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Abstract 15 

 Background: Neonatal mice are frequently used to model diseases that affect human 16 

infants. Microbial community composition has been shown to impact disease progression in 17 

these models. Despite this, the maturation of the early-life murine microbiome has not been 18 

well-characterized. We address this gap by characterizing the assembly of the bacterial 19 

microbiota of C57BL/6 and BALB/c litters from birth to adulthood across multiple independent 20 

litters. Results: The fecal microbiome of young pups is simple, dominated by only a few 21 

pioneering bacterial taxa. These taxa are present at low levels in the microbiota of multiple 22 

maternal body sites, precluding a clear identification of maternal source. The pup microbiota 23 

begins diversifying after fourteen days, coinciding with the beginning of coprophagy and the 24 

consumption of solid foods. Pup stool bacterial community composition and diversity are not 25 

significantly different from dams from day 21 onwards. Short-read shotgun sequencing-based 26 

metagenomic profiling of young pups enabled the assembly of metagenome-assembled 27 

genomes for strain-level analysis of these pioneer Ligilactobacillus, Streptococcus, and Proteus 28 

species. Conclusions: Assembly of the murine microbiome occurs over the first weeks of 29 

postnatal life and is largely complete by day 21. This detailed view of bacterial community 30 

development across multiple commonly employed mouse strains informs experimental design, 31 

allowing researchers to better target interventions before, during, or after the maturation of the 32 

bacterial microbiota. The source of pioneer bacterial strains appears heterogeneous, as the 33 

most abundant taxa identified in young pup stool were found at low levels across multiple 34 

maternal body sites, suggesting diverse routes for seeding of the murine microbiome.  35 

 36 

Keywords: microbiota, microbiome, mother-infant transmission, development, early-life, 37 

seeding, neonatal, pioneer species  38 
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Background 39 

 40 
Newborn human infants gradually acquire a diverse set of microbes starting at the time of 41 

delivery [1]. The gut microbiota matures over the first years of life and is shaped by the mode of 42 

delivery, nutrition, and exposure to antibiotics [2–4]. Birth mode is the main factor known to 43 

differentiate the gut microbiome immediately after birth, with vaginally born infants exhibiting 44 

microbiomes enriched for Lactobacilli. In contrast, infants delivered by Caesarean section are 45 

colonized by genera such as Staphylococcus and Propionibacterium [5–7]. Delivery mode 46 

continues to affect microbial populations for the first few years of life [3]. The diet also influences 47 

the progression of early life gut microbiome composition. Breast-fed infants have more 48 

Bifidobacterium and Lactobacillus in their gut microbiota compared to formula-fed infants [2, 8]. A 49 

milk-based diet selects for microbes that can digest milk oligosaccharides, and the introduction of 50 

solid foods induces a shift towards microbes that can digest a wider set of macromolecules such 51 

as Bacteroides and Clostridia [2, 9, 10]. Gut microbes change as infants are exposed to a broader 52 

variety of environments, such as exposure to other family members, pets [11], and daycare [12], 53 

but ultimately achieve an adult-like configuration by the age of three [13].  54 

Neonatal mice are widely used as models to study infectious and inflammatory conditions 55 

associated with human infants. Early-life bacterial communities affect the course of various 56 

diseases, including rotavirus [14], Cryptosporidium [15], and Salmonella infections [16], as well 57 

as necrotizing enterocolitis [17]. Previous studies have found that the mouse microbiome 58 

immediately after birth has taxa overlapping with the maternal vaginal microbiome [18], but the 59 

gut microbiota composition rapidly shifts over the first 24 hours of life, likely representing pioneer 60 

microbes that are unable to stably colonize the neonatal gut [19]. At weaning, the pup’s microbial 61 

composition is similar to the fecal microbiota of the dam, as the pups become coprophagic [20, 62 

21]. The source of the full community of pre-weaning neonatal gut microbes remains somewhat 63 
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unclear, although exposure to the microbiota of other maternal body sites, such as the skin, may 64 

contribute to neonatal gut microbe populations in Caesarean-section delivered neonates [22].  65 

To date, the early-life transitions of the murine enteric microbiota through weaning and 66 

into adulthood have not been well-profiled. Without the ability to predict the approximate 67 

complexity or conformation of bacterial communities likely to be present at a given pup age, 68 

optimal experimental design for challenges administered pre-weaning is encumbered. Here, we 69 

characterized the pup microbiota of specific pathogen-free (SPF) litters throughout the first three 70 

weeks of life as well as into adulthood and observed predominantly Ligilactobacillus with some 71 

contributions from Streptococcus and Proteus as dominant early-life microbes in the SPF setting. 72 

After approximately two weeks of life, the mouse microbiota transitioned from a very simple 73 

community to a more complex, adult-like community, associated with the pup’s dietary transition 74 

from breastmilk to chow along with coprophagic behavior. This longitudinal profiling of the early-75 

life microbiota provides an important window into the timing of microbiota maturation as well as 76 

the taxonomic identities of bacteria associated with these transitions. Additionally, short-read 77 

shotgun sequencing-based metagenomic profiling enabled the analysis of strain-level variation of 78 

the early murine microbiome. Together, these analyses provide a comprehensive view of bacterial 79 

microbiome development in the mouse gastrointestinal tract. 80 

  81 
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Methods 82 

Mice 83 

Pregnant dams (E13-E16 on arrival) were purchased from Charles River (BALB/c, strain 84 

#028; C57BL/6, strain #027) and gave birth shortly after arrival at Washington University in Saint 85 

Louis 3-7 days later. Dams were housed under specific pathogen-free conditions with autoclaved 86 

standard chow pellets and water provided ad libitum. Pups were weaned and separated into 87 

cages by sex at postnatal day 21, with no more than 5 mice per cage. Animal protocols 20190162 88 

and 22-0140 were approved by the Washington University Animal Studies Committee.  89 

 90 

Collection of fecal samples from neonates and dams 91 

Samples were collected from neonates beginning shortly after birth until weaning at 92 

postnatal day (P)21, then weekly until 6 weeks old. Fecal samples were collected from dams at 93 

the first sampling of the pups (P4), days later (P7/8), and at weaning (P21). Fecal samples were 94 

harvested into 2 mL tubes (Sarstedt, Nümbrecht, Germany) with 1-mm-diameter zirconia/silica 95 

beads (Biospec, Bartlesville, OK) and stored at −80°C until processing.  96 

 97 

Collection of samples from maternal body sites 98 

Face (both cheeks) and ventral samples were collected by vigorous swabbing of maternal 99 

skin with a sterile swab soaked in lysis buffer (200 mM NaCl, 200 mM Tris, 20 mM EDTA). Swabs 100 

were spun into an Eppendorf tube using Lyse&Spin collection tubes (Qiagen, Hilden, Germany). 101 

Maternal oral and vaginal samples were collected by repeated lavage with PBS (50 L PBS, 4x 102 

washes per site). ‘Sample collection’ negative control swabs and PBS samples were collected 103 

and processed alongside each set of maternal samples.  104 

 105 

16S rRNA gene amplicon sequencing of feces 106 
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DNA was extracted from fecal pellets using phenol:chloroform extraction followed by 107 

clean-up using the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany). Amplicons were 108 

generated using barcoded PCR primers targeting the V4 region of the 16S rRNA gene as 109 

described previously, with 26 cycles of PCR, and purified using Agencourt Ampure XP beads [23]. 110 

Amplicon sequencing of the 16S rRNA gene V4 gene region of the fecal samples generated 8.99 111 

× 106 sequences with a median of 22,153 reads per sample. 112 

 113 

16S rRNA gene amplicon sequencing of maternal body sites 114 

Maternal body site samples were processed in the same manner as fecal pellets, except 115 

30 cycles of PCR were run to amplify the V4 region. Maternal body site samples were pooled and 116 

sequenced separately from fecal samples to ensure adequate sequencing coverage for these 117 

low-biomass sites. Multiplex sequencing was performed on an Illumina MiSeq instrument (bi-118 

directional 250 nucleotide reads) generating 405,014 sequences with a median of 5,410 reads 119 

per sample.  120 

 121 

Quality control of sequencing data from maternal body sites 122 

Maternal body sites harbored substantially lower bacterial biomass than fecal samples 123 

and required more PCR amplification before sequencing, increasing the potential for 124 

contamination during sample collection and processing. A ‘sample processing’ negative control 125 

was included in addition to the previously mentioned ‘sample collection’ negative controls 126 

gathered during maternal sampling. These control samples were sequenced and analyzed in 127 

parallel with body site samples. Read counts for all controls were on average lower than samples, 128 

but many samples from the low biomass sites had read counts equivalent to or below controls 129 

(Fig S1). Face swabs p=0.0144), but not ventral swabs (p=0.0623), had significantly higher read 130 

counts than negative control swab samples. Vaginal and oral samples had significantly higher 131 

read counts than PBS wash controls (p=0.0465 and p=0.0024, respectively). Taxonomic analysis 132 
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of the maternal microbiome was constrained to samples with greater than 1,500 reads, a cutoff 133 

based on read counts of negative controls. 134 

 135 

Quantitative PCR of the 16S rRNA gene 136 

SYBR green-based quantitative PCR of the 16S rRNA gene was performed in duplicate 137 

using 515F (5’- GTGCCAGCMGCCGCGGTAA-3') and 805R (5’-138 

GACTACCAGGGTATCTAATCC-3') primers on phenol:chloroform-extracted DNA from mouse 139 

fecal pellets. Absolute copies were quantified based on a standard curve.  140 

 141 

Processing and analysis of 16S rRNA gene amplicon sequencing data 142 

Sequences were processed using mothur’s MiSeq standard operating procedure [24]. 143 

Raw fastq files were demultiplexed and quality filtered. Chimeras were identified using mothur’s 144 

implementation of VSEARCH[25] and removed. Sequences were classified using the RDP 145 

reference taxonomy database (version 16) and sequences identified as mitochondria or 146 

chloroplast were removed. Linear discriminant analysis Effect Size (LEfSe) analysis was used to 147 

determine discriminatory taxa between age groups [26]; an LDA effect size of 4.0 was used as 148 

the cutoff for reported taxa. 149 

 150 

Short-read shotgun sequencing of fecal gDNA  151 

Seven sequencing libraries were generated from gDNA previously extracted from pup 152 

feces using the Nextera DNA Library Prep Kit (Illumina, San Diego, CA) and barcoded primers. 153 

Samples were selected based on the abundance of bacterial taxa identified via amplicon 154 

sequencing; selected samples were enriched for dominant early-life taxa from BALB/c and 155 

C57BL/6 pups across multiple litters. Libraries were sequenced on an Illumina MiSeq instrument 156 

[bi-directional 150 nucleotide reads; 3.45 × 106 ± 1.53 × 106 reads/sample (minimum of 157 
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1.20 × 106 reads)]. Sequences were adapter and quality trimmed using TrimGalore (v. 0.6.8 dev) 158 

[27] and cutadapt (v. 2.10) [28]. Quality control was performed using FastQC (v. 0.11.9) [29].  159 

 160 

Generation and classification of metagenome-assembled genomes 161 

Metagenome-Assembled Genomes (MAGs) were generated using MEGAHIT (v. 1.2.9) 162 

[30] and binned using anvi’o interactive software (v. 7.1) [31]. Bins were generated based on 163 

both sequence composition and coverage statistics – contigs arising from the same genome 164 

have similar sequence compositions and their coverage covaries across samples based on 165 

organismal abundance. Taxonomy was assigned to reads using Centrifuge (v. 1.0.4) against the 166 

NCBI nucleotide reference database [32]. Reads were mapped to contigs using bowtie (v. 2.3.5) 167 

[32], allowing taxonomy to be assigned to contigs and bins. Genome completeness and 168 

redundancy were calculated for each bin within anvi’o [31]. 169 

 170 

Annotating viruses and plasmids in metagenomic assemblies 171 

 VirSorter2 (v. 2.2.4) was used to identify viruses in all contigs generated in the 172 

previously described metagenomic assemblies. PhaTYP  [33]  and PhaGCN [34] were used to 173 

generate lifestyle and taxonomic predictions, respectively, for the identified viruses. Mmseqs2 174 

was subsequently used to search non-redundant nucleotide sequences from the gut phage 175 

database (GPD) and identified 22 phages with E-value  4.09 x 10-4 [35, 36]. Metadata 176 

associated with these hits were used as a secondary source of information regarding the 177 

taxonomic identity of phages and their bacterial hosts. Plasmer (downloaded September 20, 178 

2023) [37, 38], a random forest classifier trained on k-mer frequencies and other genomic 179 

features, was employed to identify contigs of plasmid origin.    180 
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Results 181 

The simple early-life mouse microbiota begins diversifying around postnatal day 15 182 

To characterize the maturation of the mouse microbiome throughout development, we 183 

obtained pregnant C57BL/6 and BALB/c dams from Charles River and characterized the bacterial 184 

composition of their litters from neonates to adulthood using amplicon sequencing of the v4 region 185 

of the16S rRNA gene. Taxonomic classification of fecal samples collected from pups revealed 186 

age- and litter-specific differences in the gut microbiota (Fig 1A, Fig S2). Early in life (P4-P14), 187 

the neonatal microbiota was generally dominated by Ligilactobacillus with a small proportion of 188 

Streptococcus, with one litter exhibiting a robust representation of Proteus. Around P15, those 189 

dominant taxa decreased and Bacteroidetes prevalence increased. LEfSe analysis, performed to 190 

identify differentially abundant taxa before and after P14, indicated that Firmicutes, primarily 191 

Ligilactobacillus and Streptococcus, were discriminatory for P10-P14 samples (Fig S3). In 192 

contrast, Bacteroidetes, primarily Muribaculaceae and Bacteroides, and Clostridia, primarily 193 

Lachnospiraceae, were discriminatory for P15-P20 samples. Lactobacillus, which is closely 194 

related to Ligilactobacillus, was differentially abundant in older pups (Fig S3).  195 

 Microbiota alpha diversity was calculated using the Shannon diversity index of sequences 196 

clustered into operational taxonomic units (OTUs) (Fig 1B, Fig S4A). Diversity was low until P14, 197 

then increased until the age of weaning and remained stable through sampling at 6 weeks, at 198 

which time it was comparable to the diversity of the dam’s fecal microbiota.  The average Shannon 199 

diversity of P10-P14 samples (mean Shannon diversity ± SD = 0.57 ± 0.32, n=56) was significantly 200 

lower than P15-P20 samples (mean Shannon diversity ± SD 2.35 ± 0.70, n=27; Mann-Whitney p-201 

value < 0.0001). Analysis of Faith’s phylogenetic diversity, calculated based on the phylogeny of 202 

amplicon sequence variants (ASVs), showed low initial diversity which increased at P15 through 203 

weaning and then stabilized (Fig 1C, S4B). Measurement of absolute 16S rRNA gene levels in 204 

stool samples by quantitative PCR indicated that absolute bacterial loads were lower in early life 205 
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compared to adult samples (Fig 1D, S4C). These data support that the early-life bacterial 206 

microbiota has relatively low diversity and begins diversifying with associated compositional shifts 207 

around 15 days of life before stabilizing around the time of weaning.    208 
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 209 
 210 
Figure 1: The early-life fecal microbiota begins diversifying at postnatal day 15.  211 

(A) Taxonomic classification of stool samples collected from neonates sequenced at the 16S 212 

rRNA gene V4 region. Genera represented at greater than 5% abundance in at least one sample 213 

are shown. Each bar represents the average abundance of taxa from all samples collected from 214 

pups from the litter for a given time point; the n above each bar indicates the number of samples 215 

collected for that time point. Color families show phyla-level assignments – blue for Bacteroidetes, 216 

orange for Deferribacteres, red for Firmicutes, green for Proteobacteria, and yellow for 217 

Verrucomicrobia; grey includes phyla present at less than 5% abundance in all samples. (B) 218 

Shannon diversity calculated based on operational taxonomic unit (OTU) clustering. (C) Faith’s 219 

phylogenetic diversity was calculated based on the phylogeny of amplicon sequence variants 220 

(ASVs). (D) 16S rRNA gene copies per fecal pellet, detected by qPCR.  Medians are indicated by 221 

a horizontal line. Results were compared by the Kruskal-Wallis test with Dunn’s test for multiple 222 

comparisons. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns = not significant; n =12 – 57, 223 

representing samples from mice combined across four litters from two genotypes as in A within 224 

indicated age ranges. 225 

  226 
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 227 

Pup fecal bacterial community structure shifts with age and shares features with dam fecal 228 

microbiota 229 

We assessed bacterial community structure by clustering OTUs and comparing 230 

longitudinal samples within a litter based on the Yue-Clayton theta similarity index, which 231 

considers both OTU presence/absence and relative abundance. Age was a key driver of 232 

community structure changes as revealed by principal coordinate analysis (PCoA) for each litter, 233 

with samples from pups younger than P15 (P  14) clustering together before shifting to an 234 

intermediate configuration (P15-P21) and finally to an adult-like community (Fig 2A). The P21 235 

pup stool bacterial community was not significantly different from that of the dams in three of the 236 

four litters when pairwise PERMANOVA was applied to theta distances across age groups (Fig 237 

2A, Table S1A). Clustering all the samples together revealed a similar pattern but with distinctions 238 

in community structure between different litters (Fig 2B). We next compared the similarity 239 

between neonates of different ages to the community of their dam versus other dams. Similarity 240 

to the dam was lowest at early time points and rose as pups aged to P15 (Fig 2C). Samples from 241 

pups collected after P15 showed significantly more similarity to their dam than to other dams, 242 

whereas early-life samples did not exhibit this pattern (Fig 2C). These observations were also 243 

evident when samples were clustered based on the Jaccard similarity index, which only considers 244 

the presence or absence of OTUs (Fig S5A-C, Table S1B). These data demonstrate that pups 245 

begin to acquire an adult-like bacterial community beginning around P15, after which the structure 246 

of their microbiota coalesces towards their dam’s fecal microbiota.  247 
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 248 
Figure 2: Pup fecal bacterial community structure shifts with age and shares features with 249 
dam fecal microbiota. 250 
(A) Stool samples were clustered by litter using principal coordinate analysis (PCoA) based on 251 

theta similarity coefficients. Each point represents a single stool sample, colored according to 252 

age. Samples clustered together have a more similar community structure. (B) All stool samples 253 

were clustered using PCoA based on theta similarity coefficients. Each box represents the 254 

average of all stool samples taken at a given age for that litter, with the number indicating the 255 

postnatal day on which the samples were collected, with lines connecting subsequent times. (C) 256 

Theta similarity of samples of the indicated pup age compared to dam samples collected at the 257 

age of pup weaning. Samples from each litter were compared either to their dam or to other dams. 258 

Means are indicated by the top of the bars. Results were compared by the Kruskal-Wallis test. *** 259 

p < 0.001, **** p < 0.0001, ns = not significant; n =19-168 pup-dam pairs per group. 260 

  261 
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Maternal body sites harbor distinct microbial populations from fecal samples 262 

As the early-life microbiota was quite distinct from the dam fecal microbiota, we asked 263 

whether the neonatal microbiome was sourced from other body sites of the dam, as has been 264 

seen for humans [1, 7]. To characterize the composition of these bacterial communities, we 265 

collected skin swabs (face and ventral) and oral and vaginal washes from the dam shortly after 266 

birth and again at pup weaning and sequenced the 16S rRNA V4 gene region, as well as negative 267 

controls. While most of the low biomass body site samples exhibited greater read-depth than 268 

controls, some samples were excluded from further analysis based on read-depth below 1500 269 

(Fig S1). Sequencing of negative control samples revealed “kitome” contaminants, including 270 

Pseudomonadaceae, Moraxellaceae, and Comamonadaceae, among others [39] (Fig S6). 271 

Taxonomic classification of maternal samples showed that samples were generally dominated by 272 

Firmicutes, with skin sites having a high representation of Staphylococcaceae, Lachnospiraceae, 273 

and Streptococcaceae, oral samples abundant in Staphylococcaceae and Streptococcaceae, and 274 

vaginal samples dominated by Staphylococcaceae, Morganellaceae (Proteus), or mixed 275 

populations (Fig 3A). Oral and vaginal samples were significantly less diverse than maternal stool 276 

samples (p=0.0037 and p=0.0312, respectively) (Fig 3B). Analysis of bacterial community 277 

structure by PCoA of theta similarity showed that fecal samples generally clustered separately 278 

from other maternal body sites, but the remaining sites did not cluster by sample type (Fig 3C). 279 

Overall, this data indicates that there may be substantial overlap in the taxonomic composition of 280 

skin, oral, and vaginal taxa of SPF mice, but that these are taxonomically distinct from the enteric 281 

microbiome. 282 

Dominant early-life taxa are rare but present, in maternal samples  283 

To identify early-life microbes which may be sourced from maternal body sites, we 284 

identified ASVs prevalent in pups younger than P10. Across all litters, six ASVs were dominant in 285 

early life – one classified as Ligilactobacillus (ASV01), one as Proteus (ASV02), one as 286 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 15, 2025. ; https://doi.org/10.1101/2025.01.14.633035doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.14.633035
http://creativecommons.org/licenses/by-nc-nd/4.0/


Staphylococcus (ASV48), and three as Streptococcus (ASV14, ASV18, ASV65). We assessed 287 

the abundance of these ASVs in all maternal samples (Fig 3D, S7). ASV01 and ASV02, the most 288 

prevalent in pup fecal samples, were generally rare in all maternal body sites. ASV14, present at 289 

lower levels in pup samples, was prevalent in maternal skin and oral samples. Based upon the 290 

low-level presence of these ASVs in all maternal sites sampled, a clear maternal source for the 291 

pioneering microbes that predominate in early-life fecal samples did not emerge.   292 

  293 
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 294 

Figure 3: Maternal body site microbiota samples do not cluster by site. 295 

(A) Taxonomic classification of maternal body-site samples. Genera represented at greater than 296 

5% abundance in at least one sample are shown. Read counts are displayed above each sample; 297 

only maternal samples with greater than 1500 reads were used for analysis. (B) Shannon diversity 298 

of maternal body-site samples. Means are indicated by the thick horizontal crossbar and error 299 

bars indicate the standard error of the mean. Results were compared by the Kruskal-Wallis test 300 

with Dunn’s test for multiple comparisons. * p < 0.05, ** p < 0.01, ns = not significant; n = 6 – 12, 301 

representing samples from mice combined across four litters from two genotypes. (C) Maternal 302 
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body site samples clustered using principal coordinate analysis based on theta similarity 303 

coefficients. Numbers within points indicate the age of pups at the time of sampling. (D) Heatmap 304 

of mean relative abundance at maternal body sites of the six ASVs present at greater than 5% 305 

relative abundance in the stool of at least one pup up to P10. n = 2-20 samples.  306 
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Limited strain-level variance detected in the early pup microbiome  307 

 To further resolve the pioneering microbes of the murine neonatal microbiota, we 308 

performed shotgun metagenomic sequencing on samples enriched for dominant Ligilactobacillus 309 

or Proteus OTUs (Table S2, sequenced samples labeled with dots in Figure S2). Metagenome-310 

Assembled Genomes (MAGs) were generated using MEGAHIT [30] and binned using anvi’o [31] 311 

(Table S3). Taxonomy was assigned to reads using Centrifuge [32], and then reads were mapped 312 

to contigs using bowtie [32], permitting taxonomy assignment to contigs and bins. Three large 313 

bins were generated corresponding to Proteus mirabilis [100% completion, 0% redundancy], 314 

Streptococcus haloterans [97.2% completion, 4.2% redundancy], and Ligilactobacillus murinus 315 

[98.6% completion, 1.4% redundancy], validating genus and species assignments generated from 316 

the 16S rRNA gene V4 sequencing. Taxonomic assignments for remaining bins included contigs 317 

assigned to Enterococcus, Leuconostoc, Lactobacillus, Lactococcus, and multiple Streptococcus 318 

species, eukaryotes, viruses, and mobile genetic elements. Bacterial 16S rRNA gene sequences 319 

were recovered from three MAGs – the Ligilactobacillus murinus bin contained a match to ASV01, 320 

the Proteus mirabilis bin matched ASV02, and a MAG predicted to be from Streptococcus 321 

danieliae contained a match to ASV18 (Table S3).  322 

Strain level diversity was characterized using StrainGST and StrainGR within the StrainGE 323 

analysis toolkit (v 1.3.3) [40]. All complete NCBI genomes within Streptococcus, Proteus, 324 

Ligilactobacillus, Enterococcus, Leuconostoc, Lactobacillus, and Lactococcus were downloaded 325 

and used to build a StrainGST database [41]. Within this subset of samples, these were the top 326 

genera identified by 16S rRNA V4 or shotgun metagenomic sequencing and had multiple 327 

sequences assigned to them in the previously described analyses. Ligilactobacillus 328 

murinus ASF361 was the reference strain identified as the best hit across all samples (Fig 4A; 329 

~99.94% nucleotide similarity to reference). Comparison of strains between samples using 330 

StrainGR found that when detected there is no significant difference in the genomes of 331 
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Ligilactobacillus murinus collected from Bl/6 or BALB/c mice, or from different mice in different 332 

litters (Fig 4B). There were two strains of Proteus mirabilis (N18-00201 and swupm1) that were 333 

identified as being highly similar when reads were searched against the StrainGST database. 334 

These strains were both identified within individual samples and were collapsed to just Proteus 335 

mirabilis swupm1 as the best representative (Fig 4B; ~99.62% nucleotide identity). This 336 

suggested that there was a single strain of Proteus mirabilis across all samples tested that shared 337 

a high level of similarity with both the N18-00201 and swupm1 reference genomes. There was no 338 

significant difference in the genomes of Proteus mirabilis collected across mouse lines or litters 339 

(Fig 4C).  Although a MAG was generated for Streptococcus haloterans, no confident strain 340 

assignments were generated for any Streptococcus, which was present at low relative abundance 341 

across all samples and showed evidence of multiple species being present in the MAG data. 342 

  343 
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 344 

 345 
Figure 4: Limited strain-level diversity detected in the early pup microbiome  346 
 347 
(A) Percent of nucleotide identity shared between strains of Ligilactobacillus murinus and 348 
Proteus mirabilis identified in seven shotgun-sequenced mouse samples and their most closely 349 
related NCBI genomes, L. murinus ASF361 and Proteus mirabilis swupm1, respectively, as 350 
determined by StrainGST. Sample names indicate mouse strain, litter, pup age in days, and 351 
sample number, separated by dots. (B) Heatmap colors indicate pairwise nucleotide identity 352 
between L. murinus strains identified in each of the seven mouse samples as determined by 353 
StrainGR. The cladogram was calculated using Euclidean distance. (C) Heatmap colors indicate 354 
pairwise nucleotide identity between P. mirabilis strains identified in each of the seven mouse 355 
samples as determined by StrainGR. The cladogram was calculated using Euclidean distance. 356 
 357 

  358 
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Viruses and plasmids identified in the early pup microbiome 359 

Although minimal variation in bacterial strains was observed across individual mice, 360 

mouse strains, or litters, we sought to evaluate other potential sources of genomic variation by 361 

examining flexible genomic regions including viruses and plasmids. During binning, one bin was 362 

generated containing a single contig that was an exact match to a known Streptococcus phage. 363 

We next performed a detailed search for viruses present in the early stages of murine microbiome 364 

development, identifying 31 viral-like regions across four bacterial MAGs using VirSorter2 365 

[42](Table S4). Predicted viral regions covered from 0.14% to 5.55% of the length of these four 366 

MAGs (Table S3). While predicted viruses ranged in length from 1,094 bp to 94,000 bp, with 26 367 

covering over 80% of the length of the contig they were identified in, they tended to be short with 368 

a median length of 3,307 bp and 21 < 5,000 bp. VirSorter2 identified 24 as dsDNA phages and 7 369 

as ssDNA viruses. We next sought to characterize this collection of viruses, while recognizing 370 

that their short, fragmented, nature may hinder bioinformatic predictions. Ten of these viruses 371 

were predicted to be temperate, while six were predicted to be virulent, and the remainder were 372 

filtered or did not receive a lifestyle prediction from PhaTYP [33] (Table S4). Five viral regions 373 

received confident taxonomic predictions from PhaGCN and were assigned to four viral families: 374 

Drexlerviridae (2), Peduoviridae (1), Casjensviridae (1), and Straboviridae (1) [34]. We 375 

subsequently used mmseqs2 to search a database of non-redundant nucleotide sequences 376 

compiled from the gut phage database (GPD) and identified 22 phages with E-value  4.09 x 10-377 

4 [35, 36]. Seven additional viral sequences from our dataset were assigned putative taxonomic 378 

predictions as Siphoviridae (4), Myoviridae (2), and Podoviridae (1) based on the metadata 379 

associated with their top hit in the GPD. The thirteen GPD representatives with associated host 380 

range information generally matched the taxonomy of the MAG where the virus was binned (11 381 

matched genus, 1 matched family, and 1 matched order). The median abundance of viral contigs 382 

(transcripts per million) was not significantly elevated relative to other contigs in the bin within any 383 
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of the samples (Mann–Whitney U-test followed by Bonferroni correction) (Table S4). Similarly, 384 

the number of reads mapping within integrated prophages, defined as viral regions that covered 385 

less than 80% of their assembled contig (minimum contig length of 3,000bp), were not significantly 386 

different than those mapping to the contig outside of the prophage region. This suggests that the 387 

phages identified by VirSorter occur with similar copy numbers to their bacterial host genome, 388 

suggesting they are lysogenic.  389 

During binning with anvi’o, four contigs were predicted to be plasmids from Enterococcus 390 

(1 contig), Proteus (2 contigs), or Staphylococcus (1 contig) based on their similarity to plasmid 391 

sequences in the NCBI nucleotide database and differential clustering compared to the dominant 392 

bacterial bins (Table S3). This encouraged the bioinformatic prediction of plasmid sequences in 393 

our dataset that may not have been binned separately from their host genomes due to limited 394 

variation in sequence composition and coverage across samples. We applied Plasmer [37] to our 395 

assembled contigs and identified 25 plasmid-like contigs that ranged in length from 1,013 bp to 396 

8,057 bp, sixteen of which were found in non-mammalian bins (Table S5). Plasmer not only 397 

confirmed that the four contigs identified during binning originated from plasmids, but also 398 

resolved their predicted taxonomic origin (Enterococcus faecalis, Proteus mirabilis, and 399 

Staphylococcus aureus). Plasmer additionally identified plasmids that were predicted to originate 400 

from Ligilactobacillus murinus and Streptococcus, suggesting that predominant taxa of early 401 

microbiome development have associated plasmids.  402 

  403 
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Discussion  404 

In this work, we closely characterized the development of the murine gut microbiota over 405 

the first weeks of life. The early-life microbiota is extremely simple, consisting of primarily 406 

Ligilactobacillus, Proteus, and Streptococcus. These taxa are rare in maternal fecal samples and 407 

body sites, so selection for these taxa likely occurs in the neonatal gut after exposure to these 408 

microbes from the dam or other untested sites such as breastmilk or bedding. Around P15, the 409 

gut microbiota begins to increase in diversity and shifts dramatically in composition, with 410 

Bacteroidetes, including Bacteroides, as well as a more diverse set of Firmicutes replacing the 411 

dominant early-life taxa. By the age of weaning at P21, diversity has stabilized, and the pups have 412 

acquired a microbial community that most closely resembles their dam. The in-depth longitudinal 413 

characterization of the early-life bacterial microbiota performed here demonstrates the notable 414 

shifts during microbiota maturation that occur pre-weaning and provides a framework to explore 415 

phenotypes affected by neonatal microbiota.  416 

The simplistic bacterial communities common in neonatal mice are in line with studies 417 

demonstrating that human infant gut microbiota is low diversity and becomes more complex over 418 

the first years of life [3, 13]. The dominance by Ligilactobacillus (a newly described genus, 419 

previously included in the Lactobacillus genus) [43] in some ways mimics features seen in human 420 

infant microbiotas. Lactobacillus colonizes vaginally-born infants at many body sites (including 421 

skin, oral cavity, and nose), consistent with exposure to the mother’s vaginal microbiota, which is 422 

often dominated by Lactobacilli, particularly in pregnant women [44]. Lactobacillus is also 423 

enriched in breast-fed infants [2, 8, 45], in part because this taxon is present in human breast milk 424 

[46]. Additionally, Lactobacillus species identified in these previous human studies may have 425 

since been reclassified as Ligilactobacillus [43]. However, human infants are typically colonized 426 

by Bifidobacteria [2, 45], a taxon that was not present in the neonatal mouse samples, consistent 427 

with previous studies [47]. As colonization with Bifidobacterium species in infancy is thought to 428 
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play an important role in human health [48], this represents a key distinction between the microbial 429 

communities of neonatal mice and humans.  430 

The dramatic increase in diversity and shift in microbial community structure that occurs 431 

at P15 in neonatal mice is consistent with the age at which pups shift from a breastmilk-exclusive 432 

diet and begin eating solid food [49]. This is a gradual process wherein the proportion of breastmilk 433 

in the diet decreases until weaning when the pups shift exclusively to solid food [50] and is 434 

accompanied by changes in intestinal gene expression related to the metabolism of dietary 435 

macromolecules and immune responses [51–53]. The change in nutrient availability allows for 436 

colonization by a diverse set of microbes – however, the diet is not the only selective factor, as a 437 

neonatal microbial community can stably colonize germ-free mice even when they are fed a solid 438 

food diet [54, 55]. This is also the period in which pups begin to exhibit coprophagy, allowing the 439 

transfer of fecal microbes directly from the dam to neonates [56]. This fecal-oral transfer of 440 

microbes likely explains why microbial populations in mice most closely resemble their nursing 441 

dam [20, 21].  442 

Our analysis did not provide a clear origin of early-life microbes, as the microbes dominant 443 

in the neonatal gut were rare at all sites tested. Low levels of microbes from these maternal body 444 

sites may seed the neonates, which then expand in the neonatal gut [57]. However, it is also 445 

possible that other sources of microbes, such as breastmilk [58], may seed the neonatal gut. 446 

Strain-level resolution of the microbes present at these sites could suggest a most likely origin for 447 

the neonatal microbiota. 448 

Exposure to the gut microbiota in early life is extremely important for later-life health, and 449 

disruption of the neonatal microbiota can lead to long-lasting metabolic and immune dysfunction 450 

[59, 60]. This work closely characterizes the development of the murine gut microbiota over the 451 

first weeks of life, providing a detailed understanding of the specific bacterial taxa present at 452 

different developmental time points in this important model organism, highly relevant for the study 453 

of early-life challenges and exposures.   454 
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Conclusions 455 

 The murine bacterial microbiota begins as a simple community dominated by a handful of 456 

pioneering, milk-associated, taxa. There is not a single source for these bacteria; they are found 457 

at low levels at multiple maternal body sites. After 14 days of postnatal life, the gut bacterial 458 

community of pups rapidly changes, becoming significantly more diverse and similar to their dam 459 

– this process is largely complete by day 21. This developmental process is an important 460 

determinant of host health and alterations of this program have been implicated in disease 461 

processes. Future studies attempting to modulate this period of maturation will be greatly informed 462 

by our detailed analysis of the process across multiple mouse strains and litters. 463 

 464 
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