7.2âˆ’, CD4+ cells. d. Principal components (PC) analysis of Euclidean distances of top 10,000 variable genes (by coefficient of variation) in LM associated epithelium (LM-E, nâ€‰=â€‰3), MM associated epithelium (MM-E, nâ€‰=â€‰7), or OM associated epithelium (OM-E, nâ€‰=â€‰3) as determined by RNA sequencing where n represents a biologically independent fetal sample. Kruskal-Wallis ANOVA, with Dunnetâ€™s correction for multiple comparisons was used for a, c. PERMANOVA test for significance in d. Each dot represents a biological replicate. Boxplots indicate the median (center), the 25th and 75th percentiles, and the smallest and largest values within 1.5â€‰Ã—â€‰the interquartile range (whiskers).

Source data



Extended Data Fig. 5 Micrococcus fetal isolate exhibits high 16S rRNA V4 sequence identity to fetal meconium OTUs.
Alignment of 16S V4 rRNA gene sequences of Micro36 to OTU10. Percentage indicates identity to representative OTU sequence.


Extended Data Fig. 6 Fetal meconium Micrococcus isolate exhibits adaptation to the fetal environment.
Effects of 10âˆ’5â€‰M progesterone (P4) and 10âˆ’6â€‰M Î²-Estradiol (E2) on the growth a. MicroRef1 or b. MicroRef2 in carbon limiting media or of c. MicroRef1, d. MicroRef2, e. Micro36 with indicated concentrations of P4 and E2 or f. combinations of hormones compared to ethanol vehicle control, in carbon-rich media at 37â€‰Â°C. Representative growth curves of three independent experiments measured by optical density at 600â€‰nm (OD600), error bars denote standard error of the mean (SEM) between three technical experiments. For carbon-rich media conditions, integral of logistic regression model fitting was used to calculate area under the curve (auc) and change with respect to vehicle control is reported as Î”auc. g. Intracellular survival of Micro36 or MicroRef1 or E. coli in RAW264.3 cells. ANOVA of generalized linear model of log(CFUâ€‰+â€‰1) against E. coli for each timepoint was used to calculate significance. Error bars indicate s.e.m. around center mean of nâ€‰=â€‰3 independent cell culture experiments. Growth of indicated strains on media with (â€‰+â€‰) or without (-) gentamicin (10Î¼g mLâˆ’1) following 24-50â€‰hours of intracellular growth in h. RAW264.7 cells or i. primary human fetal intestinal antigen presenting cells.

Source data



Extended Data Fig. 7 Genomic features of fetal Micrococcus isolate.
Alignment of all publicly available Micrococus genomes; single copy Micrococcus genes used for phylogeny (inset) and genes unique to Micro36 isolate are highlighted. Figure was generated using the Anviâ€™o package; each radial layer represents a genome; representative or reference genomes are colored in black indicated with asterisk; inner dendrogram represents hierarchical clustering of amino acid sequences based on their sequence composition and distribution across genomes; genomes are organized based on gene clusters they share using Euclidian distance and Ward ordination; outer ring represents single copy genes predicted using hidden markov model in Anviâ€™o package.


Extended Data Fig. 8 Prevalence of M. luteus in infants and mothers.
a. Percent identity of samples to 16S rRNA gene of Micro36 in three independent infant stool cohorts. Each symbol represents a sample with a positive hit (â€‰>â€‰97% sequence identity); symbol shape indicates cohort. Relative abundance of Micrococcus luteus in metagenomic sequencing cohorts across b. body sites at delivery in mother and infant within four months after birth, or c. in maternal stool around delivery and infant stool within the first three months of life. Metagenomic sequences obtained from two independent studies were classified using a custom kraken2 database including the fetal M. luteus Micro 36 genome. Correlation of gestational age with d. total number of OTUs or e. Micrococcaceae OTU10 count in mid-section meconium samples (nâ€‰=â€‰35 biologically independent fetal specimens) or f. among Micrococcaceae meconium (MM, nâ€‰=â€‰9 biologically independent fetal specimens). Pearsonâ€™s product-moment correlation coefficient and a one-sided t-distribution p-value is reported for d-f.

Source data



Extended Data Fig. 9 Fetal Micrococcus isolate promotes distinct APC and T cell phenotypes.
a. Proportion of live cells after treatment with media (nâ€‰=â€‰9) or Micrococcus (Micro36 nâ€‰=â€‰6, MicroRef1 nâ€‰=â€‰9, MicroRef2 nâ€‰=â€‰3) strains, where n represents biologically independent fetal specimens for the indicated treatment. ANOVA test for significance. b. HLAâˆ’DR+ CD45+ linâˆ’ cells pre- (left) and post- (right) fluorescence activated cell sorting (FACS). c. Proportion of naÃ¯ve (CD45RA+ CCR7+), central memory (TCM, CD45RAâˆ’ CCR7+), and effector memory T cells (TEM, CD45RAâˆ’ CCR7âˆ’) among live, TCRÎ²+, CD4+ cells (left panel) and PLZF and CD161 expression among memory subsets, numbers indicate proportion in TEM (right panel). d. Pre- (left) and post- (right) FACS of effector memory T cells. e. Proportion of PLZF+ T cells or f. left, proportion of CD25hi FoxP3+ regulatory T cells (Tregs) and right, representative flow plots of FoxP3 and CD25 expression among intestinal live, TCRÎ²+, CD4+, VÎ±7.2âˆ’, cells after exposure to splenic APCs pretreated with media or Micrococcus (Micro36, MicroRef1) strains for nâ€‰=â€‰5 biologically independent fetal specimens. Concentration of g. IL-17A, h. IL-17F, i. GM-CSF, j. IL-4, k. IL-10, l. IL-13, m. TNFÎ± in culture supernatants of lamina propria T cell co-cultures with splenic antigen presenting cells pre-exposed to media (nâ€‰=â€‰7) or Micrococcus (Micro36 nâ€‰=â€‰6, MicroRef1 nâ€‰=â€‰7, MicroRef2 nâ€‰=â€‰7) strains, where n represents biologically independent fetal specimens for the indicated treatment. For b-d, f numbers indicate mean proportion and standard error of the mean (s.e.m.) representative of five independent experiments. For e-f, g-m two-sided Satterthwaiteâ€™s method on linear mixed effects model was used to test for significance between strains, controlling for repeated measures of cell donor. Positive LME residuals are plotted for g-m. Each dot represents an independent fetal sample, unless otherwise indicated. Boxplots indicate the median (center), the 25th and 75th percentiles, and the smallest and largest values within 1.5â€‰Ã—â€‰the interquartile range (whiskers).
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