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ABSTRACT Pregnancy and the postpartum period result in some of the most dramatic
metabolic, hormonal, and physiological changes that can be experienced by an otherwise
healthy adult. The timing and magnitude of these changes is key for both maternal and
fetal health. One of the factors believed to critically modulate these physiological changes
is the maternal gut microbiome. However, the dynamic changes in this community
during the perinatal period remain understudied. Clinical studies can be complicated
by confounding variables like diet and other drivers of heterogeneity in the human
microbiome. Therefore, in this study, we conducted a longitudinal analysis of the fecal
microbiome obtained during the pregnancy and postpartum periods in 26 captive rhesus
macaques using 16S rRNA gene amplicon sequencing and shotgun metagenomics. Shifts
at both the taxonomic and functional potential level were detected when comparing preg-
nancy to postpartum samples. Taxonomically, Alloprevotella, Actinobacillus, and Anaerovibrio
were enriched in the gut microbiome during pregnancy, while Treponema, Lachnospiraceae,
and Methanosphaera were more abundant postpartum. Functionally, the gut microbiome
during pregnancy was associated with increased abundance in pathways involving the pro-
duction of the short-chain fatty acid (SCFA) butyrate, while pathways associated with starch
degradation and folate transformation were more abundant during the postpartum period.
These data demonstrate dramatic changes in the maternal gut microbiome even in the
absence of dietary changes and suggest that rhesus macaques could provide a valuable
model to determine how changes in the microbiome correlate to other physiological
changes in pregnancy.

IMPORTANCE Pregnancy and the postpartum period are characterized by a myriad of
metabolic and physiological adaptations needed to support fetal growth and maternal
health. The maternal gut microbiome is believed to play a key role during this period
but remains underexplored. Here, we report significant shifts in the taxonomic landscape
and functional potential of the gut microbiome in 26 pregnant rhesus macaques during
the transition from pregnancy to the postpartum period, despite shared dietary and envi-
ronmental exposures. Increased abundance of pathways involved in the production of the
short-chain fatty acid butyrate could play a critical role in modulating the maternal immune
system and regulating fetal tolerance. On the other hand, increased abundance of pathways
associated with starch degradation and folate transformation during the postpartum period Editor Jennifer M. Auchtung, University of

could be important for meeting the metabolic demands of breastfeeding and neonatal Nebraska—Lincoln
growth. Copyright © 2022 Rhoades et al. This is an
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ized by large physiological, immunological, and hormonal changes that impact maternal Accepted 17 June 2022
and fetal health. This shift is characterized by an increase in insulin resistance, along with Published 11 July 2022
increased levels of leptin and adiponectin (1, 2), which are critical to ensure that the fetus
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receives adequate nutrition and prepare the mother for metabolic demands imposed by
lactation. A disruption of these metabolic adaptations can lead to adverse outcomes like
gestational diabetes and preeclampsia (3-5), which in turn can have a negative impact
on the infant, including high incidence of preterm birth and increased incidences of
infection, large for gestational age (LGA), and reduced cognitive development (6-8). One
of the factors that significantly modulates maternal metabolism but remains under-
studied during the perinatal period is the gut microbiome (9).

The gut is home to the most densely populated microbial community in the human
body, composed of bacterial symbionts and commensals, as well as archaeal, fungal, and vi-
ral members (10). The gut microbiome plays critical roles in vitamin production (11), immune
homeostasis (12), and metabolism of indigestible substrates, among other functions (13).
This community stabilizes in adulthood (14) but remains sensitive to environmental factors
like dietary shifts (15) and antibiotic use (16), as well as other shifts in host physiology, such
as pregnancy (17). Previous studies found that the gut microbiome during pregnancy was
less diverse and more variable than that of healthy nonpregnant individuals and harbored
an increased abundance of Proteobacteria (18). However, more recent studies found that the
microbiome remained stable during pregnancy but shifted significantly in the postpartum
period (19). Additionally, stress during pregnancy can exacerbate this dysbiotic microbiome
state (20), which has also been implicated in postpartum depression (21).

Another key reason for understanding the dynamics of the perinatal maternal gut
microbiome is the vital role it plays in seeding the infant microbiome (22). The infant is
first exposed to maternal vaginal and fecal microbes at birth. The development and mainte-
nance of the infant gut microbiome has long-term ramifications for the maturation of the
immune system (23), protection from enteric infection (24), and establishment of a healthy
metabolic state (25). The establishment of the infant microbiome is influenced by a multi-
tude of factors, such as delivery method (26), antibiotic use (27), and breastfeeding (28).

Rhesus macaques are a valuable preclinical model to study the role of the microbiome in
health and disease, as they have a gut microbiome similar to that of humans, especially those
in the developing world (29, 30). Moreover, rhesus macaques are a vital model for the study of
perinatal and reproductive health (31, 32). In this study, we utilized a combination of 16S rRNA
amplicon and shotgun metagenomic sequencing to longitudinally characterize the fecal
microbiome of rhesus macaques during the perinatal period. Specifically, we investigated lon-
gitudinal changes in the taxonomic composition and functional potential of the maternal gut
microbiome during pregnancy and the postpartum period. We observed both taxonomic and
functional shifts within the fecal microbiome within individual animals and across our entire
study population before and after delivery. Taxonomically, Alloprevotella, Actinobacillus, and
Anaerovibrio were enriched during pregnancy, while Treponema, Lachnospiraceae, and
Methanosphaera were more abundant during the postpartum period. Functionally,
pregnancy was associated with an increased abundance of pathways producing butyrate,
a short-chain fatty acid (SCFA) that is beneficial during pregnancy, while the postpartum
period was characterized by increased abundance of pathways associated with starch degra-
dation and folate transformation.

RESULTS

Taxonomic shifts in the perinatal gut microbiome. We utilized 16S rRNA gene amplicon
sequencing of rectal swab samples collected prebirth during pregnancy (~90 and 60 days prior
to birth) and the postpartum period (~30 and 90 days after giving birth) (Fig. 1A shows the ex-
perimental design) to determine shifts in microbial communities during the perinatal period.
Prior to analysis, we confirmed that samples were free of PCR contamination and bias by using
negative controls and sequenced community standards (Fig. S1A in the supplemental material).
Across all samples, the rhesus macaque gut microbiome was dominated by Bacteroidetes
(Prevotella, Rikenellaceae, and Alloprevotella) and Firmicutes (Lachnospiraceae, Lactobacillus,
and Streptococcus), along with Proteobacteria (Helicobacter and Campylobacter) and Spirochetes
(Treponema) (Fig. 1B). Despite the lack of changes in housing or diet of the studied rhesus
macaques, we observed a distinct shift in the overall composition of the maternal gut
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FIG 1 Landscape and perinatal shifts of the maternal gut microbiome. (A) Study design. (B) Stacked bar plot organized by time point.
All taxa below 1% average abundance were grouped into the “Other” category. Each vertical bar represents a single sample. (C) Principal
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microbiome when comparing samples collected during pregnancy and postpartum
(Fig. 1C, time point permutational multivariate analysis of variance [PERMANOVA] R? = 0.103,
P = 0.006). At both time points measured during pregnancy, the maternal gut microbiome
was more variable than the gut microbiome during the postpartum period (Fig. 1D, Kruskal
Wallis nonparametric [KW] analysis of variance [ANOVA], P < 0.0001, and Dunn'’s post hoc
comparison between pre- and postpartum time points, P < 0.0001, as noted on the graph).
Additionally, samples collected postpartum harbored a greater number of observed ampli-
con sequence variants (ASVs) than samples collected during pregnancy (Fig. 1E, KW ANOVA,
P < 0.0001, and Dunn’s post hoc comparison between pregnancy and postpartum time
points, P < 0.05 to 0.001, as noted on the graph). This pattern was observed across the
entire cohort and when we conducted a pairwise comparison for animals that had samples
from all four time points (Fig. 1F, repeated measures [RM] ANOVA, P < 0.0001, and Dunn’s
post hoc comparison between pregnancy and postpartum time points, P < 0.05 to 0.001, as
noted on the graph).

Furthermore, we also compared pregnancy and postpartum samples using linear discrimi-
nant analysis effect size (LEfSe) to determine which taxa were driving the observed differen-
ces in gut microbiome composition between pregnancy and postpartum samples. During
pregnancy, the maternal gut microbiome was enriched in Alloprevotella, Actinobacillus, and
Anaerovibrio (Fig. 2A, Table S2), while the gut microbiome postpartum was enriched in
Treponema, multiple Lachnospiraceae, and Methanosphaera, among others (Fig. 2A, Table S2).
The enrichment of Alloprevotella in early pregnancy samples was driven by a significantly
higher abundance of this taxon in both preterm samples compared to its abundance in post-
partum samples, a trend that remained when conducting pairwise comparisons (Fig. 2B
and C). On the other hand, the relative abundance of Treponema was lower during preg-
nancy than postpartum (Fig. 2D and E). While the shifts in these higher-abundance genera
were significant, we observed more dramatic shifts in the abundances of less-abundant
taxa postpartum. For example, Oscillospiraceae UCG-002 was transiently more abundant
1 month postpartum, while Methanosphaera increased at both postpartum time points
(Fig. 2F to ). Many of these taxonomic trends across the entire study population were con-
sistent with pairwise analysis conducted on animals that had samples collected across all
time points (Fig. 2C, E, G, and |).

Comparison of the perinatal gut microbiome to that of nongravid individuals.
To determine how these changes relate to the nongravid gut microbiome, we compared
our findings to those reported for healthy, age-matched, nongravid (e.g.,, nonpregnant) female
macaques living in the same primate center and sampled during the same year (33). The
overall composition of the nongravid microbiome was distinct from that of the perinatal gut
microbiome at both time points (Fig. S1B, time point PERMANOVA, R? = 0.218, P = 0.001).
Furthermore, the number of ASVs observed was found to increase significantly during the
postpartum period compared to the numbers of ASVs observed at the nongravid and preg-
nant time points and did not change when only comparing the two latter groups (Fig. S1C,
KW ANOVA, P < 0.0001, and Dunn's post hoc comparison between pregnancy and post-
partum time points, P < 0.01 to 0.001, as noted on the graph). We next compared the com-
positions of the nongravid, pregnancy, and postpartum communities using LEfSe to deter-
mine which taxa were driving the observed differences in gut microbiome composition.
The gut microbiome of nongravid female macaques was enriched in Methanobrevibacter,
along with multiple Eubacterium and Oscillospiraceae species, relative to those of pregnant

FIG 1 Legend (Continued)

Microbiology Spectrum

coordinate analysis (PCoA) of weighted UniFrac distances between microbial communities colored by time point. (D) Violin plot of
weighted UniFrac distances between the fecal microbiome samples collected at the same time point. (E) Violin plot of observed amplicon
sequencing variants (ASVs) at each time point. Horizontal lines within each violin indicate the median value along with the 25th and 75th
percentiles for that time point. Significance for data in panels D and E was determined using Kruskal-Wallis (KW) 1-way nonparametric
ANOVA with Dunn'’s post hoc test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. (F) Scatterplot of observed ASVs across time
points with lines connecting samples collected from the same individual. Each dot represents an individual sample, with solid lines
connecting samples from the same individual across time. Significance for data in panel F was determined using nonparametric one-way
repeated-measure ANOVA (Friedman test) with Dunn’s post hoc comparisons between time points. Horizontal lines above the plot denote

significance of post hoc tests. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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FIG 2 Taxonomic drivers of perinatal gut microbiome shifts. (A) Taxa that were differentially abundant between pregnant and postpartum samples, with pregnancy
versus postpartum used as the subject and individual time points as the class. Differential abundance was determined using LEfSe (Log,, LDA score of >2). (B to I)
Scatterplots of abundance data for Alloprevotella (B, C), Treponema (D, E), Oscillospiraceae UCG-002 (F, G), and Methanosphaera (H, 1). RA, relative abundance. In panels B, D,
F, and H, each dot represents an individual sample, colored by time point. Significance of the data was measured by nonparametric one-way repeated-measure ANOVA
(Friedman test) with Dunn’s post hoc comparisons between time points. Asterisks denote significance of post hoc tests as follows: *, P < 0.05; **, P < 0.01; ***,
P < 0.001; ****, P < 0.0001; ns, not significant. In panels C, E, G, and |, each dot represents an individual sample, with solid lines connecting samples from the same
individual across time. Significance of the data was determined using 1-way ANOVA with the post hoc Sidak multiple-comparison test. **, P < 0.01; ***, P < 0.001; ns,

not significant.
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and postpartum females (Fig. S1D). The gut microbiome of pregnant females was instead
enriched in Alloprevotella, Actinobacillus, and Anaerovibrio relative to that of nongravid
females (Fig. S1D). Finally, in comparison to the pregnant state, several Treponema species
were more abundant in the postpartum gut microbiome (Fig. S1D and S1E). Interestingly,
although the levels of Methanobrevibacter increased postpartum, they did not reach non-
gravid levels by 3 months (Fig. STE). Similarly, the relative abundance of Alloprevotella
increased throughout pregnancy but failed to return to nongravid levels during the post-
partum period (Fig. S1E). The levels of Treponema, Marvinbryantia, Lachnospira, Fibrobacter,
Faecalibacterium, and Dorea, among others, increased with pregnancy and remained ele-
vated up to 3 months postpartum (Fig. STE).

Shotgun metagenomics reveal both taxonomic and functional shifts in the gut
microbiome during the perinatal period. To further explore shifts in the metabolic
potential of the gut microbiome during the perinatal period, we utilized shotgun metagenom-
ics. Shotgun metagenomic libraries were prepared from a subset of fecal samples collected
2 months prior to birth and 1 month postpartum (n = 15/time point). Two postpartum libraries
had less than 1 million reads after host decontamination and were excluded from future analy-
sis. In contrast to the 165 rRNA gene amplicon sequencing data, the overall taxonomic compo-
sitions assessed by shotgun metagenomics did not differ significantly between the pregnancy
and postpartum samples, based on Bray-Curtis dissimilarity (Fig. 3A, time point PERMANOVA,
R? =0.029, P = 0.592). This disagreement could be due to lower sample numbers used for our
shotgun metagenomic experiment or, potentially, driven by the lack of phylogenetically
informed beta diversity metrics (UniFrac) for shotgun metagenomic data. Nevertheless, we
were able to identify multiple differentially abundant species between these two time points
(Table S3). For example, the abundances of Prevotella species, the most abundant genera from
our 16S data, shifted from an enrichment of Prevotella copri and Prevotella sp. AM42-24 in pre-
birth samples to Prevotella sp. CAG:873 in postpartum samples (Fig. 3B). Species that were
enriched in postpartum samples relative to their abundances in prebirth samples included
Oscillibacter sp. 57_20, Phascolarctobacterium succinatutens, and Treponema succinifaciens
(Fig. 3B).

We also used shotgun metagenomics to assess the functional potential of the gut micro-
biome in pregnant rhesus macaques and found that the overall functional potentials differed
between pregnancy and postpartum samples (Fig. 3C, time point PERMANOVA, R? = 0.135,
P = 0.009). In total, 77 MetaCyc metabolic pathways were differentially abundant between
the two time points (Table S4). More specifically, the functional capacity of the late-pregnancy
microbiome showed enrichment of “pyruvate fermentation to isobutanol,” “methyl-erythritol
phosphate pathway,” and “L-isoleucine biosynthesis” pathways (Fig. 3D). In contrast, the early-
postpartum gut microbiome had higher abundances of pathways involved in “starch degrada-
tion,” “folate transformation,” and “pyruvate fermentation to propionate” (Fig. 3D). Many of the
differentially abundant species and pathways remained significant when conducting nested pair-
wise analysis using data from animals that had samples from both time points (Fig. 3E, Fig. S2).

To better understand which microbial functions best distinguished the pre- and postdeliv-
ery time points, we used a supervised random forest model built using Gene Ontology (GO)
terms, which annotate gene products based on their molecular functions, the biological proc-
esses they are involved in, and the cellular locations where they are found. The overall random
forest model was 82% accurate at classifying samples into the two time points (Fig. 4A). Next,
we extracted and plotted the abundances of the 25 GO terms that best distinguished the two
time points (Fig. 4B). Many of the GO terms that were more abundant in pregnancy samples
were associated with metabolism and transport of carbohydrates, notably “alpha glucuroni-
dase activity,” “galactose transmembrane transporter activity,” and “lactate transmembrane
transporter activity” (Fig. 4B). Interestingly, some of the GO terms that best distinguished
postpartum samples were associated with fungi rather than bacteria (e.g., “spore germination”
and “chitin binding”) (Fig. 4B).

DISCUSSION

The perinatal period encompasses some of the most dramatic shifts in metabolism, immu-
nity, and hormonal balance that a healthy adult can experience. It is well established that the
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gut microbiome can modulate these shifts. Indeed, a recent study of a cohort in rural
Zimbabwe found that the taxonomic composition of the maternal fecal microbiome was
strongly predicted by gestational age, birth weight, and neonatal growth (34). However, our
understanding of the changes that the maternal gut microbiome undergoes during the perina-
tal period is limited. In this study, we explored taxonomic and functional shifts in the gut micro-
biome of rhesus macaques during the perinatal period, with particular emphasis on pregnancy
versus postpartum microbiomes. One limitation of this study is that prepregnancy and early-
pregnancy samples (1st trimester) were not collected, which precluded us from fully capturing
the dynamics of the changes in the maternal gut microbiome.
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To address this limitation, we carried out a cross-sectional analysis and compared the
microbial communities detected during pregnancy and the postpartum period to those
of healthy nongravid females living in the same facility and surveyed during the same window
of time using the same experimental approaches (data set extracted from reference 33). This
comparison indicated a significant impact of pregnancy on the maternal microbiome. Our
data indicate that the maternal microbiome was less rich (lower numbers of observed ASVs)
but more heterogeneous (increased within-group dissimilarity [beta diversity]) during preg-
nancy than during the postpartum period. However, the diversity of the gut microbiome
~3 months postpartum was still reduced relative to that of nongravid animals. This increase
in beta diversity with pregnancy is in line with data from multiple human and animal
studies, particularly late in pregnancy (17-19, 35). On the other hand, previous clinical
studies have reported a drop, an increase, or no change in the alpha diversity of the
maternal microbiome (17, 18, 36), likely due to the high heterogeneity within the healthy
human microbiome (37).

The relative abundances of several Treponema species and Alloprevotella were increased
in the gut microbiome during the perinatal period compared to their abundances in nongra-
vid animals. These taxa are uncommon in the human gut microbiome in the developed world
but common in the gut microbiome of humans from low- and middle-income countries,
especially those living in a rural rather than urban setting (38, 39). These taxa are also highly
prevalent in the rhesus macaque gut microbiome. The increased abundances of these taxa
during the perinatal period are in line with the recent study from Zimbabwe (34), further high-
lighting the utility of the rhesus macaque in the study of gut microbiomes from non-Western
societies (29, 40). The increased abundance of these fiber-degrading bacteria may play a criti-
cal role in meeting the energy demands of pregnancy and breastfeeding.

We also observed a depletion of Faecalibacterium, as previously reported (18). Additionally,
the loss of the methanogenic Methanobrevibacter is also observed in healthy pregnant women
but not individuals with pregravid obesity (41). Intriguingly, previous studies in humans have
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reported an enrichment in Actinobacteria, especially Bifidobacterium, a key commensal in
the infant microbiome, during late pregnancy (42). Additionally, increased abundances
of Firmicutes and Proteobacteria and decreased abundance of Bacteroidetes during late
and postpregnancy were also reported (18, 19). We observed no significant changes in
the abundances of taxa belonging to Actinobacteria or Proteobacteria during the postpar-
tum period, despite reporting Bifidobacterium colonization in infant macaques and humans
(29). However, we did observe increases in multiple Firmicutes postpartum, including
Lachnospiraceae, Phascolarctobacterium, Oscillospiraceae, and Eubacterium, among others.
Many of these taxa are associated with the production of beneficial SCFA within the gut (43,
44), which is linked to lower blood pressure and reduced preeclampsia risk in humans (45, 46).

Many of the perinatal taxonomic trends we observed at both the 16S rRNA amplicon
and shotgun metagenomic level were driven by taxa with unique metabolic capacities, such
as the methanogenic Methanosphaera and fiber-degrading Treponema, thus suggesting that
the metabolic capacity of the prenatal gut microbiome changes during the perinatal period.
Many of our findings, including the increased potential to produce butyrate in late preg-
nancy, agree with what has been observed in humans (47). Additionally, pathways associ-
ated with the production of the monosaturated fatty acid palmitoleate were increased in
the microbiome of pregnant individuals. Palmitoleate has been shown to play an important
role in the maintenance of placental trophoblasts by preventing apoptosis (48). We also
observed increased enrichment of GO terms associated with the transportation of simple
sugars like lactate, glucose, and galactose in late pregnancy compared to the GO terms in
postpartum samples. This increase in the potential for simple sugar transport in the gut
microbiome could indicate that more of these metabolites are reaching the large intestine
during pregnancy. Whether this shift is due to increased caloric intake or a change in host
absorption is unclear.

During the postpartum period, the gut microbiome of rhesus macaques was enriched in
pathways like starch degradation, folate transformation, and stachyose degradation, which
are important for the degradation of complex substrates and production of secondary
metabolites rather than the metabolism of simple sugars observed in late pregnancy. This
switch is likely a reflection of the host nutritional needs. Additionally, our random forest anal-
ysis revealed that the post-birth gut microbiome was enriched in GO terms associated with
fungal spore germination and colonization in the gut. To our knowledge, the gut myco-
biome during the perinatal period has not been examined previously. However, fungal com-
ponents like chitin have been shown to be an important and potentially community-modulat-
ing carbon source in the gut (49). In our data, we found increased enrichment of pathways
associated with chitin binding in the postpartum period. Degradation of this component can
improve the epithelial barrier and alter cytokine production (50, 51).

MATERIALS AND METHODS

Cohort description. Longitudinal rectal swab samples were obtained at 4 time points from a total
of 26 reproductive-age female rhesus macaques, 19 of which had a sample collected at every time point
(Table S1). These time points were 3 months prebirth (90.2 = 20.5 days prebirth [mean * standard deviation]),
2 months prebirth (60.0 = 20.0 days prebirth), 1 month postbirth (29.8 = 1.5 days postbirth), and 3 months post-
birth (91.2 = 4.0 days postbirth). The rhesus macaques were housed in outdoor small-group shelters at the
Oregon National Primate Research Center (ONPRC). All rhesus macaque studies were overseen and approved by
the OHSU/ONPRC Institutional Animal Care and Use Committees (IACUCs) according to the National Institutes of
Health's Guide for the Care and Use of Laboratory Animals (52). Animals were housed according to the standards
established by the U.S. Federal Animal Welfare Act (53) and the Guide for the Care and Use of Laboratory Animals
(52). All animals were tested for simian viruses (simian immunodeficiency virus, simian retrovirus 2, macacine her-
pesvirus 1, and simian T lymphotropic virus) and received a tuberculin test semiannually. All animals were vacci-
nated against Campylobacter coli at both pregnancy time points for an unrelated study. The rhesus macaques in
this study were fed twice daily with Lab Diet, Monkey Diet 5038 (Ralston Purina, St. Louis, MO, USA). This diet is
guaranteed to contain no more than 15% crude protein, 5% crude fat, 6% crude fiber, 9% ash, and 12% moisture.
This diet is supplemented with seasonal fresh fruit and produce once daily. Municipal water is available ad
libitum.

16S rRNA amplicon sequencing. Total DNA was extracted from rectal swabs using the DNeasy PowerSoil
pro kit (Qiagen, Valencia, CA, USA). The hypervariable V4-V5 region of the 16S rRNA gene was amplified using
PCR primers (515F/926R with the forward primers, including a 12-bp barcode). PCRs were conducted
in duplicate and contained 12.5 uL GoTaq master mix, 9.5 uL nuclease-free H,0, 1 uL template DNA,
and 1T uL 10 uM primer mix. The thermal cycling parameters were 94°C for 5 min, 35 cycles of 94°C for
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20 s, 50°C for 20 s, 72°C for 30 s, followed by 72°C for 5 min. PCR products were purified using a MinElute
96 UF PCR purification kit (Qiagen, Valencia, CA, USA). Libraries were sequenced (2 x 300 bases) using
an lllumina MiSeq.
Raw FASTQ 16S rRNA gene amplicon sequences were uploaded and processed using the QIIME2
analysis pipeline (54). Briefly, sequences were demultiplexed and then quality filtered using DADA2 (55),
which filters chimeric sequences and generates an amplicon sequence variant (ASV) table equivalent to
an operational taxonomic unit (OTU) table at 100% sequence similarity. Sequence variants were then
aligned using MAFFT (56), and a phylogenetic tree was constructed using FastTree2 (57). Taxonomy was
assigned to sequence variants using q2-feature-classifier against the SILVA database (release 138) (58).
To prevent sequencing depth bias, samples were rarified to 13,781 sequences per sample before alpha
and beta diversity analysis. This depth was selected based on the maximum depth that included all sam-
ples. QIIME 2 was also used to calculate ASV richness, a metric of alpha diversity. Beta diversity was esti-
mated in QIIME 2 using weighted and unweighted UniFrac distances (59).
Shotgun metagenomic library preparation and analysis. Shotgun metagenomic libraries were pre-
pared from a subset of fecal samples collected 2 months prior to birth and 1 month postpartum (n = 15/time
point) using the iGenomx Riptide (iGenomx, South San Francisco, CA) according to iGenomx’s recommended
protocol and sequenced on an lllumina HiSeq 4000 (2 x 100). Raw demultiplexed reads were quality filtered
using Trimmomatic (parameters of ILLUMINACLIP, small_RNA_trim_PEfa:2:30:10; LEADING, 3; TRAILING, 3;
SLIDINGWINDOW, 4:15; MINLEN, 36) (60), and potential host reads were removed by aligning trimmed reads to
the Macaca mulatta genome (Mmul 8.0.1) using BowTie2 (61). Trimmed and decontaminated reads
were then annotated using the HUMANN3 pipeline with default settings against the UniRef90
database. UniRef90 gene families were assigned to MetaCyc pathways and mapped to Gene
Ontology (GO) terms. The abundances of MetaCyc pathways and GO terms were normalized using
copies per million (CPM) prior to statistical analysis (62-64). Species-level taxonomy was assigned to
quality-controlled short reads using Metaphlan3 (65). Bray-Curtis dissimilarity matrices were con-
structed for both species-level relative abundance (MetaPhlan3) and normalized gene annotations
(UniRef90) using the vegdist function in the R package Vegan (66). Principal coordinate analysis (PCoA) was
conducted using the base R function cmdscale.
Statistics. To determine whether the gut microbiome during pregnancy was distinct from the microbiome
during the postpartum period, we ran PERMANOVAs on weighted UniFrac distances for 16S rRNA amplicon data
and Bray-Curtis distances for both taxonomic and functional shotgun metagenomic data using the function
ADONIS from the R package Vegan (66). For single-factor comparisons across more than two time points, such as
ASV richness or relative abundance of a specific taxon, we performed 1-way, nonparametric Kruskal-Wallis
ANOVAs with Dunn’s post hoc test in PRISM (version 8). For pairwise comparisons of more than two time points,
nonparametric one-way repeated-measure ANOVA (Friedman test) with the Sidak multiple-comparison test was
used, while the nonparametric Wilcoxon matched-pairs signed-rank test was utilized for two-group pairwise com-
parisons. The linear discriminant analysis effect size (LEfSe) algorithm was used to identify taxa and pathways that
were differentially abundant between pregnancy and postpartum samples, with a logarithmic linear discriminant
analysis (LDA) score cutoff of 2 (67). For the 2-time-point comparisons, time point was used as the class for the
LEfSe comparison, whereas for the 4-time-point comparisons, prebirth versus postpartum was used as the class
and time point as the subclass. A random forest analysis was performed to determine which GO terms best pre-
dicted pre- and postdelivery time points, using the R package rfPermute. The z-scores for each of the top 25 GO
terms were calculated and displayed as a heatmap using the heatmap.2 function in the R package gplot.

Data availability. 16S rRNA gene and shotgun metagenomic sequencing data are deposited in the
National Center for Biotechnology Information (NCBI) sequence read archive (SRA) under the BioProject
accession number PRINA816841. The 16S rRNA gene data from the nongravid samples used can be found
under accession number PRINA800766.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.5 MB.

ACKNOWLEDGMENTS
We thank the ONPRC animal husbandry team for their assistance with sample collection
and animal care throughout this study.

REFERENCES

1.

2.

Zeng Z, Liu F, Li S. 2017. Metabolic adaptations in pregnancy: a review.
Ann Nutr Metab 70:59-65. https://doi.org/10.1159/000459633.

Sonagra AD, Biradar SM, Dattatreya K, Murthy DSJ. 2014. Normal preg-
nancy—a state of insulin resistance. J Clin Diagn Res 8:CC01-CC03. https://doi
.0rg/10.7860/JCDR/2014/10068.5081.

. Catalano PM, Shankar K. 2017. Obesity and pregnancy: mechanisms of

short term and long term adverse consequences for mother and child.
BMJ 356:1. https://doi.org/10.1136/bmij.j1.

. Ferrara A. 2007. Increasing prevalence of gestational diabetes mellitus: a

public health perspective. Diabetes Care 30(Suppl 2):5141-S146. https://
doi.org/10.2337/dc07-s206.

July/August 2022 Volume 10 Issue 4

5. Yang Y, Le Ray |, Zhu J, Zhang J, Hua J, Reilly M. 2021. Preeclampsia preva-

lence, risk factors, and pregnancy outcomes in Sweden and China. JAMA
Netw Open 4:e218401. https://doi.org/10.1001/jamanetworkopen.2021.8401.

. Fields JA, Garovic VD, Mielke MM, Kantarci K, Jayachandran M, White WM,

Butts AM, Graff-Radford J, Lahr BD, Bailey KR, Miller VM. 2017. Preeclampsia
and cognitive impairment later in life. Am J Obstet Gynecol 217:74.e1-74.e11.
https://doi.org/10.1016/j.ajog.2017.03.008.

. Sridhar SB, Ferrara A, Ehrlich SF, Brown SD, Hedderson MM. 2013. Risk of

large-for-gestational-age newborns in women with gestational diabetes
by race and ethnicity and body mass index categories. Obstet Gynecol
121:1255-1262. https://doi.org/10.1097/A0G.0b013e318291b15c.

10.1128/spectrum.00814-22 10


https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA816841
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA800766
https://doi.org/10.1159/000459633
https://doi.org/10.7860/JCDR/2014/10068.5081
https://doi.org/10.7860/JCDR/2014/10068.5081
https://doi.org/10.1136/bmj.j1
https://doi.org/10.2337/dc07-s206
https://doi.org/10.2337/dc07-s206
https://doi.org/10.1001/jamanetworkopen.2021.8401
https://doi.org/10.1016/j.ajog.2017.03.008
https://doi.org/10.1097/AOG.0b013e318291b15c
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00814-22

Perinatal Microbiome of Rhesus Macaques

8.

20.

21.

22.

23.

24,

25.

Jayaram A, Collier CH, Martin JN. 2020. Preterm parturition and pre-ec-
lampsia: the confluence of two great gestational syndromes. Int J Gynae-
col Obstet 150:10-16. https://doi.org/10.1002/ijgo.13173.

. Visconti A, Le Roy Cl, Rosa F, Rossi N, Martin TC, Mohney RP, Li W, de Rinaldis

E, Bell JT, Venter JC, Nelson KE, Spector TD, Falchi M. 2019. Interplay between
the human gut microbiome and host metabolism. Nat Commun 10:4505.
https://doi.org/10.1038/s41467-019-12476-z.

. Bull MJ, Plummer NT. 2014. Part 1: the human gut microbiome in health

and disease. Integr Med (Encinitas) 13:17-22.

. Kirmiz N, Galindo K, Cross KL, Luna E, Rhoades N, Podar M, Flores GE.

2020. Comparative genomics guides elucidation of vitamin B12 biosyn-
thesis in novel human-associated Akkermansia strains. Appl Environ
Microbiol 86:e02117-19. https://doi.org/10.1128/AEM.02117-19.

. Zheng D, Liwinski T, Elinav E. 2020. Interaction between microbiota and

immunity in health and disease. Cell Res 30:492-506. https://doi.org/10
.1038/541422-020-0332-7.

. Shortt C, Hasselwander O, Meynier A, Nauta A, Fernandez EN, Putz P, Rowland

I, Swann J, Turk J, Vermeiren J, Antoine JM. 2018. Systematic review of the
effects of the intestinal microbiota on selected nutrients and non-nutrients.
Eur J Nutr 57:25-49. https://doi.org/10.1007/500394-017-1546-4.

. Mehta RS, Abu-Ali GS, Drew DA, Lloyd-Price J, Subramanian A, Lochhead

P, Joshi AD, Ivey KL, Khalili H, Brown GT, DuLong C, Song M, Nguyen LH,
Mallick H, Rimm EB, Izard J, Huttenhower C, Chan AT. 2018. Stability of
the human faecal microbiome in a cohort of adult men. Nat Microbiol 3:
347-355. https://doi.org/10.1038/541564-017-0096-0.

. Oliver A, Chase AB, Weihe C, Orchanian SB, Riedel SF, Hendrickson CL, Lay

M, Sewall JM, Martiny JBH, Whiteson K. 2021. High-fiber, whole-food dietary
intervention alters the human gut microbiome but not fecal short-chain fatty
acids. mSystems 6:e00115-21. https://doi.org/10.1128/mSystems.00115-21.

. Ramirez J, Guarner F, Bustos Fernandez L, Maruy A, Sdepanian VL, Cohen

H. 2020. Antibiotics as major disruptors of gut microbiota. Front Cell
Infect Microbiol 10:572912. https://doi.org/10.3389/fcimb.2020.572912.

. Berry ASF, Pierdon MK, Misic AM, Sullivan MC, O'Brien K, Chen Y, Murray

SJ, Ramharack LA, Baldassano RN, Parsons TD, Beiting DP. 2021. Remodel-
ing of the maternal gut microbiome during pregnancy is shaped by par-
ity. Microbiome 9:146. https://doi.org/10.1186/540168-021-01089-8.

. Koren O, Goodrich JK, Cullender TC, Spor A, Laitinen K, Backhed HK, Gonzalez

A, Werner JJ, Angenent LT, Knight R, Backhed F, Isolauri E, Salminen S, Ley RE.
2012. Host remodeling of the gut microbiome and metabolic changes during
pregnancy. Cell 150:470-480. https://doi.org/10.1016/j.cell.2012.07.008.

. Qin S, LiuY, Wang S, Ma J, Yang H. 2021. Distribution characteristics of in-

testinal microbiota during pregnancy and postpartum in healthy women.
J Matern Fetal Neonatal Med 35:2915-2922. https://doi.org/10.1080/
14767058.2020.1812571.

Jasarevic E, Howard CD, Misic AM, Beiting DP, Bale TL. 2017. Stress during
pregnancy alters temporal and spatial dynamics of the maternal and off-
spring microbiome in a sex-specific manner. Sci Rep 7:44182. https://doi
.0org/10.1038/srep44182.

Slykerman RF, Hood F, Wickens K, Thompson JMD, Barthow C, Murphy R,
Kang J, Rowden J, Stone P, Crane J, Stanley T, Abels P, Purdie G, Maude R,
Mitchell EA, Probiotic in Pregnancy Study Group. 2017. Effect of Lactobacillus
rhamnosus HNOO1 in pregnancy on postpartum symptoms of depression and
anxiety: a randomised double-blind placebo-controlled trial. EBioMedicine 24:
159-165. https://doi.org/10.1016/j.ebiom.2017.09.013.

Ferretti P, Pasolli E, Tett A, Asnicar F, Gorfer V, Fedi S, Armanini F, Truong
DT, Manara S, Zolfo M, Beghini F, Bertorelli R, De Sanctis V, Bariletti |,
Canto R, Clementi R, Cologna M, Crifo T, Cusumano G, Gottardi S,
Innamorati C, Mase C, Postai D, Savoi D, Duranti S, Lugli GA, Mancabelli L,
Turroni F, Ferrario C, Milani C, Mangifesta M, Anzalone R, Viappiani A,
Yassour M, Vlamakis H, Xavier R, Collado CM, Koren O, Tateo S, Soffiati M,
Pedrotti A, Ventura M, Huttenhower C, Bork P, Segata N. 2018. Mother-to-
infant microbial transmission from different body sites shapes the devel-
oping infant gut microbiome. Cell Host Microbe 24:133-145.e5. https://
doi.org/10.1016/j.chom.2018.06.005.

Sanidad KZ, Zeng MY. 2020. Neonatal gut microbiome and immunity.
Curr Opin Microbiol 56:30-37. https://doi.org/10.1016/j.mib.2020.05.011.
Fukuda S, Toh H, Hase K, Oshima K, Nakanishi Y, Yoshimura K, Tobe T, Clarke JM,
Topping DL, Suzuki T, Taylor TD, Itoh K, Kikuchi J, Morita H, Hattori M, Ohno H.
2011. Bifidobacteria can protect from enteropathogenic infection through pro-
duction of acetate. Nature 469:543-547. https://doi.org/10.1038/nature09646.
Olin A, Henckel E, Chen Y, Lakshmikanth T, Pou C, Mikes J, Gustafsson A,
Bernhardsson AK, Zhang C, Bohlin K, Brodin P. 2018. Stereotypic immune
system development in newborn children. Cell 174:1277-1292.e14.
https://doi.org/10.1016/j.cell.2018.06.045.

July/August 2022 Volume 10 Issue 4

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Microbiology Spectrum

Shao Y, Forster SC, Tsaliki E, Vervier K, Strang A, Simpson N, Kumar N, Stares
MD, Rodger A, Brocklehurst P, Field N, Lawley TD. 2019. Stunted microbiota
and opportunistic pathogen colonization in caesarean-section birth. Nature
574:117-121. https://doi.org/10.1038/541586-019-1560-1.

Ainonen S, Tejesvi MV, Mahmud MR, Paalanne N, Pokka T, Li W, Nelson
KE, Salo J, Renko M, Vanni P, Pirttila AM, Tapiainen T. 2022. Antibiotics at
birth and later antibiotic courses: effects on gut microbiota. Pediatr Res
91:154-162. https://doi.org/10.1038/s41390-021-01494-7.

Cong X, Judge M, Xu W, Diallo A, Janton S, Brownell EA, Maas K, Graf J.
2017. Influence of feeding type on gut microbiome development in hos-
pitalized preterm infants. Nurs Res 66:123-133. https://doi.org/10.1097/
NNR.0000000000000208.

Rhoades N, Barr T, Hendrickson S, Prongay K, Haertel A, Gill L, Garzel L,
Whiteson K, Slifka M, Messaoudi I. 2019. Maturation of the infant rhesus
macaque gut microbiome and its role in the development of diarrheal
disease. Genome Biol 20:173. https://doi.org/10.1186/513059-019-1789-x.
Clayton JB, Vangay P, Huang H, Ward T, Hillmann BM, Al-Ghalith GA,
Travis DA, Long HT, Tuan BV, Minh VV, Cabana F, Nadler T, Toddes B,
Murphy T, Glander KE, Johnson TJ, Knights D. 2016. Captivity humanizes
the primate microbiome. Proc Natl Acad Sci U S A 113:10376-10381.
https://doi.org/10.1073/pnas.1521835113.

Stouffer RL, Woodruff TK. 2017. Nonhuman primates: a vital model for ba-
sic and applied research on female reproduction, prenatal development,
and women'’s health. llar J 58:281-294. https://doi.org/10.1093/ilar/ilx027.
Rhoades NS, Hendrickson SM, Gerken DR, Martinez K, Slayden OD, Slifka
MK, Messaoudi I. 2021. Longitudinal profiling of the macaque vaginal
microbiome reveals similarities to diverse human vaginal communities.
mSystems 6:e01322-20. https://doi.org/10.1128/mSystems.01322-20.
Rhoades NS, Davies M, Lewis SA, Cinco IR, Kohama SG, Bermudez LE,
Winthrop KL, Fuss C, Mattison JA, Spindel ER, Messaoudi I. 2022. Func-
tional, transcriptional, and microbial shifts associated with healthy pul-
monary aging in rhesus macaques. Cell Rep 39:110725. https://doi.org/10
.1016/j.celrep.2022.110725.

Gough EK, Edens TJ, Geum HM, Baharmand |, Gill SK, Robertson RC,
Mutasa K, Ntozini R, Smith LE, Chasekwa B, Majo FD, Tavengwa NV, Mutasa B,
Francis F, Carr L, Tome J, Stoltzfus RJ, Moulton LH, Prendergast AJ, Humphrey
JH, Manges AR, Shine Trial Team. 2021. Maternal fecal microbiome predicts
gestational age, birth weight and neonatal growth in rural Zimbabwe. EBio-
Medicine 68:103421. https://doi.org/10.1016/j.ebiom.2021.103421.

Mallott EK, Borries C, Koenig A, Amato KR, Lu A. 2020. Reproductive hor-
mones mediate changes in the gut microbiome during pregnancy and lacta-
tion in Phayre’s leaf monkeys. Sci Rep 10:9961. https://doi.org/10.1038/541598
-020-66865-2.

Collado MC, Isolauri E, Laitinen K, Salminen S. 2008. Distinct composition
of gut microbiota during pregnancy in overweight and normal-weight
women. Am J Clin Nutr 88:894-899. https://doi.org/10.1093/ajcn/88.4.894.
Healey GR, Murphy R, Brough L, Butts CA, Coad J. 2017. Interindividual
variability in gut microbiota and host response to dietary interventions.
Nutr Rev 75:1059-1080. https://doi.org/10.1093/nutrit/nux062.
Yatsunenko T, Rey FE, Manary MJ, Trehan |, Dominguez-Bello MG, Contreras M,
Magris M, Hidalgo G, Baldassano RN, Anokhin AP, Heath AC, Warner B, Reeder J,
Kuczynski J, Caporaso JG, Lozupone CA, Lauber C, Clemente JC, Knights D,
Knight R, Gordon JI. 2012. Human gut microbiome viewed across age and ge-
ography. Nature 486:222-227. https://doi.org/10.1038/nature11053.

De Filippo C, Cavalieri D, Di Paola M, Ramazzotti M, Poullet JB, Massart S,
Collini S, Pieraccini G, Lionetti P. 2010. Impact of diet in shaping gut
microbiota revealed by a comparative study in children from Europe and
rural Africa. Proc Natl Acad Sci U S A 107:14691-14696. https://doi.org/10
.1073/pnas.1005963107.

Yasuda K, Oh K, Ren B, Tickle TL, Franzosa EA, Wachtman LM, Miller AD,
Westmoreland SV, Mansfield KG, Vallender EJ, Miller GM, Rowlett JK,
Gevers D, Huttenhower C, Morgan XC. 2015. Biogeography of the intesti-
nal mucosal and lumenal microbiome in the rhesus macaque. Cell Host
Microbe 17:385-391. https://doi.org/10.1016/j.chom.2015.01.015.
Zacarias MF, Collado MC, Gomez-Gallego C, Flinck H, Aittoniemi J, Isolauri
E, Salminen S. 2018. Pregestational overweight and obesity are associated
with differences in gut microbiota composition and systemic inflammation in
the third trimester. PLoS One 13:¢0200305. https://doi.org/10.1371/journal.pone
.0200305.

Nuriel-Ohayon M, Neuman H, Ziv O, Belogolovski A, Barsheshet Y, Bloch
N, Uzan A, Lahav R, Peretz A, Frishman S, Hod M, Hadar E, Louzoun Y, Avni
O, Koren O. 2019. Progesterone increases Bifidobacterium relative abun-
dance during late pregnancy. Cell Rep 27:730-736.e3. https://doi.org/10
.1016/j.celrep.2019.03.075.

10.1128/spectrum.00814-22 1


https://doi.org/10.1002/ijgo.13173
https://doi.org/10.1038/s41467-019-12476-z
https://doi.org/10.1128/AEM.02117-19
https://doi.org/10.1038/s41422-020-0332-7
https://doi.org/10.1038/s41422-020-0332-7
https://doi.org/10.1007/s00394-017-1546-4
https://doi.org/10.1038/s41564-017-0096-0
https://doi.org/10.1128/mSystems.00115-21
https://doi.org/10.3389/fcimb.2020.572912
https://doi.org/10.1186/s40168-021-01089-8
https://doi.org/10.1016/j.cell.2012.07.008
https://doi.org/10.1080/14767058.2020.1812571
https://doi.org/10.1080/14767058.2020.1812571
https://doi.org/10.1038/srep44182
https://doi.org/10.1038/srep44182
https://doi.org/10.1016/j.ebiom.2017.09.013
https://doi.org/10.1016/j.chom.2018.06.005
https://doi.org/10.1016/j.chom.2018.06.005
https://doi.org/10.1016/j.mib.2020.05.011
https://doi.org/10.1038/nature09646
https://doi.org/10.1016/j.cell.2018.06.045
https://doi.org/10.1038/s41586-019-1560-1
https://doi.org/10.1038/s41390-021-01494-7
https://doi.org/10.1097/NNR.0000000000000208
https://doi.org/10.1097/NNR.0000000000000208
https://doi.org/10.1186/s13059-019-1789-x
https://doi.org/10.1073/pnas.1521835113
https://doi.org/10.1093/ilar/ilx027
https://doi.org/10.1128/mSystems.01322-20
https://doi.org/10.1016/j.celrep.2022.110725
https://doi.org/10.1016/j.celrep.2022.110725
https://doi.org/10.1016/j.ebiom.2021.103421
https://doi.org/10.1038/s41598-020-66865-2
https://doi.org/10.1038/s41598-020-66865-2
https://doi.org/10.1093/ajcn/88.4.894
https://doi.org/10.1093/nutrit/nux062
https://doi.org/10.1038/nature11053
https://doi.org/10.1073/pnas.1005963107
https://doi.org/10.1073/pnas.1005963107
https://doi.org/10.1016/j.chom.2015.01.015
https://doi.org/10.1371/journal.pone.0200305
https://doi.org/10.1371/journal.pone.0200305
https://doi.org/10.1016/j.celrep.2019.03.075
https://doi.org/10.1016/j.celrep.2019.03.075
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00814-22

Perinatal Microbiome of Rhesus Macaques

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

Louis P, Flint HJ. 2009. Diversity, metabolism and microbial ecology of bu-
tyrate-producing bacteria from the human large intestine. FEMS Micro-
biol Lett 294:1-8. https://doi.org/10.1111/j.1574-6968.2009.01514.x.

Louis P, Flint HJ. 2017. Formation of propionate and butyrate by the
human colonic microbiota. Environ Microbiol 19:29-41. https://doi.org/
10.1111/1462-2920.13589.

Pluznick JL. 2017. Microbial short-chain fatty acids and blood pressure regula-
tion. Curr Hypertens Rep 19:25. https://doi.org/10.1007/s11906-017-0722-5.
Chang Y, Chen Y, Zhou Q, Wang C, Chen L, Di W, Zhang Y. 2020. Short-
chain fatty acids accompanying changes in the gut microbiome contrib-
ute to the development of hypertension in patients with preeclampsia.
Clin Sci (Lond) 134:289-302. https://doi.org/10.1042/CS20191253.
Gosalbes MJ, Compte J, Moriano-Gutierrez S, Valles Y, Jimenez-Hernandez N,
Pons X, Artacho A, Francino MP. 2019. Metabolic adaptation in the human gut
microbiota during pregnancy and the first year of life. EBioMedicine 39:
497-509. https://doi.org/10.1016/j.ebiom.2018.10.071.

Natarajan SK, Bruett T, Muthuraj PG, Sahoo PK, Power J, Mott JL, Hanson
C, Anderson-Berry A. 2021. Saturated free fatty acids induce placental
trophoblast lipoapoptosis. PLoS One 16:€0249907. https://doi.org/10.1371/
journal.pone.0249907.

Zheng J, Cheng G, Li Q, Jiao S, Feng C, Zhao X, Yin H, Du Y, Liu H. 2018.
Chitin oligosaccharide modulates gut microbiota and attenuates high-
fat-diet-induced metabolic syndrome in mice. Mar Drugs 16:66. https://
doi.org/10.3390/md16020066.

Calatayud M, Verstrepen L, Ghyselinck J, Van den Abbeele P, Marzorati M,
Modica S, Ranjanoro T, Maquet V. 2021. Chitin glucan shifts luminal and
mucosal microbial communities, improve epithelial barrier and modu-
lates cytokine production in vitro. Nutrients 13:3249. https://doi.org/10
.3390/nu13093249.

Rodriguez J, Neyrinck AM, Zhang Z, Seethaler B, Nazare JA, Robles SC, Roumain
M, Muccioli GG, Bindels LB, Cani PD, Maquet V, Laville M, Bischoff SC, Walter J,
Delzenne NM. 2020. Metabolite profiling reveals the interaction of chitin-glucan
with the gut microbiota. Gut Microbes 12:1810530. https://doi.org/10.1080/
19490976.2020.1810530.

National Research Council. 2011. Guide for the care and use of laboratory
animals, 8th ed. National Academies Press, Washington, DC.

Code of Federal Regulations. 2022. Title 9. Animals and animal products.
Chapter 1. Animal and plant health inspection service, Department of
Agriculture. Subchapter A. Animal welfare. Part 3. Standards. Subpart D.
Specifications for the humane handling, care, treatment, and transporta-
tion of nonhuman primates. 9 CFR 3.75. https://www.ecfr.gov/current/
title-9/chapter-l/subchapter-A/part-3/subpart-D.

Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet C, Al-Ghalith GA,
Alexander H, Alm EJ, Arumugam M, Asnicar F, Bai Y, Bisanz JE, Bittinger K,
Brejnrod A, Brislawn CJ, Brown CT, Callahan BJ, Caraballo-Rodriguez AM,
Chase J, Cope E, Da Silva R, Dorrestein PC, Douglas GM, Durall DM,
Duvallet C, Edwardson CF, Ernst M, Estaki M, Fouquier J, Gauglitz JM,

July/August 2022 Volume 10 Issue 4

55.

56.

57.

58.

59.

60.

61.

62.

63

64.

65.

66.

67.

Microbiology Spectrum

Gibson DL, Gonzalez A, Gorlick K, Guo J, Hillmann B, Holmes S, Holste H,
Huttenhower C, Huttley G, Janssen S, Jarmusch AK, Jiang L, Kaehler B,
Kang KB, Keefe CR, Keim P, Kelley ST, Knights D, Koester |, Kosciolek T, et
al. 2019. Reproducible, interactive, scalable and extensible microbiome
data science using QIIME2. Nat Biotechnol 37:852-857. https://doi.org/10
.1038/541587-019-0209-9.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes SP.
2016. DADA2: high-resolution sample inference from Illumina amplicon
data. Nat Methods 13:581-583. https://doi.org/10.1038/nmeth.3869.
Katoh K, Standley DM. 2013. MAFFT multiple sequence alignment soft-
ware version 7: improvements in performance and usability. Mol Biol Evol
30:772-780. https://doi.org/10.1093/molbev/mst010.

Price MN, Dehal PS, Arkin AP. 2010. FastTree 2—approximately maxi-
mum-likelihood trees for large alignments. PLoS One 5:€9490. https://doi
.org/10.1371/journal.pone.0009490.

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J, Glockner
FO. 2013. The SILVA ribosomal RNA gene database project: improved data
processing and web-based tools. Nucleic Acids Res 41:D590-D596. https://doi
.0rg/10.1093/nar/gks1219.

Lozupone C, Lladser ME, Knights D, Stombaugh J, Knight R. 2011. UniFrac:
an effective distance metric for microbial community comparison. ISME J
5:169-172. https://doi.org/10.1038/ismej.2010.133.

Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: a flexible trimmer for
lllumina sequence data. Bioinformatics 30:2114-2120. https://doi.org/10
.1093/bioinformatics/btu170.

Langmead B, Salzberg SL. 2012. Fast gapped-read alignment with Bowtie
2. Nat Methods 9:357-359. https://doi.org/10.1038/nmeth.1923.

Suzek BE, Wang Y, Huang H, McGarvey PB, Wu CH, the UniProt Consor-
tium. 2015. UniRef clusters: a comprehensive and scalable alternative for
improving sequence similarity searches. Bioinformatics 31:926-932.
https://doi.org/10.1093/bioinformatics/btu739.

. Abubucker S, Segata N, Goll J, Schubert AM, lzard J, Cantarel BL,

Rodriguez-Mueller B, Zucker J, Thiagarajan M, Henrissat B, White O, Kelley
ST, Methé B, Schloss PD, Gevers D, Mitreva M, Huttenhower C. 2012. Meta-
bolic reconstruction for metagenomic data and its application to the
human microbiome. PLoS Comput Biol 8:21002358. https://doi.org/10
.1371/journal.pcbi.1002358.

Karp PD, Riley M, Paley SM, Pellegrini-Toole A. 2002. The MetaCyc data-
base. Nucleic Acids Res 30:59-61. https://doi.org/10.1093/nar/30.1.59.
Segata N, Waldron L, Ballarini A, Narasimhan V, Jousson O, Huttenhower
C. 2012. Metagenomic microbial community profiling using unique clade-spe-
cific marker genes. Nat Methods 9:811-814. https://doi.org/10.1038/nmeth.2066.
Dixon P. 2003. VEGAN, a package of R functions for community ecology. J
Veg Sci 14:927-930. https://doi.org/10.1111/j.1654-1103.2003.tb02228 x.
Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, Huttenhower
C. 2011. Metagenomic biomarker discovery and explanation. Genome Biol 12:
R60. https://doi.org/10.1186/gb-2011-12-6-r60.

10.1128/spectrum.00814-22 12


https://doi.org/10.1111/j.1574-6968.2009.01514.x
https://doi.org/10.1111/1462-2920.13589
https://doi.org/10.1111/1462-2920.13589
https://doi.org/10.1007/s11906-017-0722-5
https://doi.org/10.1042/CS20191253
https://doi.org/10.1016/j.ebiom.2018.10.071
https://doi.org/10.1371/journal.pone.0249907
https://doi.org/10.1371/journal.pone.0249907
https://doi.org/10.3390/md16020066
https://doi.org/10.3390/md16020066
https://doi.org/10.3390/nu13093249
https://doi.org/10.3390/nu13093249
https://doi.org/10.1080/19490976.2020.1810530
https://doi.org/10.1080/19490976.2020.1810530
https://www.ecfr.gov/current/title-9/chapter-I/subchapter-A/part-3/subpart-D
https://www.ecfr.gov/current/title-9/chapter-I/subchapter-A/part-3/subpart-D
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1038/ismej.2010.133
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1093/bioinformatics/btu739
https://doi.org/10.1371/journal.pcbi.1002358
https://doi.org/10.1371/journal.pcbi.1002358
https://doi.org/10.1093/nar/30.1.59
https://doi.org/10.1038/nmeth.2066
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1186/gb-2011-12-6-r60
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00814-22

	RESULTS
	Taxonomic shifts in the perinatal gut microbiome.
	Comparison of the perinatal gut microbiome to that of nongravid individuals.
	Shotgun metagenomics reveal both taxonomic and functional shifts in the gut microbiome during the perinatal period.

	DISCUSSION
	MATERIALS AND METHODS
	Cohort description.
	16S rRNA amplicon sequencing.
	Shotgun metagenomic library preparation and analysis.
	Statistics.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

