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ABSTRACT

Mice are frequently used as animal models for mechanistic studies of infection and obstetrical
disease, yet characterization of the murine microbiota during pregnancy is lacking. The objective
of this study was to therefore characterize the microbiotas of distinct body sites of the pregnant
mouse that harbor microorganisms that could potentially invade the murine amniotic cavity
leading to adverse pregnancy outcomes: vagina, oral cavity, intestine, and lung. The microbiotas
of these body sites were characterized through anoxic, hypoxic, and oxic culture, as well as
through 16S rRNA gene sequencing. With the exception of the vagina, the cultured microbiotas
of each body site varied with atmosphere, with the greatest diversity in the cultured microbiota
appearing under anoxic conditions. Only cultures of the vagina were able to recapitulate the
microbiota observed from direct DNA sequencing of body site samples, primarily due to the
dominance of two Rodentibacter strains. Identified as R. pneumotropicus and R. heylii, these
isolates exhibited dominance patterns similar to those of Lactobacillus crispatus and L. iners in
the human vagina. Whole genome sequencing of these Rodentibacter strains revealed shared
genomic features, including the ability to degrade glycogen, an abundant polysaccharide in the
vagina. In summary, we report body site specific microbiotas in the pregnant mouse with
potential ecological parallels to those of humans. Importantly, our findings indicate that the
vaginal microbiota of pregnant mice can be readily cultured, suggesting that mock vaginal
microbiotas can be tractably generated and maintained for experimental manipulation in future

mechanistic studies of host vaginal-microbiome interactions.
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IMPORTANCE

Mice are widely utilized as animal models of obstetrical complications; however, the
characterization of the murine microbiota has been neglected during pregnancy. Microorganisms
from the vagina, oral cavity, intestine, and lung have been found in the intra-amniotic space,
where their presence threatens the progression of gestation. Herein, we characterize the
microbiotas of pregnant mice and establish the appropriateness of culture in capturing the
microbiota at each site. The high relative abundance of Rodentibacter observed in the vagina is
similar to that of Lactobacillus in humans, suggesting potential ecological parallels. Importantly,
we report that the vaginal microbiota of the pregnant mouse can be readily cultured under
hypoxic conditions, demonstrating that mock microbial communities can be utilized to test the
potential ecological parallels between microbiotas in human and murine pregnancy, and to
evaluate the relevance of the structure of these microbiotas for adverse pregnancy outcomes,

especially intra-amniotic infection and spontaneous preterm birth.

KEY WORDS: pregnancy, mouse model, microbiome, Rodentibacter, oral cavity, lung,

intestine, vagina
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82 INTRODUCTION
83 Ethical and practical limitations on experimentation with humans are barriers to fully
84  understanding the role of the microbiome in human health and disease. To overcome these
85  limitations, researchers often perform experiments with in vitro cell culture models or in vivo
86 animal models, presuming that these models accurately reflect host-microbiome dynamics in
87  humans. In particular, the laboratory mouse is widely used for in vivo experimentation evaluating
88  microbial causes of disease (1, 2). The mouse model has several benefits. First, of the available
89 mammalian models, mice are relatively inexpensive to maintain and easy to manipulate
90 experimentally. They can be housed in controlled environments, including environments that are
91  germ-free, thereby reducing the impact of potential confounding variables on the microbiota and
92  experimental outcomes related to health and disease. However, the mouse model is often used
93  without consideration of the differences between the microbiotas of mice and humans or the
94  potential differential impacts of the microbiota on health and disease in the two species (1, 3, 4).
95  Specifically, experimental mouse studies often include the introduction of a human-specific
96  microorganism into the mouse’s microbiota or the transplantation of an entire body site-specific
97  human microbiota into the mouse. A limitation of these studies is a lack of knowledge of a
98 mouse’s typical microbiota, making experimentally induced changes in the microbiota hard to
99 interpret. This is further exacerbated by studies operating under the assumption that the human
100  microbiota can be equivalently recreated within the mouse model or that interactions between the
101  human microbiota and a mouse are the same as those between the human microbiota and a
102  human (2). However, if parallels between the microbial ecology of human and mouse body site-
103  specific microbiotas can be identified, and if mouse microbiotas can be tractably constituted

104  through culture, manipulated in a targeted way, and reintroduced to the mouse, then focusing on
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105 the mouse microbiota in investigations of mouse models of health and disease may be as or more
106  fruitful than focusing on the human microbiota.

107 The intestinal microbiota of the mouse has been intensively studied and characterized (5-
108  20). However, the microbiotas of the mouse oral cavity, lung, and vagina have received much
109 less attention (Supplemental Tables 1-3), and only a select few studies have simultaneously
110  characterized the microbiotas of multiple body sites in the mouse (5, 18, 21). This gap in
111  knowledge is particularly apparent in studies of the mouse microbiota during pregnancy. The
112  mouse has been widely used to investigate pregnancy complications, including perinatal
113 infection and spontaneous preterm birth (22-38); yet, aside from the intestinal microbiota (15, 17,
114 39), the microbiota of the mouse in the context of pregnancy has been largely overlooked (Table
115 1). Given the widely reported associations between the human vaginal microbiota and pregnancy
116  complications, such as intra-amniotic infection (40-43) and spontaneous preterm birth (36, 44-
117  58), the baseline vaginal microbiota in the pregnant mouse should be thoroughly investigated and
118  characterized. This is critical because the human vaginal microbiota is unique — humans are the
119  only mammal known to have vaginal microbiotas that are often dominated by just a single
120  bacterial species (i.e., one of four Lactobacillus spp.: principally L. crispatus or L. iners, and
121 secondarily L. gasseri or L. jensenii) (59-61), and these microbiotas have been characterized into
122  readily distinguishable vaginal community state types (CSTs) (62). These Lactobacillus-
123 dominant CSTs (CSTs I-11l, and V) are generally perceived as being conducive to reproductive
124  health. Conversely, the relationship between human reproductive health and the non-
125  Lactobacillus-dominant, and thus species rich and diverse, CST IV is more ambiguous (45, 55-
126 57, 63-65). This disparity in health outcome potentially related to the structure of the vaginal

127  microbiota is highlighted by the observation that women who do not have a Lactobacillus-
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128  dominant vaginal microbiota prior to or during early pregnancy typically transition to a vaginal
129  microbiota of Lactobacillus-dominance as gestation progresses (50, 51, 66), suggesting that
130 pregnancy entails selective pressures for Lactobacillus-dominance in the vaginal
131  microenvironment. Therefore, it is important to know if the vaginal microbiota of the mouse has
132  similar or ecologically parallel characteristics to those of the human vagina microbiota given the
133  propensity for the use of the mouse model in studies of pregnancy, intrauterine infection, and
134 spontaneous preterm birth.

135 The microbiota of the oral cavity, lung, and intestine can also influence human pregnancy
136  outcomes. Several studies have detected microorganisms from the oral cavity of pregnant
137  women, especially Fusobacterium nucleatum, in the amniotic cavity, which is presumably due to
138 hematogenous transfer and can result in stillbirth or spontaneous preterm birth (67, 68).
139  Mycoplasma pneumoniae and Mycobacterium tuberculosis, bacteria known to colonize the
140  human lung, have also been implicated in human intra-amniotic infection (69, 70). Additionally,
141  Streptococcus agalactiae is a commensal bacterium in the human intestine and vagina, however,
142  colonization of the neonate by this bacterium during delivery can cause adverse neonatal
143 outcomes such as sepsis (71-73). Given the potential for pregnancy complications caused in part
144 by microorganisms from the oral cavity, lung, intestine, and vagina in humans, understanding the
145  structure of these murine microbiotas during gestation is required if the mouse is to be
146  effectively used as a model for investigating the role of the microbiota in obstetrical
147  complications.

148 The objectives of this study were therefore to characterize the microbiotas of the oral
149  cavity, lung, intestine, and vagina of the pregnant mouse using anoxic, hypoxic and oxic culture,

150 as well as 16S rRNA gene sequencing, and to compare and contrast the effectiveness of these
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151  different microbiological approaches for characterizing the mouse microbiota (Figure 1). We
152  found variation by atmosphere in the composition of microorganisms cultured, with a greater
153  diversity of bacteria recovered under anoxic conditions. However, it was the profiles of bacterial
154  communities cultured under hypoxic and oxic conditions that best matched the structure of the
155  16S rRNA gene profiles of sampled body sites. Each body site had a unique microbiota; yet,
156  multiple taxa were shared across body sites, suggesting a degree of interconnectedness among
157  the microbiotas at these sites. Notably, potentially analogous to the human vaginal microbiota,
158  the microbiota of the pregnant mouse vagina clustered into community state types (CSTs) based
159  primarily on the dominance of two congeners, Rodentibacter pneumotropicus and R. heylii.
160  Whole genome sequencing of cultured isolates of these two Rodentibacter species revealed
161  genes associated with the utilization of glycogen, the predominant carbohydrate in the vagina.
162  Importantly, the profiles of bacterial communities cultured from the vagina overlapped tightly
163  with the 16S rRNA gene profiles of this body site. Therefore, culture can be used to accurately
164  characterize the microbiota of the pregnant mouse vagina, and such can be successfully cultured
165 and maintained in the laboratory and tractably manipulated for experimental in vivo studies of
166  the vaginal microbiota and its role in pregnancy complications.

167
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168 RESULTS

169 Influence of atmosphere and body site on the microbiota cultured from the oral cavity, lung,
170 intestine, and vagina

171  Alpha diversity

172 Alpha diversity (i.e., the diversity within a single community) of the cultured microbiota varied
173 by atmosphere (i.e., anoxic, hypoxic, oxic conditions) in all body sites except the vagina (Figure
174  2A-D). In general, the cultured microbiota under anoxic conditions were more diverse than the
175  cultured microbiota under hypoxic and oxic conditions; this observation was most pronounced
176  for the cultured intestinal microbiota (Figure 2C). After bioinformatically pooling the cultured
177  microbiota data from all atmospheres for each individual mouse by body site, variation in
178  microbiota alpha diversity was clear among the four body sites (Figure 2E). The cultured
179 intestinal microbiota was consistently the most diverse, while the cultured vaginal microbiota
180  was consistently the least diverse (Figure 2E).

181  Beta diversity

182  Beta diversity (i.e., the diversity between two communities) of the cultured microbiota varied in
183  composition and structure by both body site and atmosphere (Table 2, Figure 3A-B,
184  Supplemental Table 4-6). Although atmosphere was a global driver of variation of the cultured
185 microbiota, when the data for each body site were assessed separately by atmosphere
186  (Supplemental Figures 1-4), variation in microbiota composition and structure was not
187  observed for the lung or vagina (Supplemental Table 5; Supplemental Figures 2 and 4).
188  Notably, mouse identity contributed to variation of the bacteria cultured from the vagina but not
189  to that of the bacteria cultured from the three other body sites. Additionally, vaginal samples

190 appeared to cluster into six distinct groups based on the most abundant cultured taxa
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191  (Supplemental Figure 4C), suggesting the existence of vaginal community state types in the
192  mouse. After bioinformatically pooling the culture data from all atmospheres by body site for
193  each mouse, mouse identity and body site were identified as primary drivers of variation in the
194  cultured microbiota (Figure 3), suggesting that the different atmospheres may have masked the
195 influence of mouse identity in the previous analyses (Table 3).

196 Influence of atmosphere, controlled for body site, on the cultured microbiota

197  Oral cavity microbiota preferentially recovered under different atmospheres

198  Under anoxic conditions, cultures of oral cavity microbiota appeared to cluster based on the
199 relative abundance of either 1) Lactobacillus (Amplicon Sequence Variant 3 or ASV 3),
200  Muribacter muris (ASV 4), and Streptococcus (ASV 32), or 2) Rodentibacter (ASV 2) and
201  Staphylococcus (ASV 17) (Supplemental Figure 1C). This was contrasted with the cultures
202  recovered under hypoxic and oxic conditions, which were consistently dominated by Muribacter
203  muris, Rodentibacter, and Staphylococcus (Supplemental Figure 1C). Two LEfSe analyses
204  were performed, one that was not restricted to a particular taxonomic classification level (i.e.,
205 hierarchical analysis) and one that was restricted to the level of ASV. Hierarchical LEfSe
206  analysis revealed preferential recovery of bacteria from the phylum Firmicutes under anoxic
207  conditions, specifically of the genera Enterococcus, Lactobacillus, and Streptococcus
208  (Supplemental Figure 1D), while members of the phyla Proteobacteria and Actinobacteria were
209  preferentially recovered under oxic conditions, including the genera Rodentibacter and Rothia.
210  Specific ASVs of each of these genera were identified in the ASV-level analysis (Supplemental
211  Figure 5A) and included prominent ASVs 2, 3, 15, 79, from 4 of the genera identified in the
212  hierarchical analysis (Supplemental Figure 1D).

213 Intestinal microbiota preferentially recovered under different atmospheres

10
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214  The microbiota cultured from the intestine under anoxic conditions were characterized by high
215  relative abundances of several Bacteroides and Lactobacillus ASVs, as well as low relative
216  abundances of Bifidobacterium and Parasutterella ASVs (Supplemental Figure 3C).
217  Hierarchical LEfSe analysis revealed a large number of taxa that were cultured preferentially
218 under anoxic conditions compared to the other atmospheric conditions (Supplemental Figure
219  3D). Notably, the phyla Bacteroidetes and Actinobacteria were heavily represented, as well as
220  members of Firmicutes, especially Lachnospiraceae and Oscillospiraceae, and to a lesser extent
221  members of the phyla “Desulfobacterota phyl. nov.” (74) (originally classified under the delta
222  subdivision of Proteobacteria) and Verrucomicrobia. At the genus level, 13 genera were
223  preferentially recovered in culture under anoxic conditions, including Akkermansia, Bacteroides,
224  Bifidobacterium, Colidextribacter, Coriobacteriaceae UCG-002, Desulfovibrio, Enterorhabdus,
225  Faecalibaculum, Parasutterella, Lachnoclostridium, Lachnospiraceae UCG-006, Muribaculum,
226  and Rikenella. Staphylococcus was the only genus that was preferentially recovered under oxic
227  conditions, and no genera were preferentially recovered under hypoxic conditions
228  (Supplemental Figure 3D). The trends in the hierarchical analysis were consistent with those in
229 the analysis restricted to the ASV-level. With respect to the intestine, 18 ASVs were
230  preferentially recovered under anoxic conditions, including Akkermansia muciniphila, multiple
231  Bacteroides ASVs, Bifidobacterium, Lactobacillus, and Parasutterella (Supplemental Figure
232  5C). Bacteroides and Lactobacillus were also recovered in culture under hypoxic and oxic
233  atmospheric conditions, but Bifidobacterium and Parasutterella were not (Supplemental Figure
234 3C). Rodentibacter and Staphylococcus ASVs constituted a large proportion of the cultures
235  obtained under hypoxic and oxic conditions, yet they were not recovered under anoxic conditions

236  (Supplemental Figure 3C). The ASV-only analysis identified only one feature as discriminant

11
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237  of oxic and hypoxic cultures, a Staphylococcus (ASV 17) and Bacteroides acidifaciens (ASV
238  26), respectively (Supplemental Figure 5C).

239  Lung and vaginal microbiota preferentially recovered under different atmospheres

240  The profiles of microbiota cultured from the lung and vagina were not affected by atmosphere
241  (Supplemental Figures 2, 4). However, LEfSe analysis identified Streptococcus (ASV 32) and
242  Bacteroides sartorii (ASV 28) as being preferentially recovered under anoxic conditions from
243  the lung (Supplemental Figure 5B). No taxa or ASVs were identified as being differentially
244 recovered based on atmospheric conditions from the vagina.

245  Influence of body site, controlled for atmosphere, on the cultured microbiota

246  Between the four body sites, there were a total of 33 prominent ASVs (defined as having an
247  average relative abundance > 1% in at least one body site and atmosphere combination)
248  (Supplemental Figures 1C-4C). Five ASVs were prominent among all four body sites
249  (Supplemental Table 7). These five ASVs were classified as Rodentibacter (ASVs 2 and 5),
250 Lactobacillus (ASV 3), Staphylococcus (ASV 17), and Rothia nasimurium (ASV 79). Twenty of
251  the 33 ASVs were prominent in only one body site, typically either the intestine or lung, and
252  limited to one or two samples at high relative abundance or multiple samples at a low relative
253 abundance (Supplemental Table 8).

254 Rodentibacter was cultured from nearly all vaginal samples and at high relative
255 abundance, yet the presence and abundance of the two Rodentibacter ASVs differed among
256  vaginal samples. Specifically, in most mice, only one of the two Rodentibacter ASVs were
257  abundant (Supplemental Figure 4C). In a minority of mice, both Rodentibacter ASVs were

258  abundant. This contrasted with cultures from the other body sites, in which ASV 5 was much less

12
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259  common and ASV 2 was limited to recovery under hypoxic or oxic conditions, except in a few
260  oral samples (Supplemental Figures 1C-4C).

261 The prominent Lactobacillus (ASV 3) was cultured from most intestinal and lung
262  samples regardless of atmosphere, exclusively under anoxic conditions from most of the oral
263  samples and was highly abundant in only a single vaginal sample (the only vaginal sample
264  without Rodentibacter). Staphylococcus (ASV 17) was commonly cultured from oral and
265 intestinal samples but only rarely from lung samples. In the vagina, Staphylococcus (ASV 17)
266  was exclusively cultured from samples that had an abundance of Rodentibacter ASV 5; it was
267  only detected alongside Rodentibacter ASV 2 when ASV 5 was also abundant.

268 After bioinformatically pooling the culture data from each atmosphere by body site for
269  each mouse, 21 ASVs were prominent in at least one body site (Figure 3C). Three ASVs were
270  prominent among all four body sites, with the Rodentibacter ASVs 2 and 5 having the greatest
271  average relative abundance in vaginal cultures (36.1% and 33.2%, respectively), and ASV 3
272  (Lactobacillus) having the greatest average relative abundance in lung cultures (24.1%). Ten of
273  these 21 ASVs were prominent in only one body site, with six being prominent only in intestinal
274 cultures. Only one of the 21 prominent ASVs was exclusive to a single body site; ASV 106, an
275 unclassified Actinobacteria, was unique to the lung.

276 LEfSe analysis revealed many taxa that were cultured preferentially from the intestine
277  (Figure 3D). Specifically, members of the phyla Bacteroidetes and Firmicutes were
278  preferentially recovered in the intestine (Figure 3D). At the genus level, 6 genera were
279  preferentially recovered in cultures of the intestine, including Bacteroides, Bifidobacterium,
280  Coriobacteriaceae UCG-002, Faecalibaculum, Parasutterella, and Lachnospiraceae UCG-006.

281 Members of the Phylum Actinobacteria and genera Escherichia/Shigella, Lactobacillus,

13
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282  Muribacter, and Rothia were preferentially recovered from the lung. Enterococcus,
283  Streptococcus, and Gemella were preferentially recovered from the oral cavity, while
284  Rodentibacter was preferentially recovered from the vagina (Figure 3D).

285  Cultured microbiota contrasted with molecular characterizations of the same samples

286  Alpha diversity varied similarly for molecular profiles as was observed in the cultured
287  microbiota. Variation was observed in both richness (Chaol, Friedman’s test: F = 16.91, p <
288 0.001) and evenness (Shannon and Inverse Simpson, Friedman’s test: F = 16.91, p < 0.001)
289  between the oral cavity, intestine, and vagina. Pairwise comparisons revealed the intestine was
290  more diverse than both the oral cavity (Wilcoxon singed rank tests for all three indices: W = 66,
291 p < 0.001) and vagina (Wilcoxon singed rank tests for all three indices: W = 66, p < 0.001),
292  while the oral cavity and vagina were not (Wilcoxon singed rank test: Chaol, W = 18, p = 0.206;
293  Shannon, W =40, p = 0.577; Inverse Simpson, W = 31, p = 0.898). The low alpha diversities
294  were largely due to high relative abundances of Streptococcus danieliae (ASV1) and
295 Rodentibacter (ASV 2 and 5) observed in the oral cavity and vagina, respectively (Figure 4A).
296 In total, cultured surveys accounted for 411 ASVs contrasted with 751 ASVs in
297  molecular surveys (Supplemental Table 9). Remarkably, only 339 ASVs were detected in both
298  datasets, however both datasets had numerous ASVs not observed in the opposing dataset. For
299  each body site, more ASVs were detected in molecular surveys than culture surveys except for
300 the lung (Supplemental Table 9). Of the prominent ASVs among both datasets (ASVs with an
301 average relative abundance > 1% in at least one body site from culture or molecular samples),
302 most ASVs were detected in both datasets overall, over 90% (46/51), and at least half were
303  observed in both culture and molecular datasets at each body site (Figures 4A). Only 3 of the 39

304  prominent molecular ASVs were not detected in culture surveys (Figure 4B). Two of these were
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305 only prominent in the lung, while the third, ASV 22 was prominent in the lung and intestine, and
306  was detected in the intestine of all 11 mice. Of the 21 ASVs prominent in the cultured bacterial
307  profiles (Figure 4A), 11 were detected in all four body sites via molecular surveys while only
308 two were not detected in any body site (ASV 106 and 123). Despite sharing a majority of
309 prominent ASVs, correlations between culture and molecular profiles were only observed among
310 the intestine and vagina (Table 4), likely due to the overlap of prominent ASVs and the
311  dominance of Rodentibacter ASVs in the vagina.

312  Comparative genomics of the two predominant vaginal bacteria

313  The distinct distribution and relative abundance patterns of ASV 2 and ASV 5 in the bacterial
314  profiles of vaginal samples warranted further investigation of their genomic potential. ASV 2,
315 identified as Rodentibacter pneumotropicus by 16S rRNA gene BLAST (75) analysis of
316  sequenced isolates, and ASV 5, identified as Rodentibacter heylii, were submitted for whole
317 genome sequencing to assess how the genomic and functional features of these two distinct
318 Rodentibacter isolates might explain their distribution and abundance patterns in the murine
319 vagina. The assembled genomes of both isolates were incorporated into a phylogenomic analysis
320 of Rodentibacter type strains (Figure 5A), as well as all available Rodentibacter spp. genomes
321  (Figure 5B). The genomes of the ASV 2 and ASV 5 isolates clustered as expected, based on the
322  16S rRNA gene analysis, with the genomes of their conspecifics, and a summary of the general
323  genomic features of the isolates and two additional strains is provided in Supplemental Table
324 10.

325 Of the 2,384 genes present in the ASV 2 genome, 1,505 could be confidently assigned to
326 a KEGG molecular network (76). The most represented categories were genetic information

327  processing, environmental information processing, and carbohydrate metabolism (Figure 5C).
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328  Analysis of complete pathways for carbohydrate degradation indicated that ASV 2 has the
329  capacity to utilize glycogen and 12 sugars: 2-deoxy-alpha-D-ribose-1-phosphate, D-arabinose,
330 fructose, fucose, galactose, glucose, D-mannose, melibiose, ribose, trehalose, xylose and nine-
331  carbon keto sugars (sialic acids N-Acetylneuraminate and N-acetylmannosamine). The genomic
332  potential of ASV 2 was compared to that of 16 other reported Rodentibacter pneumotropicus
333  strains for which published genomes were available. The published strains contained 1,565 core
334  genes that were also present in ASV 2. Based on Prokka annotation of genomes (77), the
335 pangenome of the 17 strains consisted of 4,389 genes, with each strain containing an average of
336 2,178 genes. Notably, ASV 2 contained the most genes (2,321) among these strains, followed by
337  R. pneumotropicus strain Ac84 (2,311). Compared to the other R. pneumotropicus genomes, the
338 genome of ASV 2 contained 83 unique genes, of which 81 are hypothetical proteins. The two
339  unique genes with annotated functions were identified as DNA (cytosine-5-)-methyltransferase
340 (ydiO) and serine/threonine-protein phosphatase 1 (pphA). An additional 25 annotated genes
341  were unique to ASV 2 and its most phylogenetically similar strain P441, including a secretory
342  immunoglobulin A-binding protein (esiB), bifunctional polymyxin resistance protein (arnA), and
343 lipooligosaccharide biosynthesis protein lex-1 (lex1).

344 For the R. heylii isolate ASV 5, 1,537 of 2,474 genes were confidently assigned to a
345 KEGG molecular network (76), and as with ASV 2, genetic information processing,
346  environmental information processing, and carbohydrate metabolism were the most represented
347  categories (Figure 5). Complete pathways for carbohydrate degradation were very similar to
348  those for ASV 2, including glycogen metabolism, with the exception that ASV 5 is not able to
349  degrade 2-deoxy-alpha-D-ribose-1-phosphate, and it is able to degrade both L- and D- arabinose

350 isomers, whereas ASV 2 can only utilize D-arabinose. The previously published genomes of 7 R.
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351  heylii strains have a core genome of 1,649 genes, of which 1,644 were present in the genome of
352 ASV 5. The 5 missing genes included two hypothetical proteins, Lipopolysaccharide export
353  system permease protein LptG (IptG), a duplicate outer membrane protein A (ompA), and a
354  duplicate Anthranilate synthase component 2 (trpG). Compared to the other R. heylii genomes,
355 ASV 5 contained 182 unique genes, of which 155 were hypothetical proteins. Notable genes
356  unique to ASV 5 include mRNA interferase toxin RelE (relE), a duplicate Lysozyme RrrD
357  (rrrD), very short patch repair protein (vsr), Enterobactin exporter EntS (entS), a duplicate
358  Endoribonuclease ToxN (toxN) found in only one other strain, and Colicin V secretion protein
359  CvaA (cvaA). A unique feature of the genome of ASV 5 compared to those of other published R.
360 heylii strains is the presence of genes from the Isr operon, which regulates the autoinducer-2
361 quorum sensing pathway, suggesting that this strain may exhibit quorum-sensing, which may
362  partially contribute to the distinct community structures observed in the present study.

363 Several differences in metabolic pathways were evident between the genomes of ASVs 2
364 and 5. As facultative anaerobes, the genomes of ASVs 2 and 5 encode genes for fermentation;
365  however, only ASV 2 has the necessary alcohol dehydrogenase gene, adhE, for metabolizing
366  ethanol. Other features unique to ASV 2 include metabolism of nucleotide monophosphates, the
367 amino acids alanine and proline, and the reduction of glutathione. Notably, ASV 2 is missing
368  several enzymes involved in the TCA cycle including citrate synthase; conversely, ASV 5 is not.
369  However, this observation was not unique to ASV 2, as these enzymes are also missing from the
370  other published R. pneumotropicus genomes. Collectively, they encode for and use citrate lyase
371 as an alternative route for citrate degradation. Pathway features that are present in ASV 5 and yet
372  missing in ASV 2 include lysine decarboxylase (needed for the biosynthesis of cadaverine),

373  prepilin peptidase (involved in pilus formation), nitrite reductase (involved in denitrification),
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374  UDP-glucose:undecaprenyl-phosphate glucose-1-phosphate transferase (involved in colanic acid
375 synthesis), and several enzymes necessary for the biosynthesis of the sialic acid CMP-N-
376  acetylneuraminate. One interesting metabolic difference between the two ASVs is that ASV 5
377  contains three genes for the degradation of glycogen whereas ASV 2 only contains one. Also,
378  ASV 5 contains a suite of tight adherence protein genes (tadB and tadD-G) and several, but not
379 all, genes necessary for operation of the type IV secretion system; virB2 and virB7 were not
380 identified in the genome. Lastly, although the genomes of both isolates contain the gene
381 encoding the LuxS protein (a metabolic protein also utilized in quorum sensing), only isolate
382  ASV 5 carries the necessary downstream genes for quorum-sensing, suggesting a substantial
383  ecological distinction between the two isolates.

384 Shared features of the genomes of both isolates involved in interacting with the
385  extracellular environment include genes for the sec-SRP and tat export pathways, lap adhesins,
386  type VI secretion system, and the metabolism of urea. Also, although the genome of ASV 2 does
387  not have a putative prepilin peptidase gene, both isolates contain multiple genes involved in pilus
388  formation. While both isolates share several notable functions associated with interacting and
389  persisting in the environment, ASV 5 has a greater capacity to interact with the environment. The
390  more robust genome of ASV 5 and the differences in metabolism warrant further exploration, as
391 do the number of hypothetical proteins observed in the genomes of both species. Detailed
392  experimental studies may elucidate the mechanisms underlying the distinct colonization patterns
393  we observe in the mouse vagina, especially in the context of ASV 5’s apparent unique quorum-
394  sensing ability.

395
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396 DISCUSSION

397  Principal findings of the current study

398  Preferential recovery of cultured microbiota was observed between anoxic, hypoxic, and oxic
399  atmospheres with greater diversity of bacteria recovered under anaerobic conditions for each
400 body site except for the vagina. Diversity of cultured microbiota varied by body site with the
401 intestine having the greatest and the vagina having the lowest bacterial diversity. While some
402  variation was evident between the cultured microbiota and molecular surveys for each body site,
403  there was a strong positive correlation between the cultured microbiota and molecular profiles of
404  the vagina. Bacterial profiles of the vagina were dominated by one or two distinct Rodentibacter
405  strains (ASVs 2 and 5) using both culture and molecular approaches, indicating that the culture
406  approaches employed herein accurately captured the vaginal microbiota. Whole genome
407  sequencing of these Rodentibacter strains identified many shared genomic features, including the
408 ability to metabolize glycogen, yet there were also strain-specific features, most notably a suite
409  of quorum sensing genes exclusively observed in the ASV 5 strain.

410  Impacts of atmosphere on the cultured microbiota of the mouse

411  Bacteria are capable of growth and reproduction in a variety of atmospheric conditions but are
412  often broadly categorized by their ability or lack thereof to utilize Oz as a terminal electron
413  acceptor during aerobic respiration under oxic conditions (78, 79). Notably, most of the body
414  sites that are the focus of this study are typically low in O2 concentration compared to ambient
415 atmospheres and are thus often considered anaerobic environments (7). However, these sites
416  exhibit an Oz gradient, as O diffuses out from the host tissues into the mucus layer and the
417  tissue-microbiota interface (79). It has therefore been suggested that microbial culture at low

418 level O2 concentrations (i.e., hypoxic atmospheric conditions) will facilitate the growth of
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419  bacteria present at this interface which are able to grow but are typically outcompeted by other
420  bacteria at lower (anoxic) or higher (oxic) oxygen concentrations (i.e., the atmospheric
421  conditions most frequently used for microbial culture) (79).

422 In the current study, anaerobic culture yielded the greatest diversity of bacteria for the
423  intestine, lung, and oral cavity, but not for the vagina. This may suggest a bias of culturing
424  anaerobic bacteria from the intestine, lung, and oral cavity or merely a greater capacity for
425  anaerobic bacteria from these sites to grow under laboratory conditions. Regardless, the low
426  degree of correlation between the culture and molecular profiles of the microbiotas in the oral
427  cavity indicate that the culture methods used in this study were not sufficient for capturing the
428  breadth of bacteria present in this body site. Notably, however, the cultured and molecular
429  surveyed microbiotas of the vagina were largely congruent, especially when culture was
430 performed under hypoxic conditions. This leads to two important conclusions. First, when
431  culturing the vaginal microbiota of the pregnant mouse, culture under hypoxic conditions alone
432  appears sufficient for capturing its members — oxic and anoxic cultures would only need to be
433  performed if specific hypotheses about the microbiota and vaginal oxygen levels were being
434 investigated. Second, the current study demonstrates that the vaginal microbiota of the pregnant
435 mouse can be reliably captured through laboratory culture and thus it is feasible and tractable to
436  generate culture libraries that can be used for in vitro and in vivo manipulative experimentation
437  of the vaginal microbiota and/or intra-amniotic infection in murine animal models of pregnancy
438  complications.

439  Prior reports of the oral cavity, lung, and vaginal microbiotas of non-pregnant mice

440  The microbiotas of body sites other than the intestine in laboratory mice have been only

441 infrequently characterized by 16S rRNA gene sequencing. Studies characterizing the microbiotas
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442  of the oral cavity, lung, or vagina of normal non-pregnant mice are identified and summarized in
443  Supplemental Tables 1-3.

444 Most studies characterizing the microbiota of the murine oral cavity have focused on a
445  single mouse strain (i.e., C57BL/6) (Supplemental Table 1). The genera within the oral
446  microbiota often differed between studies, suggesting that environment plays a large role in the
447  composition of the oral microbiota. This was demonstrated explicitly when the oral microbiota of
448  mice from different laboratories were compared (80). Of the relatively abundant genera in the
449  oral cavity, Lactobacillus, Staphylococcus, and Streptococcus were observed in multiple studies
450  (80-83). Notably, no studies have characterized the oral microbiota of mice using culture.

451 The microbiota of the murine lung has been characterized through several studies
452  comparing the microbiota of diseased or treatment groups to that of control mice, as opposed to
453  strictly descriptive studies of control or healthy mice (Supplemental Table 2). Little overlap of
454  abundant genera has been observed among studies. In fact, one study acquired mice from two
455  different breeding facilities, characterized the microbiota of the lung, and found that there were
456  no core bacteria common to all mice and not a single bacterium was shared between the majority
457  of mice (84). Yet, the authors did observe convergence of the lung microbiota of mice acquired
458  from different facilities after a week of cohabitation, suggesting that the lung microbiota is
459  dynamic and largely influenced by housing and social environments. Despite the pronounced
460 role of the environment on the lung microbiota, several bacterial genera were relatively abundant
461  in multiple studies: Streptococcus, Lactobacillus, Pseudomonas, and Staphylococcus (5, 84-87).
462  Two studies of the lung microbiota have utilized culture alongside molecular approaches. In the

463  first, only one bacterium was recovered, Micrococcus luteus, and only from culture (5). In the
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464  second, Stenotrophomonas and Ochrobactrum were detected in both culture and molecular
465  surveys of the lung (88).

466 Studies characterizing the vaginal microbiota of mice have also varied in the abundant
467  genera observed, however, like the microbiotas of both the murine oral cavity and lung, members
468 of Lactobacillus, Staphylococcus, and Streptococcus were observed in multiple studies
469  (Supplemental Table 3). Two studies have each observed mice with similar vaginal microbiotas
470 that could be clustered into at least two Community State Types (CSTs). In the first study,
471  vaginal microbiota samples could be clustered into two CSTs based largely on the relative
472  abundance of Streptococcus (>50% in one group and < 10% in the other) (5). The second study
473 included five vaginal CSTs which were defined by varying relative abundances of
474  Staphylococcus, Enterococcus, Lactobacillus, and multiple lower abundance taxa (89). Although
475  no study has characterized the vaginal microbiota in mice using both culture and molecular
476  methods, two older studies did perform culture-based characterization of the vaginal microbiota
477 in mice (90, 91). Both studies cultured members of Streptococcus, Staphylococcus, and
478  Lactobacillus; one also consistently recovered Corynebacterium and Actinomyces (90), and the
479  other recovered members of the Enterobacteriaceae and Bacteroidaceae families (91).

480  Prior reports of the oral cavity, lung, intestinal, and vaginal microbiotas of pregnant mice
481  Excluding our current and prior study (21), the data of which overlap, the mouse intestinal
482  microbiota during pregnancy has been characterized six times, and the vaginal microbiota has
483  been characterized twice (Table 1). Among the studies that characterized the intestinal
484  microbiota of pregnant mice (Table 1), approximately 18 bacterial taxa were observed at high

485  relative abundances. The following taxa were observed at high relative abundances in multiple
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486  studies: S24-7, Allobaculum, Bacteroides, Bifidobacterium, Candidatus Athromitus,
487  Clostridiales, Lactobacillus, and Lachnospiraceae.

488 The two prior studies which characterized the vaginal microbiota of pregnant mice also
489  simultaneously characterized that of the intestine (92, 93). In the first study, researchers
490 investigated the effect of stress on these microbiotas and subsequent downstream effects on the
491  microbial colonization of newborn mice. 16S rRNA gene sequencing was performed on maternal
492  fecal samples collected daily and on vaginal fluid collected on embryonic day 7.5 (92). The
493  bacterial taxa that were relatively abundant in the fecal samples included Sutterella, Prevotella,
494  S24-7, Bacteroides, Odoribacter, Desulfovibrionaceae, Lachnospiraceae, Ruminococcaceae, and
495  Oscillospira. The alpha diversity of the maternal intestinal microbiota decreased early in
496  pregnancy and the composition of the microbiota differed between early and late pregnancy. The
497  vaginal microbiota of the pregnant control mice at 7.5 days gestation were mainly composed of
498  Clostridiales, Aggregatibacter, Lachnospiraceae, Prevotella, Helicobacter, and S24-7.

499 In the second study, researchers evaluated the fetal compartments of mice for evidence of
500 in utero bacterial colonization and characterized maternal intestinal and vaginal microbiotas to
501 assess the source of any potential bacterial signals detected in the fetus (93). Samples from the
502 maternal stool were relatively abundant in Candidatus Arthromitus, S24-7, and Lactobacillus,
503  while the vaginal samples were predominantly composed of Kurthia gibsonii.

504 In the current study, similar to prior studies (Table 1), we observed high relative
505 abundances of Muribaculaceae (i.e., S24-7), Bacteroides, Bifidobacterium, Desulfovibrionaceae,
506 Lactobacillus, and Lachnospiraceae in the intestinal microbiota of the pregnant mouse (Figure
507  4). Yet, our findings for the vaginal microbiota were distinct. We found the vaginal microbiota of

508 pregnant mice to be dominated by Rodentibacter, Helicobacter, and Lactobacillus (Figure 4).
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509 The differences between the microbiota observed by Jasarevi¢ et al. (92) and those described in
510  current study could be due to the gestational age at time of sampling. In the former, samples of
511 the vaginal microbiota were taken during early gestation, embryonic day 7.5 (E7.5) whereas in
512  the present study they were taken at late gestation (E17.5), which may suggest a shift in the
513  vaginal microbiota that occurs between early and late gestation. In Younge et al. (93), vaginal
514  samples were collected at one of three timepoints (E14-16, E17-18, E19-20) between mid to late
515  gestation, however only two mice were sampled per group. The vaginal microbiota of the earlier
516  timepoint consisted primarily of Candidatus Arthromitus and S24-7, which was similar to what
517 was observed in the stool samples from those same mice. At the latter two timepoints, the
518 wvaginal microbiota were distinct from maternal stool with low diversity and high relative
519 abundance of Kurthia gibsonii. Although no Kurthia sequences were detected in the current
520 study, the low diversity observed in both studies suggests that the murine vaginal
521  microenvironment changes during pregnancy and is permissive to the dominance of certain
522  bacteria in the vagina.

523  Bacterial Community State Types (CSTs) of the mouse vagina

524  In a previous study, five Community State Types (CSTs) were suggested for the non-pregnant
525  mouse vagina (89). The authors described these as being dominated by Staphylococcus and/or
526  Enterococcus, Lactobacillus, or a mixed population of bacteria. While these bacteria were also
527  detected in our study of pregnant mice, aside from Lactobacillus, they were not observed at high
528 relative abundances, suggesting a potential shift in the vaginal microbiota of non-pregnant mice
529  upon becoming pregnant. In our study, we almost exclusively observed a vaginal microbiota
530 dominated by one or two distinct Rodentibacter strains that were widespread among the mice.

531  These dominant strains/ASVs potentially mirror the dominance of Lactobacillus crispatus and L.
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532 iners in prominent CSTs of the human vagina (62), suggesting the vagina of the pregnant mouse
533  may represent a similar but unique ecological niche conducive to the proliferation of only a few
534  dominant bacteria. This is especially interesting considering that during human pregnancy the
535 wvaginal microbiota typically shifts even more dramatically to a Lactobacillus-dominant
536 community, especially later in gestation, and for those women who had non-Lactobacillus-
537  dominant communities before pregnancy (66).

538 Novel insights into Rodentibacter strains in the pregnant mouse vagina

539  The assembled genomes for cultured isolates of Rodentibacter ASVs 2 and 5 are representative
540 of R. pneumotropicus and R. heylii, respectively (Figure 5). It is unclear if these strains are
541  uniquely adapted to murine vaginal microenvironments in general, or if this phenomenon is
542  limited to pregnant mice, or even potentially pregnant mice in the specific animal housing
543  facility under investigation here. Notably, this may be a general phenomenon as Jasarevic et al.
544 (94) recently found Pasteurella pneumotropica to be abundant in the vagina of mice after
545  pregnancy. In 2017, P. pneumotropica was reclassified to the genus Rodentibacter (94),
546 indicating that this observation of Rodentibacter dominance is not exclusive to our animal
547  facility.

548 The functional potential of both species suggests a wide range of metabolic capabilities
549 like the ability to process various sugar sources, which may partially explain why both isolates
550  were detected in multiple body sites of the mouse. Additionally, the genomes of both isolates
551 indicate these strains can utilize glycogen which is a primary carbon source in the vagina (95).
552  The larger genome size of ASV 5 and the greater number genes encoding of glycogen

553  degradation enzymes may provide a more robust capacity to colonize and persist in the vaginal
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554  microenvironment and may partially explain why other ASVs co-occurred less frequently in
555  ASV 5-dominant vaginal samples than in ASV 2-dominant samples.

556 The relationship of these two Rodentibacter isolates and their murine host appears highly
557  similar to the relationship between Lactobacillus crispatus and L. iners and their human host.
558  First, members of both genera are capable of inhabiting multiple body sites of their hosts (96-
559  101). Second, the highest relative abundance among the populated body sites in both hosts is
560  within the vagina, wherein relative abundances can exceed 90% of the sequenced microbiota (50,
561 59, 62, 66). Third, both isolates have the genomic capacity to degrade glycogen, which is a
562  predominant carbon source in the mammalian vagina and is associated with the abundance of
563 Lactobacillus in the human vagina (60, 102). Although Rodentibacter dominance in the pregnant
564 mouse vagina has not been previously documented, this microbiota has been understudied
565 (Table 1). It is possible that a low diversity microbiota dominated by Rodentibacter is evidence
566 of a shift in vaginal microbiota structure during pregnancy in the mouse. In humans,
567  Lactobacillus-dominance during normal pregnancy is common and associated with healthy term
568  gestations, whereas more diverse vaginal microbiotas are less common among pregnant women
569 and have been associated with adverse pregnancy outcomes (60, 66). The Rodentibacter-
570 dominant vaginal microbiotas observed in this study may represent a similar transition in mice.
571  Specifically, the vaginal microbiotas of mice may be typically more diverse, akin to CST IV in
572 the human vagina, and transition to a less diverse, Rodentibacter-dominant state during
573  pregnancy. This needs to be investigated further.

574  Strengths of this study

575  This was the first study to simultaneously characterize the microbiota of the oral cavity, lung,

576 intestine, and vagina of the pregnant mouse through both culture and 16S rRNA gene sequence-
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577  based approaches. It was also the first study to consider the extent to which culturing the
578  microbiota from these body sites under different atmospheric conditions captured the complete
579  site-specific microbiota, as defined through the molecular surveys. This study revealed strong
580  associations of Rodentibacter strains with the vagina of the pregnant mouse, and whole genome
581 sequencing of cultured representatives of these strains identified functional features that may
582  explain their dominance with the murine vagina during pregnancy.

583  Limitations of this study

584  This study focused on C57BL/6 late-gestation pregnant mice from a single facility. This is
585  important because there can be variation in the microbiota of mice across facilities (103, 104), as
586  well as in the same laboratories over time (19). Therefore, it is not yet clear the extent to which
587  the patterns in body-site specific microbiota data reported herein can be extrapolated to other
588  studies. Additionally, non-pregnant mice and samples from pregnant mice at different gestational
589 ages were not included and therefore the relationship of the microbiota throughout gestation
590 could not be assessed. Nevertheless, this study provides a detailed foundational knowledge,
591 based on multi-atmospheric culture and DNA-based sequencing approaches, of the microbiotas
592  of the oral cavity, lung, intestine, and vagina of the pregnant mouse, thereby setting the stage for
593 additional investigations into the reproductive microbial ecology of the mouse.

594  Conclusions

595 The microbiota of the pregnant mouse includes bacteria shared among the oral cavity, lung,
596 intestine, and vagina. Yet, variation was evident in the microbiotas across body sites.
597  Comparisons of culture and molecular microbiota profiles indicate that culture, especially
598 hypoxic culture, effectively captured the microbiota of the vagina, but not necessarily of the

599  other body sites. As the vaginal microbiota can be effectively cultured, moving forward it can be
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600 tractably used for in vitro and in vivo experimentation evaluating relationships between the
601  vaginal microbiota and adverse pregnancy outcomes in mice. The vaginal microbiota of the
602  pregnant mouse appears to be dominated by one or two Rodentibacter strains, similar to the two
603  Lactobacillus-dominant CSTs (i.e., I and Ill) in the human vagina during pregnancy. Whole
604 genome sequencing of the Rodentibacter strains dominating the pregnant mouse vaginal
605 microbiota here revealed the capacity to metabolize glycogen, a principal carbon source in the
606  mammalian vagina. This capacity is also possessed by human vaginal lactobacilli. These findings
607  suggest the existence of ecological parallels between the vaginal microbiotas of mice and
608 humans during pregnancy. These parallels and their relevance to host reproduction warrant

609 further investigation.
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610 MATERIALS AND METHODS

611  Study subjects and sample collection

612  Culture and DNA sequencing surveys of samples from the oral cavity, lung, intestine, and vagina
613  of 11 pregnant mice that were included in our previous study evaluating the in utero colonization
614  hypothesis (21) were here analyzed in-depth in effort to characterize and compare the
615 composition and structure of the pregnant mouse microbiota across body sites (Figure 1). This
616  study includes previously unpublished information on the culture of microorganisms from these
617  body sites across atmospheric and growth media conditions, as well as functional genomic
618 information on the principal Rodentibacter species inhabiting the murine vagina. Animal
619  procedures were approved by the Institutional Animal Care and Use Committee at Wayne State
620  University (protocol 18-03-0584).

621  Bacterial culture

622  Bacterial culture was performed on intestinal and lung tissues and oral and vaginal swabs under
623  oxic, hypoxic (5% O2, 5% CO3), and anoxic (5% COz, 10% H, 85% N) conditions at 37°C for
624  seven days. Under each atmosphere, samples were plated in duplicate onto tryptic soy agar with
625 5% sheep’s blood and chocolate agar. Samples were also plated on MacConkey agar under oxic
626  conditions. If bacterial growth was observed (most typically a lawn of bacteria or too many
627  colonies to count), the bacteria were collected by pipetting 1-2 ml of sterile PBS solution onto
628 the agar plate and dislodging colonies with sterile and disposable spreaders and loops. These
629 plate wash solutions (105) were stored at -80°C until DNA extractions were performed. DNA
630 extractions were completed using a Qiagen DNeasy PowerSoil (Germantown, MD) extraction
631  Kkit, as previously described (21). The V4 region of the 16S rRNA gene copies in DNA

632  extractions were targeted using protocols previously described in Kozich et al. (106), and
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633  sequenced on an Illlumina MiSeq system at Wayne State University, as previously described in
634  Theis et al. (21). Ultimately, 16S rRNA gene sequence libraries were generated for the cultures
635  from 117/ 132 (89%) murine body site samples.

636  DNA sequencing surveys

637  Tissue samples of the lung, distal intestine, and proximal intestine were collected in addition to
638  swabs of the oral cavity and vagina and stored at -80°C until DNA extractions were performed.
639  DNA extractions of samples for molecular surveys were performed in a biological safety cabinet
640 by study personnel donning sterile surgical gowns, masks, full hoods, and powder-free exam
641 gloves. Extracted tissue masses ranged from to 0.016 to 0.107 g, 0.053 to 0.097 g, and 0.034 to
642  0.138 g for the lung, distal intestine, and proximal intestine, respectively. Two types of negative
643  technical controls were included in the DNA extraction and sequencing processes to address
644  potential background DNA contamination: 1) sterile swabs as a negative control for body sites
645 sampled with a swab (i.e., oral and vaginal sites), and 2) extraction tubes with no biological input
646 as a negative control for body sites from which tissue was collected (i.e., proximal intestine,
647  distal intestine, and lung).

648 DNA was extracted from tissues, swabs, and technical controls (i.e., swabs [n = 11] and
649  blank DNA extraction kits [n = 23]) using the Qiagen DNeasy PowerLyzer PowerSoil kit with
650 minor modifications to the manufacturer’s protocol. Specifically, samples were added to the
651  supplied bead tube along with 400 ul of bead solution, 200 ul of phenol-chloroform-isoamyl
652 alcohol (pH 7 to 8), and 60 pul of solution C1. Mechanical lysis of cells was done using a bead
653  beater for 30 seconds. Following centrifugation, the supernatants were transferred to new tubes
654  and 100 pl of solutions C2 and C3 in addition to 1 pl of RNase A enzyme were added and tubes

655  were incubated for 5 minutes at 4°C. After centrifugation, supernatants were transferred to new
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656  tubes containing 650 pl of solution C4 and 650 ul of 100% ethanol prior to adding to the filter
657  column, and 60 pl of solution C6 for elution. The lysates were loaded onto filter columns until
658  all sample lysates were spun through the filter columns. Five hundred microliters of solution C5
659  was added to the filter columns and centrifuged for 1 minute, the flowthrough was discarded, and
660 the tube was centrifuged for an additional 3 min as a dry spin. Finally, 100 ul of solution C6 was
661 placed on the filter column and incubated for 5 min before centrifuging for 30s to elute the
662 extracted DNA. Purified DNA was stored at -20°C until 16S rRNA gene sequencing.
663  Amplification and sequencing of the V4 region of the 16S rRNA gene were performed at the
664  University of Michigan’s Center for Microbial Systems as previously described (21), with library
665  builds performed in triplicate and pooled for each individual sample prior to the equimolar
666  pooling of all sample libraries for multiplex sequencing.

667  16S rRNA gene sequence processing of bacterial culture and molecular samples

668 Raw sequence reads were processed using the DADAZ2 package in R following the tutorial
669  pipeline as described by Callahan et al. (107) with minor modifications. Specifically, length of
670 the reverse read truncation length was increased from 160 to 200 (“truncLen=c(240,200)”), the
671 maximum expected errors in reverse reads was increased from 2 to 7 (“maxEE=c(2,7)”), and for
672 sample inference samples were pooled to increase sensitivity (“pool=TRUE”). Sequences were
673 ultimately classified into amplicon sequence variants (ASVs) and taxonomically identified using
674 the Silva rRNA database v 138.1 (108, 109). After processing 16S rRNA gene sequences
675 through DADAZ2, any ASVs identified as mitochondria, chloroplasts, and those not assigned to a
676  bacterial phylum were removed.

677 Following DADAZ2 processing and removal of non-bacterial 16S rRNA gene sequences,

678 only samples with libraries of at least 100 quality-filtered sequences were analyzed. From the
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679  culture samples two samples fell below this threshold and were removed from subsequent
680 analyses (1 anoxic mid-intestine sample and 1 hypoxic lung sample). For the molecular samples,
681 all vaginal, oral cavity, proximal intestine, and distal intestine sequence libraries met this
682  criterion, but only five lung libraries remained. The full dataset included 176 biological samples,
683 15 blank extraction kit controls, and 17 negative swab controls representing a total of 1138
684  ASVs.

685 To validate that the bacterial signals detected in the molecular surveys of mouse samples
686  were legitimate, the composition and structure of the bacterial profiles of tissues and swabs were
687  contrasted with those of blank (n = 15) and blank swab (n = 17) technical controls using the
688 adonis function in the vegan package. For each body site, the composition and structure of
689  bacterial profiles were distinct from those of applicable negative controls (Supplementary
690 Table 11).

691 Removal of background DNA contaminant ASVs through decontam

692  After establishing that the 16S rRNA gene profiles of the tissue and swab samples from the
693  pregnant mice were distinct from those of negative controls, the tissue and swab datasets were
694  separately analyzed with decontam (110) to identity ASVs that were likely background DNA
695 contaminants. Histogram plots of the distribution of prevalence scores indicated a threshold of
696 0.8 would be appropriate for both datasets, thereby retaining a large percentage of ASVs (82% in
697  the tissue dataset and 72% in the swab dataset). Between the two datasets, 209 ASVs were below
698 the 0.8 threshold and identified as contaminants. 24 ASVs were not detected in any biological
699  samples from the molecular surveys and 179 ASVs had an average relative abundance below 1%
700 for each of the biological sample types. Three of the remaining 6 ASVs, Ralstonia (ASV 76),

701  Streptococcus (ASV 520), and a Bacillus (ASV 6), were detected as contaminants in both tissue
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702 and swab datasets. Streptococcus (ASV 11), Muribacter (ASV 4), and Rodentibacter (ASV 5),
703  the 3 remaining ASVs, had average relative abundances above 1% in at least one body site from
704  the opposing sample type (e.g., ASV 5 was above 1% average relative abundance in vaginal
705  swabs but identified as a contaminant by decontam from the tissue dataset) suggesting that they
706 may be legitimate sequences and were not considered contaminants and were retained in
707  subsequent analyses. To allow for comparisons of the molecular datasets with the culture
708  datasets, the decontam results were contrasted with the culture data to ensure that ASVs
709  abundant in culture surveys were not removed as contaminants due to the fact that they were
710  recovered via culture (i.e., they were legitimate as they were cultured by us). ASVs classified as
711  contaminants through decontam were retained in subsequent analyses if they either were above
712 1% average relative abundance in at least one cultured body site or cultured from at least 5 mice
713  for a given body site. Thirteen additional ASVs met these criteria and ultimately 16 out of the
714 209 ASVs identified as potential contaminants by decontam were kept in the datasets for
715  subsequent analyses.

716 To aid comparisons of culture and molecular datasets, the molecular 16S rRNA gene
717  profiles of the proximal and distal portions of the intestine were assessed for differences in their
718  bacterial profiles using the adonis function in vegan. No differences were observed for either
719  composition (mouse identity, p = 0.19; intestine locale, p = 0.47) or structure (mouse identity, p
720 = 0.14; intestine locale, p = 0.26), and these samples were bioinformatically pooled by mouse
721  identity and considered “intestinal” samples from molecular surveys. These data were contrasted
722 with those of cultures from the mid-intestine.

723  Whole genome sequencing and genomic analysis of isolates ASV 2 and ASV 5

724  DNA extraction from bacterial isolates
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725 The 16S rRNA gene sequences associated with ASV 2 and ASV 5 were queried against a
726  BLAST database of 16S rRNA gene sequences from isolates recovered and preserved during the
727  previous study (21). Isolates with a 100% match were recovered from frozen stocks by plating 80
728 ul onto the media and atmosphere they were originally recovered on (both isolates were
729  recovered on chocolate agar plates and under hypoxic atmospheric conditions (5% Oz, 5% COz,
730  90% Nz2) and incubated for 48 hours. Colonies were then collected using sterile inoculating loops
731  into 500 pl of sterile PBS and centrifuged at 15,000 x g for 10 minutes. DNA extractions were
732 performed using a DNeasy PowerLyzer PowerSoil Kit (QIAGEN, Valencia, CA, USA) and the
733 first step included resuspension of the pelleted colonies in 500 pl of bead solution and adding the
734  total resuspended volume to the bead tubes. Two additional modifications to the manufacturer’s
735  protocol were made: (1) 100 ul of solutions C2 and C3 were combined into a single step
736  followed by 5-minute incubation at 4°C and subsequent centrifugation; (2) In the final elution
737 step, DNA was eluted with 60 pl of solution C6 rather than 100 pl to increase DNA
738  concentration. Extracted DNA was then stored at 4°C until submission (< 48 hours) for whole
739  genome sequencing (WGS).

740  Construction and sequencing of sample DNA libraries

741  Libraries were built using the Illumina DNA Prep protocol and Nextera DNA CD indexes
742  (Illumina). Libraries were sequenced at the Perinatology Research Branch using iSeq 100
743  reagents (Illumina) with the iSeq 100 system (Illumina) and an output of 2 x 150 bp paired-end
744 reads.

745  DNA sequence processing and genome assembly

746  Adapters from the raw sequence reads were removed using Trimmomatic (v0.35). Genome

747  assembly was performed using SPAdes (v 3.12.0) through the web-based Galaxy platform (111)
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748  with default parameters, except that k-mer sizes of 27, 37, 47, 57, 67, 77, and 87 were used.
749  Contigs of less than 200 bp were removed after assembly and the average coverage per contig
750  was 429 for ASV 2 and 256 for ASV 5.

751  Phylogenomic analysis of ASV 2 and ASV 5 isolates in the context of other Rodentibacter
752  genomes

753  Phylogenomic analysis was performed using the up-to-date bacterial core gene (UBCG) tool
754  (112) for phylogenomic tree inference, which utilized 92 core genes to assess phylogenomic
755  relationships. The assembled genomes for isolates of ASV 2 and ASV 5, along with published
756  Rodentibacter type strain genomes (downloaded through NCBI GenBank’s ftp server), and
757  secondarily with all published Rodentibacter genomes, were processed through the UBCG
758  pipeline using default parameters in Virtualbox. For the phylogenomic tree featuring only
759  published type strains, Muribaculum intestinale was included as an outgroup and Muribacter
760  muris was included as a within-family (Pasteurellaceae) outgroup. Trees were rooted on the
761  midpoint using FigTree (v1.4.4) (113).

762  Genome annotation and analysis of ASV 2 and ASV 5 isolates

763  Prior to genome annotation, the contigs for each assembled genome were reordered and aligned
764  to their closest strain, R. pneumotropicus strain P441 and R. heylii strain G1 for isolates ASV 2
765 and ASV 5, respectively, using Mauve multiple genome alignment software (v 20150226) (114).
766  The 16 published genomes of R. pneumotropicus along with isolate ASV 2 were annotated with
767  Prokka (v 1.14.5) (77) and processed through Roary (v 3.13.0) (115) to establish a core genome
768  for R. pneumotropicus and to subsequently assess the representation of this core genome in the
769  genome of isolate ASV 2. This process was repeated for isolate ASV 5 and the 7 published

770  genomes of R. heylii. Prokka and Roary tools were run through Galaxy with default parameters
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771  except that paralog genes were not split when using Roary. For functional and pathway analysis,
772  the genomes of isolates ASV 2 and ASV 5 were annotated with NCBI’s Prokaryotic Genome
773  Annotation Pipeline (PGAP) (116) tool using default parameters. These annotated genomes were
774 submitted to the KEGG Automatic Annotation Server (KAAS) (117) for KEGG pathway
775  enrichment analysis using only bacteria included in the representative set of “Prokaryotes” as the
776  template data set for KO assignment and a bi-directional best hit assignment method. For
777  detailed metabolic comparisons of complete pathways, Pathway/Genome databases (PGDBS)
778  were generated using the assembled genomes for isolates ASV 2 and ASV 5 with Pathway Tools
779  software (v 25.0) (118). Default parameters were used; however, several manual refinement
780  steps were required per the User’s Guide, including assigning probable enzymes, modified
781  proteins, predicting transcription units, and inference of probable transporters.

782  Statistical analysis

783  Alpha diversity

784  The alpha diversities of bacterial culture profiles for each body site under each atmosphere were
785 characterized by the Chaol (richness), Shannon (evenness), and Inverse Simpson (evenness)
786 indices and variation in diversity was assessed for culture profiles under each atmosphere
787  separately for each body site. Then after bioinformatically pooling mice that had culture profiles
788  from three atmospheres for all four body sites (n = 5), diversity was compared between body
789  sites. When comparing all three atmosphere culture profiles, datasets for each body site were
790 rarefied to their lowest read depths (oral cavity: 3976 reads, lung: 358 reads, intestine: 4745
791 reads, vagina: 7719 reads). When comparing diversity between body sites, each individual
792  mouse’s pooled samples were rarefied to the lowest read depth (20,954 reads). Alpha diversities

793  of sequenced microbiota (molecular profiles) of the oral cavity, intestine, and vagina were also
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794  compared in the same way and rarefied to the lowest read depth (810 reads); the lung was
795  excluded from this analysis due to low sample size (n = 4). Rarefaction was performed in R with
796  the phyloseq package. Alpha diversities were calculated and visualized in R using the phyloseq
797  package and labeled in Adobe Illustrator. Alpha diversities were statistically evaluated with the
798  rstatix package in R by repeated measures ANOVA or Friedman’s ANOVA followed by paired
799  t-tests or Wilcoxon signed rank tests when appropriate.

800 Beta diversity

801  Statistical comparisons of beta diversities were performed using the vegan and pairwiseAdonis2
802 packages in RStudio (v 1.3.1093) and R (v. 4.0.3). Non-parametric multivariate analysis of
803 variance (NPMANOVA) tests were used to evaluate the composition and structure of bacterial
804  profiles using the Jaccard and Bray-Curtis Dissimilarity Indices, respectively. For comparisons
805  where variation by mouse identity was observed, it was secondarily controlled for using the
806  “strata” term on mouse identity in adonis and pairwise.adonis2 functions in vegan and
807  pairwiseAdonis2 packages, respectively. The composition and structure of bacterial profiles were
808  visualized with Principal Coordinates Analysis (PCoA) plots generated using the RAM package
809 inR (v.4.0.3).

810  Linear discriminant analysis Effect Size (LEfSe)

811 LEfSe analyses were performed to identify features, taxa (assessed as hierarchical analyses), or
812 ASVs (assessed as ASV-only analyses) that were preferentially recovered in different
813  atmospheres for each body site and secondarily in each body site after bioinformatically pooling
814  culture data from each atmosphere. To identify taxa that were differentially abundant in the
815 hierarchical analysis, each taxonomic level from phylum to species was included for each

816 individual ASV, when available. In assessing bacterial profile features preferentially recovered
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817 in one atmosphere over the other two, or in one body site over the other three, only mice with
818  cultures from all three atmospheres in a body site were included (n = 9 for oral cavity, intestine,
819 and vagina; n = 7 for the lung).

820 For all LEfSe analyses, singleton features were removed from each dataset, multi-class
821 analysis of all-against-all was used only in identifying features that were preferentially abundant
822 in one condition over all the others, and only features with an LDA score above 3.0 were
823  considered preferentially abundant. Histograms (ASV-only analyses) and cladograms
824  (hierarchical analyses) were generated using the Galaxy hub. Each taxon is indicated on
825  cladograms when identified as a significant feature except order (to avoid visual congestion).

826  Mantel tests

827  Mantel tests were used to determine whether there was a correlation between the structure of
828  bacterial culture profiles and the structure of molecular profiles for each body site. Only mice
829  with bacterial profiles in both culture and molecular datasets in a body site were evaluated.
830 Mantel tests were performed on Bray-Curtis distance matrices using the vegan package in
831 RStudio (v 1.3.1093) and R (v. 4.0.3).

832  Figures

833  Heatmaps were generated using gplots and Heatplus packages in R (v. 4.0.3) and clustering of
834  samples was performed on Bray-Curtis dissimilarity distance matrices using an unweighted pair
835  group method with arithmetic mean (UPGMA\) in the hclust function in R.

836  Data availability

837  Original sample-specific MiSeq run files are available in the Short Read Archive from the

838  original study Theis et al. (21), (BioProject identifier [ID] PRINA594727). Assembled genomes
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839  of isolates ASV 2 and ASV 5 with annotations from NCBI’s Prokaryotic Genome Annotation
840  Pipeline are available at BioProject ID PRINA823350.

841
842
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843 TABLES

844  Table 1. Description of previous 16S rRNA gene studies of the pregnant mouse
845  microbiome.

Author Year Body Microbiota culture Mouse Key microbiota findings

site methods strain
Gohir, etal. | 2015 Intestine Not performed C57BL/6J | Akkermansia, Clostridium, Bacteroides,
(119) and Bifidobacterium were increased in

pregnant control mice compared to non-
pregnant mice. Other abundant taxa
observed in pregnant mice included
Lactobacillus, Alistipes, and
Lachnospiraceae.
JaSarevic, 2017 | Intestine, Not performed C57BL/6:1 | Relatively abundant taxa in the intestine
etal. (92) vagina 29 included S24-7, Prevotella, an
unclassified Clostridiales, and
Sutterella. In the vagina, the top mean
relative abundant taxa were
Aggregatibacter, Lachnospiraceae, and
Clostridiales at embryonic day 7.5.

Nuriel- 2019 Intestine Not performed Swiss Most abundant taxa included S24-7,

Ohayon, et Webster Clostridiales, Rikenellaceae,

al. (120) Bifidobacteria, Lachnospiraceae,
Lactobacillus, and Turicibacter.

Younge, et 2019 | Intestine, Not performed C57BL/6 Most abundant taxa in the stool

al. (93) vagina included S24-7, Candidatus

Athromitus, and Allobaculum, while the
vagina was largely dominated by

Kurthia.
Faas, et al. 2020 Intestine Not performed C57BL/6J | The intestinal microbiota at gestational
(39) OlaHsd days 7 and 14 were similar to the

microbiota before pregnancy, however
at gestational day 18, the microbiota
became less diverse and were
predominantly dominant in

Allobaculum.
Theis, et al. 2020 | Intestine, | Homogenized tissue or | C57BL/6 Several bacterial taxa abundant in the
(21) lung, Eswab fluid was plated intestine included S24-7, Candidatus
oral onto tryptic soy agar Arthromitus, Bacteroides,
cavity, with 5% sheep blood Helicobacter, and Lactobacillus. The
vagina and Chocolate agar lung was predominantly S24-7 and
plates under anoxic, Lactobacillus. The oral cavity was
hypoxic (5% CO,, 5% abundant in Streptococcus,
0O, and 90% N), and Lactobacillus, and Pasteurellaceae,
oxic conditions at 37° while the vagina was almost
C for 7 days. exclusively Pasteurellaceae and
Helicobacter.
Liu, etal. 2021 Intestine Not performed ICR Abundant taxa in the control group
(121) included Prevotellaceae and

Acinetobacter and were primarily
composed of members of Firmicutes
and Bacteroidetes phyla
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Table 2. Global comparisons of the cultured murine microbiota.
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Beta diversity Composition Structure 948

F R? p F R? 49
Mouse ID 1.123 0.081 0.059 1.214 0.078 0.125
Body site 6.389 0.138 0.001 7.497 0.145 0.§6’P
Atmosphere 2.541 0.037 0.001 5.576 0.072 0.684
ID * Body site 0.986 0.199 0.556 1.231 0.222 0.058
ID * Atmosphere 1.081 0.156 0.073 1.091 0.140 0.352
Body site * Atmosphere 1.538 0.066 0.001 1.396 0.054 0%%%

Table 3. Global (A) and pairwise (B) comparisons of the cultured murine microbiota after
bioinformatically pooling data across atmospheres by body site for each individual mouse.

A | Global Composition Structure
F R? p F R? p
Mouse ID 1.348 0.314 0.002 2.056 0.395 0.001
Body site 3.171 0.221 0.001 3.833 0.221 0.001
Body site
controlled for ID 3.044 0.233 0.001 3.290 0.248 0.001
B Composition
Pairwise Oral cavity Lung Intestine Vagina
controlled for n=9 n=7 n=9 n=9
mouse ID F R? p F R? p F R? p F R? p
Oral cavity 1.90 0.12 0.016| 529 0.25 0.004| 2.45 0.13 0.004
o Lung 2.16 0.13 0.016 3.40 0.20 0.016| 1.27 0.08 0.094
-
§ Intestine 528 0.25 0.004| 3.60 0.20 0.016 410 0.20 0.004
& Vagina 248 0.13 0.059| 1.97 0.12 0.094| 443 0.22 0.008

Table 4. Correlations between cultured microbiota recovered under anoxic, hypoxic, oxic
atmospheres, or after pooling data from all three atmospheres, and molecular 16S rRNA

gene profiles.

. . . Pooled
Anoxic Hypoxic Oxic Atmospheres
r p r p r p r p
Oral cavity | -0.1185 | 0.7717 | -0.5196 | 0.8655 -0.123 0.7409 | -0.0662 | 0.6316
Intestine 0.4847 | 0.0616 | 0.3982 0.0486 0.6139 0.0123 0.5511 0.0212
Vagina 0.4564 | 0.0072 | 0.747 0.0003 0.7149 0.0003 0.6965 0.0007

Spearman rank correlation coefficients (r) and corresponding p values are provided. The lung could not be assessed due to low sample size.
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863 FIGURE LEGENDS

864  Figure 1. Study design for characterizing the microbiota of the oral cavity, intestine, lung,
865 and vagina of pregnant mice. Briefly, two sets of samples were collected from each body site
866 of 11 pregnant mice. One set of samples was used for culture and the other for molecular
867  surveys. Cultures were performed on samples from each body site, under three different
868  atmospheric conditions on multiple media types. Bacterial growth from each plate type was
869  collected by plate washing with sterile PBS and then combined under each atmosphere. These
870  samples subsequently had their DNA extracted followed by 16S rRNA gene amplification and
871  sequencing. After classification of 16S rRNA gene sequences through DADAZ2, culture profiles
872  for each body site under each atmosphere were generated as well as overall body site culture
873  profiles after pooling the sequence data from all three atmospheres. Samples for molecular
874  surveys had their DNA extracted directly from the samples followed by 16S rRNA gene
875 amplification, sequencing, and classification to generate molecular profiles.

876  Figure 2. Alpha diversity comparisons between the microbiota cultured under different
877 atmospheres for the oral cavity, lung, intestine, and vagina and between body sites. Bar
878 plots indicate differences in three alpha diversity measures among anoxic, hypoxic, and oxic
879  cultures of the oral cavity (A), lung (B), intestine (C), and vagina (D), as well as across body
880 sites (E). For panel E, culture data from each atmosphere for each individual mouse by body site
881  were bioinformatically pooled, and only mice with culture data from all body sites and all
882  atmospheres (N = 5) were included in the analyses. Data points are color-coded by mouse ID and
883 are consistent across panels. Lower case letters that are shared within each panel indicate
884  pairwise comparisons that were not significant.

885  Figure 3. Comparisons of cultured microbiota from the oral cavity, lung, intestine, and
886 vagina, controlled for atmosphere. Panels A and B contain Principal Coordinates Analysis
887  (PCoA) plots illustrating variation among cultured microbiota of the oral cavity, lung, intestine
888 and vagina using Jaccard dissimilarity index (A) for composition and Bray-Curtis dissimilarity
889 index (B) for structure. Ellipses in (A) and (B) indicate standard deviation. The heatmap in panel
890 C includes ASVs > 1% average relative abundance within a single body site and samples are
891 clustered by Bray-Curtis similarities within each body site. In panel D, LEfSe analysis identified
892 taxa preferentially recovered in a particular body site.

893  Figure 4. Comparisons of sequenced microbiota and cultured microbiota from the oral
894  cavity, lung, intestine, and vagina. The heatmap in panel A represents log transformed precent
895 relative abundances. In panel B, molecular and culture profiles were separately averaged with
896  dots indicating whether an ASV was detected in culture. ASVs were included if they were > 1%
897  average relative abundance in the molecular profiles in one of the four body sites.

898  Figure 5. Phylogenomic and KEGG analysis of two vaginal Rodentibacter isolates. In panel
899 A, the phylogenomic tree includes the Rodentibacter isolates ASV 2 and ASV 5 and all
900 Rodentibacter type strains and in panel B, all published Rodentibacter genomes are included.
901 Panels C and D summarize the distribution of functional KEGG pathways enriched in the
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902 genomes of the two isolates. Phylogenomic trees were constructed by comparing 92 conserved
903 bacterial genes as described by Na et al. (112).
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