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Abstract
The mother’s vaginal microbiota represents the ﬁrst microbes to which a child is exposed when delivered vaginally.
However, little is known about the composition and development of the vaginal microbiota during pregnancy and birth.
Here, we analyzed the vaginal microbiota of 57 women in pregnancy week 24, 36 and at birth after rupture of membranes
but before delivery, and further compared the composition with that of the gut and airways of the 1-week-old child. The
vaginal community structure had dramatic changes in bacterial diversity and taxonomic distribution, yet carried an
individual-speciﬁc signature. The relative abundance of most bacterial taxa increased stepwise from week 24 of pregnancy
until birth, with a gradual decline of Lactobacillus. Mother-to-child vertical transfer, as suggested by sharing, was modest,
with the strongest transfer being for Clostridiales followed by Lactobacillales and Enterobacteriales. In conclusion, late
gestation is associated with an increase in maternal vaginal microbiota diversity, and vaginal bacteria at birth only modestly
predict the composition of the neonatal microbiota.

Introduction
A healthy fetus is considered free of microorganisms, and
the important initial microbial colonization of the newborn
is established by its earliest contact with the environment,
especially during and after passage through the birth canal
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[1, 2]. The human vagina is colonized by a relatively limited
set of bacterial taxa, especially during pregnancy, where a
shift occurs in the microbiota [3]. This shift leads to a more
stable and less diverse composition mainly dominated by a
few Lactobacillus species, possibly to inhibit the growth of
pathogens in this period of increased vulnerability [1, 4].
Anatomically, the female genital tract is arranged as a
succession of colonized cavities (cervix and vagina), which
communicate with the surroundings, a low pH level is
maintained by acid-producing bacteria, comprising
mainly of Lactobacillus species [5]. The low pH, along
with the host immunity, is thought to provide protection
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Fig. 1 The number of shared
and distinct OTUs between
vaginal (blue), 1-week fecal
(purple) and 1-week airways
(yellow) (of a total of 2327
OTUs). The percentages
indicate the relative number of
reads of the partition; i.e., the
319 ubiquitous OTUs account
for a total of 88.3% of the reads.
The edges between the OTUs
indicate the pairwise correlations
(r) reﬂecting the co-occurrence
based on a correlation network
analysis on each compartment
separately, using the highest
value among the three
compartments. The thickness of
the edge corresponds to the
maximum pairwise correlation
across compartments. Only
r > 0.2 are plotted.
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against pathogenic colonization of the uterine cavity and
fallopian tubes, and thereby protecting the fetus during
pregnancy [5, 6].
In women who have given birth, the vaginal microbial
populations seem to diversify again to resemble those of
nonpregnant women [3]. However, it is not known if this
change occurs already during late pregnancy to prepare for
birth, or if it is a process starting only after the baby has
been born [7].
The objective of the present study was to analyze the
natural progression of the maternal vaginal microbial
composition during the second half of pregnancy and birth,
and its importance for the early neonatal microbial colonization, studying mother–child pairs from the Copenhagen
Prospective Studies on Asthma in Childhood2010 (COPSAC2010) pregnancy and birth cohort [8]. We hypothesized

Airway and Vaginal
102 OTUs
4.21% reads

that the microbiota would change during late pregnancy and
that the vaginal microbial composition during birth would
be among the primary sources of microbes for vertical
transfer to the neonatal gut and airways.

Results
Shared OTUs between mother’s vagina, and child’s
gut and airways
Vaginal birth samples were obtained from 57 women after
rupture of membranes but before childbirth. These women
also had vaginal samples characterized at pregnancy week
24 (n = 56) and week 36 (n = 57) and samples were collected from the children (all singletons) of these 57 women
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Fig. 2 Microbial composition in pregnancy, at birth and after
birth. Alpha diversity by a Faith’s Phylogenetic Diversity (PD) and b
Shannon diversity of the vaginal (Week 24, Week 36 and Birth), fecal

and airway samples. c Primary source of variability between vaginal,
fecal and airway samples (PCo1) from ordination by unweighted
UniFrac. d Relative abundance of the dominant genera.

1 week after birth from both feces (n = 48) and airways
(n = 39). The baseline characteristics of the 57 women from
whom a vaginal birth sample was obtained were compared

with the rest of the cohort comprising 681 pregnant women.
These characteristics are detailed in Table S1. The included
women were comparable to the remaining cohort in all
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Fig. 3 Relative abundances for the top 15 most abundant vaginal
taxa at genus level, colored according to time-point. p-values correspond to Kruskal–Wallis tests of the relative abundances, with

signiﬁcant values (p < 0.05) bolded. A pseudocount (+1e−06) was
added to all abundances for the log-scale presentation. False discovery
rate q values were calculated within these top 15 taxa.

characteristics apart from a difference in birth season (none
of the included women gave birth in the spring) and a trend
toward fewer deliveries by cesarean section. All further
comparisons were only performed within the set of 57
included women and their children and therefore not
affected by these differences.
All samples were characterized by 16S rRNA gene
amplicon sequencing of the V4 region. With a median
sequencing depth of 43,132 reads in the vaginal samples,
48,764 reads in the fecal samples and 30,949 reads in the
airway samples, we identiﬁed a total of 2327 unique
Operational Taxonomic Units (OTUs); 1548 OTUs in
the vaginal samples, 1536 OTUs in the fecal samples, and
528 OTUs in the airway samples. In detail, 839 unique
OTUs were identiﬁed at pregnancy week 24, 974 OTUs at
week 36, and 1071 OTUs at birth. Of all unique OTUs, 319
(13.7%) were ubiquitous OTUs (i.e., present in vagina, gut
and airways in at least a single sample) and 647 (27.8%)
were shared between two compartments. A total of 88.3%
of the reads were from ubiquitous OTUs, while 9.3% were
from OTUs shared between any two compartments, leaving
only 2.4% as compartment unique reads (Fig. 1). Most of
the OTU vs OTU co-occurrence structure occurred in OTUs
shared between several compartments, especially ubiquitous
OTUs.

Microbial changes during pregnancy and birth
The median richness per sample was 95 for vaginal, 134 for
fecal, and 67 for airway samples. During pregnancy, the
median richness per sample was 92 at pregnancy week 24,
85 at week 36, and 117 at birth (see Table S4 for further
descriptive details). We investigated variation in vaginal
microbial diversity during pregnancy by Faith’s Phylogenetic Diversity (PD) and Shannon diversity indices, representing PD, and a combination of species richness
and evenness, respectively. Of the total variation, 35.1%
(PD, p = 0.10) and 60.5% (Shannon, p < 0.001) could be
allocated to each individual mother, whereas a general
increase in diversity over the three time points during
pregnancy contributed with 12.5% (PD, p < 0.001) and
4.6% (Shannon, p = 0.001) of the variation (Fig. 2a, b). The
increase in PD was only observed between pregnancy week
36 (median [IQR], 5.90 [4.41–7.91]) and birth (8.59
[5.99–12.80], p < 0.001) with no difference between week
24 (6.10 [5.19–7.79]) and week 36 (p = 0.8). Conversely,
the increase in Shannon diversity was pronounced between
pregnancy week 24 (0.79 [0.49–1.66]) and week 36 (1.40
[0.60–1.70]) (p = 0.006) with a non-signiﬁcant change from
week 36 to birth (1.31 [0.85–1.80], p = 0.4). We observed a
higher Shannon but a lower PD diversity in the children’s 1-
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Comparison of relative abundances of vaginal
microbial taxa
At the genus level, consistent stepwise increases or
decreases were seen for the vaginal samples in all the major
taxa from pregnancy week 24 through week 36 until birth
(Fig. 3 and Table S7 for sensitivity analysis). Lactobacillus,
by far the most prevalent genus, decreased successively for
each time-point. This decrease was not speciﬁc to any of the
major Lactobacillus OTUs but occurred across all of the
most commonly identiﬁed OTUs, see Figure S6. Moraxella,

Streptococcus, Staphylococcus, Enterococcus, Corynebacterium, and Gemella all increased signiﬁcantly for
each successive sample time-point to ﬁll the space corresponding to the decreased Lactobacillus abundance. These
ﬁndings suggest that the perinatal vaginal microbiota does
not change suddenly following rupture of membranes or
initiation of labor, but rather undergoes a smooth continuous development throughout the last half of pregnancy.
Some taxa (314 speciﬁc OTUs) were unique to the birth
samples, and were not identiﬁed in any of the earlier vaginal
samples. Most of these 314 OTUs were only identiﬁed in
one or few birth samples, but 11 OTUs were found in 5 or
more samples. These included four Moraxella OTUs, three
Streptococcus, and some unclassiﬁed Bacteria, Chitinophagaceae, Bacillales, and Bacilli. However, the combined relative abundance of these unique OTUs in the birth
samples was minor (median 0.037% IQR [0.009–0.16%]),
see Table S5. The phylogenetic placement of the Moraxella
and Streptococcus OTUs unique to the birth samples are
shown in Figs. S7 and S8.

The individualized vaginal microbiota
Having established major changes of the vaginal microbiota
occurring at birth compared with the two previous timepoints, we compared the samples within each woman at the
three vaginal time-points. The major direction of variation
in the UniFrac PCoA (Fig. 4), as described by Principal
Coordinate 1 (PCo1), was the difference between birth
(mean PCo1 score 0.13 (SD 0.25)) and both week 36
(−0.05 (0.16), Wilcoxon test p < 0.0001) and week 24
(−0.08 (0.09), p < 0.0001), while no difference existed
between week 36 and week 24 (p = 0.63). However, PCo2
was dominated by inter-individual variation, where each
mother was a highly signiﬁcant determinant, as illustrated
by the horizontality of lines in Fig. 4. A subanalysis
Week 24 (n=56)

Week 36 (n=57)

Birth (n=57)

0.2

PCo2 [9.3%]

week airway and fecal samples compared with the vaginal
at birth, which for the fecal samples could reﬂect an
immature composition partly due to ongoing breast-feeding.
We computed unweighted UniFrac ordinations of all
three vaginal time-points, as well as the children’s 1-week
airway and fecal samples. The main variation in this analysis (Principal Coordinate 1 (PCo1)), was found between
the two pregnancy vaginal samples and the children’s fecal
and airway samples with the birth samples placed between
these two extremes (Fig. 2c). This suggests a development
of the perinatal microbiome toward a state taxonomically
more resembling the early gut and airways of the child
rather than earlier in pregnancy. The same phenomenon was
observed when using weighted UniFrac distances which
take into account relative abundances (Fig. S1), though this
ordination appeared more driven by vaginal-fecal than
vaginal-airway differences. The vaginal samples were all
dominated by Lactobacillus, with declining abundance from
pregnancy week 24 until birth (Fig. 2d). The lower relative
abundance of Lactobacillus resulted in increasing abundance of other genera, including both typical fecal taxa,
such as Enterococcus, Family Enterobacteriaceae, and
Streptococcus as well as taxa commonly found in airway
and skin such as Staphylococcus, Moraxella, and Streptococcus. These taxa were all prevalent in the 1-week fecal
and airway samples, which had low relative abundances of
Lactobacillus. These shifts in relative abundances also
appeared to be the key drivers behind the observed variation
in PCo1 of both unweighted and weighted UniFrac
(Figs. S3–S5), while a more divergent set of taxa correlated
with subsequent principal coordinates between unweighted
and weighted.
Associating the microbiome composition at birth with
the birth characteristics (antibiotics during pregnancy,
antibiotics during third trimester of pregnancy, antibiotics
during birth (mother), season of birth, maternal age at birth,
older children in the home, preeclampsia and gestational
age at birth) did not reveal any differences regarding alphaor beta diversity, but suggested a positive correlation
between gestational age and genera Enterococcus and
Granulicatella (q value < 0.02) (Table S6).
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Fig. 4 Vaginal succession: Compositional changes in vaginal
microbiota. UniFrac ordination of vaginal microbiotas colored
according to time-point and joined within individuals. Ellipses
demonstrate the mean ± 1SD.
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Fig. 5 Volcano plot of odds ratios for transfer of individual OTUs
from vagina at birth to 1-week feces and airways, respectively. The
signiﬁcant (p < 0.05) OTUs above the horizontal line are labeled

according to lowest assignable phylogenetic rank. Odds ratios <0.01 or
>100 are truncated to these boundaries. Size of the dots indicates the
number of children carrying the taxa.

revealed multiple taxa contributing to the variation in PCo1,
see Fig. S9. The variation explained in PCo2 by individual
mother was 60.3% (linear model, p < 0.0001). This
large inter-individual as well as time-point variation was
conﬁrmed in a joint multivariate model (UniFrac Adonis,
time-point F value = 7.96, R2 = 7.6%, p < 0.0001, individual F = 1.48, R2 = 39.5%, p < 0.0001). Similar results
were found when restricting the analysis to the week 36 and
birth samples (UniFrac Adonis, time-point F = 6.47, R2 =
4.8%, p < 0.0001, individual F = 1.25, R2 = 53.8%, p =
0.0012), week 24 and birth samples (UniFrac Adonis, timepoint F = 10.98, R2 = 8.1%, p < 0.0001, individual F =
1.24, R2 = 51.3%, p = 0.0008) or rarefying to 2000 reads
(UniFrac Adonis, time-point F = 5.60, R2 = 5.0%, p <
0.0001, individual F = 1.95, R2 = 47.1%, p < 0.0001).
Collectively, these results reinforce our ﬁndings that the
vaginal microbiota undergoes major changes at birth,
likely including fecal admixture, yet it clearly retains a
distinctive individual signature from the earlier pregnancy
time-points.

from which 36 and 45 matching neonatal fecal and airway
samples were available respectively. From the total of 2327
OTUs, 536 OTUs were found pairwise between vaginal and
fecal samples and 346 OTUs between vaginal and airway
samples.
Transfer was ﬁrst analyzed as presence/absence by
Fisher’s exact test. Figure 5 shows volcano plots of the odds
of observing a speciﬁc OTU in the child given the presence
in the vaginal sample at birth. Of these tests, 14 OTUs were
signiﬁcant (p < 0.05) for transfer to the gut and 2 OTUs for
transfer to the airways. However, none of these signiﬁcant
differences survived correction for multiple testing at false
discovery rate (FDR) levels below 0.30. Nevertheless, the
distribution of the transfer odds was observed in favor of
positive transfer (OR > 1). An enrichment analysis, calculating a weighted ratio (WR) between positive and negative
transfer odds revealed ratios between positively and negatively associated OTUs between mother and child samples
of 2.7 (p = 0.036) and 2.3 (p = 0.003) for fecal and airway
samples, respectively. This indicates a tendency of transfer
that was spread across all OTUs rather than strong transfer
of speciﬁc OTUs. For robustness analysis of these results
see Table S8.
We examined the correlation with the hypothesis that
more abundant taxa in the vaginal samples would increase
the odds of transfer to the children, but interestingly, higher
OTU abundances were negatively correlated with the odds
of transfer. However, this was not statistically signiﬁcant
(pgut = 0.05, pairways = 0.09). Furthermore, the phylogenetic
placement of the individual OTUs was examined. Figure S10 shows the odds for vertical transfer on a cladogram,

Vertical transfer from mother to child
We hypothesized that the vaginal microbiota at birth was a
major source for the neonatal gut and airway colonization.
To investigate this question, each OTU in the vaginal birth
samples was tested for transfer to the neonate’s fecal and
airway samples at age one week, as well as whether a
certain maternal vaginal community structure promoted a
certain fecal or airway community structure. The analyses
were restricted to the 49 (86%) vaginally delivered children
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revealing entire branches with only positive associations
including OTUs from Lactobacillales (to gut), Enterobacteriales (to both gut and airways) and a clade of Class
Bacilli (to gut). These observations were further veriﬁed by
correlating the phylogenetic placement with the transfer
odds, revealing weak although signiﬁcant relations for
transfer to the gut (R2 = 1.9%, p = 0.001) and the airways
(R2 = 1.8%, p = 0.03).
Lastly, microbiota similarity was analyzed by means of
beta-diversity. Distances between microbiota of mother and
child pairs were compared with distances between nonmatching mother and child pairs for both compartments. In
concordance with the univariate results, the only diversity
measure revealing statistical signiﬁcance was the number of
shared OTUs, as reﬂected by Jensen–Shannon Divergence
(pgut = 0.025, pairways = 0.006) whereas the other distance
metrics were not signiﬁcant (see Table S9 and Fig. S11 in
the Supplementary materials).

Discussion
Here, we describe changes in microbial populations of the
vagina during the second half of pregnancy, ending with
dramatic compositional changes at birth, leading to higher
diversity and changed taxa representation. The relative
abundances of most microbial taxa change as a continuum
from week 24 of pregnancy through week 36 and ongoing
to term of pregnancy. This suggests a gradual development
of the vaginal microbial composition toward birth, where
the microbiota diversiﬁes again and has a higher resemblance, in terms of diversity, with that of nonpregnant
women [1]. The declining abundance of Lactobacillus
seems to be a common trait of the vaginal microbial
environment late in pregnancy until birth, as similar
declining abundances were observed for all the most prevalent Lactobacillus OTUs. This natural progression
involves an increase in the relative representation of a
diversity of bacterial taxa, at the expense of Lactobacillus,
and results in a conformation more similar to that of the
neonatal gut and airway. Despite this observation, we found
that the vaginal microbiota at birth only modestly predicts
the microbiota in the child at one week of age, suggesting
that the neonate receives microbes from other sources than
the vagina.
A limitation of the study is that we did not have samples
from gut compartment of the mother, which seems to be a
larger source for microbial transfer to the child [7]. In
addition, vaginal samples before and after pregnancy could
have served as helpful reference points for the development
during pregnancy. A major strength is the extensive and
prospective clinical assessment of environmental exposures
in the COPSAC2010 population-based mother–child cohort

2331

and that all samples were collected using standardized
procedures [8]. Furthermore, sequencing was performed in
a single laboratory using identical protocols for all samples
[9]. Another strength is the possibility to follow the vaginal
microbial development in the same women during pregnancy and birth, which allows us to distinguish how much
of the changes and variation in the microbial samples was
attributed to the individual and how much was attributed to
a time-point. We furthermore had samples obtained from
children’s feces and airways at one week after birth from the
majority of women, which allowed us to analyze transfer,
but this analysis is also limited by the resolution inherent to
marker-gene derived OTUs. Future studies should employ
metagenomic sequencing to resolve bacteria at species- and
strain-level to more accurately map the transfer of microbes
from mother to child, as has recently been done for the
maternal gut microbiome [10–12].
The alpha diversity changed during the last half of
pregnancy. The Shannon diversity index increased signiﬁcantly between week 24 and 36 driven by an increase in
evenness, with only a slight non-signiﬁcant additional
increase to birth. In contrast, Faith’s PD showed only a
signiﬁcant increase between week 36 and birth, as an effect
of the colonization of new phylogenetically distinct bacteria
in the birth samples (Fig. 4). The overall composition,
measured as UniFrac distances, did not change much from
pregnancy week 24 to 36 which indicates an overall stability with respect to the set of taxa present in this part of
pregnancy; however, a large shift appeared at birth. The
results from both diversity and taxonomic analyses suggest
that the vaginal microbiota did not change all at once following rupture of membranes but instead seems to undergo
a continuous development throughout the last part of
pregnancy. Most taxa besides Lactobacillus were found in
higher abundances in the birth samples and phylogenetically different microbes more commonly associated with
other microbial compartments, such as gut, airways and
skin were introduced here. Pregnancy is a unique immune
condition modulated during three distinct immunological
phases: the ﬁrst trimester of pregnancy is mainly a proinﬂammatory phase [13], followed by induction of an antiinﬂammatory state until the ﬁnal phase when there is
renewed inﬂammation [14] culminating in contraction of
the uterus, expulsion of the baby and rejection of the placenta [15]. Consistently, differences in cytokines reﬂect the
sensitivity to infectious diseases, higher during the ﬁrst half
of the pregnancy and this risk gradually declines during the
second half, as observed for malaria infection [16]. These
changes in immune status as well as hormonal ﬂuctuations
[17] during this period correlate with changes in the vaginal
microbiome, and they could be causally related. It can be
speculated that nature prepares the woman to give birth and
transfer a more diverse composition to the child. Here, the
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vaginal microbiota is believed to be among the primary
sources for microbial colonizers, which happens during
the passage through the birth canal [1, 2]. We did not
observe any clinical parameters strongly associated with the
microbiome composition at birth, however higher gestational age was associated with a higher abundance of
Enterococcus, which supports the differences observed
between week 36 and birth.
We observed signs of vertical transfer of microbes from
mother to child, with slightly stronger results to the gut of
the children compared with the airways, which is in
accordance with a previous study on gut and airway composition after cesarean section, a setting where the vertical
transfer is interrupted [18]. The study does not support that
the entire community structure of the maternal vaginal
sample was transferred, nor that speciﬁc transfer prone taxa
existed, but rather that taxa present in the maternal vaginal
sample at birth were more often found in her own child
compared with other children. High taxa abundance in the
vagina of the mothers did not lead to higher rates of vertical
transfer for these which could resemble that compartment
speciﬁc microbes are less shared between dyads compared
with the ubiquitous microbes. Here, consistent associations
were found for order Clostridiales (transfer to gut) and to
some extent Enterobacteriales (to both gut and airways) and
Lactobacillales (transfer to gut). However, these results only
indicate a modest inﬂuence of the vaginal microbiota on the
composition of the microbiota in the newborn child. This
lesser role of microbial transfer from vagina to gut has
previously been described [7].
Our results showed a speciﬁc ecological succession in
the vaginal microbiota during pregnancy and birth, leading
to a decrease in Lactobacillus and increase in PD. However,
as we found limited evidence for transfer of the birth
microbiota to the offspring, it seems unlikely that this
phenomenon has evolved to ensure a healthy neonatal
colonization. Further studies are needed to elucidate if the
development in vaginal birth microbiota serves another
purpose or if the phenomenon is simply a byproduct of
physiological changes related to pregnancy and birth.
In conclusion, late gestation was associated with an
increase in maternal vaginal microbiota diversity as a continuum from pregnancy week 24 over week 36 to birth, and
vaginal bacteria at birth only modestly predict the composition of the neonatal microbiota.
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followed from pregnancy week 24 in a protocol described in
detail [8]; the study began enrollment in 2008 which was
completed by 2011. Data validation and quality control
follow the guidelines for good clinical practice [8]. Data
were collected during the visits to the clinical research unit,
stored in a dedicated online database, double-checked
against source data, and subsequently locked.

Ethics
The study was conducted in accordance with the guiding
principles of the Declaration of Helsinki and was approved
by the Local Ethics Committee (H-B-2008-093), and
the Danish Data Protection Agency (2015-41-3696).
Both parents gave written informed consent before enrollment [8].

Samples and preparation

Methods

Vaginal samples from asymptomatic pregnant women were
collected at the week 24 and 36 of pregnancy in the COPSAC
clinic and at birth after rupture of membranes but before
passage of the child either by the woman herself or by the
midwife; detailed written instructions were provided. The
women were sampled from the posterior vaginal fornix using
ﬂocked swabs (ESWAB ﬂocked regular, SSI Diagnostica,
Hillerød, Denmark). Hypopharyngeal airway aspirates were
obtained at age one week from the child using a soft suction
catheter passed through the nose into the hypopharynx in the
COPSAC clinic as described in detail [19]. Fecal samples
were also collected from the child at age 1 week, either at the
research clinic or by the parents at home, using detailed
written instructions. All samples were frozen at −80 °C
within 24 h. Each fecal sample was mixed on arrival with
10% vol/vol glycerol broth (Statens Serum Institut, Copenhagen, Denmark). DNA was extracted using MoBio PowerSoil kits on an epMotion 5075, ampliﬁed using a two-step
PCR reaction with 16S rRNA gene primers 515F and 806R
that ﬂank the V4 region, and sequenced using the v2 kit
(PE250bp reads) on the MiSeq platform (Illumina Inc., San
Diego CA), as described [9, 20]. For details on the extraction,
sequencing and variance contribution from each source see
Tables S2, S3 and Fig. S2, which suggests larger biological
variation compared with wetlab procedure. Due to confounding between extraction kit, sequencing run and pregnancy time-point, sensitivity analysis were conducted
comparing timepoint differences within a single sequencing
run and extraction kit respectively (see Table S7).

Study population

Covariates

The COPSAC2010 cohort is an ongoing Danish cohort study
of 738 unselected pregnant women and their 700 children

Information was obtained during the scheduled visits to the
COPSAC clinic, and included maternal age at birth,
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smoking and alcohol use during pregnancy, education,
household income, antibiotics received during pregnancy,
preeclampsia, gestational diabetes, delivery type, gestational age, asthma in the mother, hospitalization of the child
after birth, antibiotics prescribed to the child, household
pets, and number of older children at home. Information on
intrapartum antibiotics and antibiotic use during pregnancy
and childhood was validated against national registries [21].

Data processing
Fastq-ﬁles demultiplexed by the MiSeq Controller Software
were trimmed for ampliﬁcation primers, diversity spacers,
and sequencing adapters, mate-paired and quality ﬁltered
(USEARCH v7.0.1090) [22]. UPARSE [23, 24] was used
for Operational Taxonomic Unit (OTU) clustering at 97%
identity as recommended, in particular removing singletons
after dereplication. Chimera checking was performed with
UCHIME [25] against Mothur’s supplied version of the
RDP9 PDS database. Representative sequences were classiﬁed at 0.8 conﬁdence threshold (Mothur v1.25.0 wang
function) [26]. FastTree [27] and Mothurs align.seq function [28] were used to construct a phylogenetic tree.
Alignments were built with reference to the 2013 version of
Greengenes [29]. The laboratory workﬂow and bioinformatics pipeline has been described [9, 20].

Statistics
All data analysis was performed in the statistical software
package R version 3.3.0, with the package phyloseq [30] to
handle microbiome data. Samples below 2000 reads were
omitted from the analysis. Chi-square test, Student’s t test or
Wilcoxon rank-sum test was used for analyzing
simple associations in the baseline characteristics of the
cohort with reference to differences between included
and excluded participants and prenatal, perinatal, social, and
lifestyle-related variables. Correlations between OTUs were
calculated using the sparse correlations for compositional
data (sparCC) correlation metric [31] within each
compartment and combined as the maximum across the
three compartments. Values below 0.2 were pruned from
the set, before plotting a Fruchterman–Reingold network in
each sub-category (each compartment or combinations
thereof).
The α-diversity measures of richness (number of unique
OTUs), Faith’s Phylogenetic Diversity [32] and Shannon
diversity index were used as measures of the intraindividual diversity, and the inter-individual (β-) diversity
was computed as unweighted UniFrac [33] distances. αdiversity (PD and Shannon) were compared by an ANOVA
model splitting the variation into pregnancy week and
individual mother. The relative abundances at genus level
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were compared between time-points using the paired Wilcoxon rank-sum test (dichotomous) or Kruskal–Wallis Test
(>2 levels) and differences in β-diversity were visualized
with principal coordinates analysis (PCoA) plots and tested
for inference using permutational multivariate analysis of
variance (PERMANOVA) (Adonis from the package
vegan, with 999 permutations) [34, 35] or with linear
regression for each principal coordinate against time-points
and inﬂuence of the speciﬁc mother.
Vertical transfer of the vaginal microbiota at birth to the
infant gut and airways in the 1-week-old child was restricted
to vaginal birth only, and analyzed by univariate Fisher’s
exact test for presence/absence of taxa in both compartments (only taxa with a presence/absence range deﬁned as
between 1 and n-1 non-zero counts in the vaginal birth
samples, as well as the 1-week compartments, are susceptible for this analysis. n is the number of children/mother
pairs). An enrichment analysis were conducted post-hoc
using the individual OTU analysis results as input. That is:
For each compartment, the univariate OTU-wide comparisons were analyzed for enrichment of positive associations
by calculation of a WR between positive (OR > 1) and
negative (OR < 1) associations, deﬁned as:
P
logðORi Þ  logðpi Þ
WR ¼ P i2OR>1
logðOR
i Þ  logðpi Þ
i2OR<1
Under the null hypothesis of no association the expectation of WR is 1. To test this hypothesis, random permutation
is performed scrambling the connection between mother and
child, followed by individual OTU wise Fisher exact test and
calculation of WR. This is done 999 times to construct a null
distribution in which the observed WR is tested. In addition,
the maternal abundance for each OTU was investigated as a
descriptor for the odds of transfer. Transfer was analyzed as
distances between mother–child pairs for a range of different
beta diversity measures, comparing these with randomly
matched mothers and children by permutation testing (999
permutations). A signiﬁcance level of 0.05 was used in all
analyses. Visualizations were done using ggplot2 (ver 3.1.0)
and cladogram was drawn based on phylogenetic distance
using the R package ggtree [36].

Data and code
The sequences are available at short read archive under
project number PRJNA595451 (maternal vagina during
birth, and fecal and airways of the 1-week-old offspring),
PRJNA576765 (maternal vaginal data from pregnancy
week 24) and RJNA579012 (maternal vaginal data from
pregnancy week 36). Further, a github (https://github.com/
mortenarendt/MBtransfeR) encompasses an R-packages as
well as documents the analysis, including the phyloseq
object including anonymized data.

2334
Funding All funding received by COPSAC is listed on www.copsac.
com. The Lundbeck Foundation (Grant no R16-A1694); The Ministry
of Health (Grant no 903516); Danish Council for Strategic Research
(Grant no 0603-00280B) and The Capital Region Research Foundation have provided core support to the COPSAC research center. JT is
supported by the BRIDGE—Translational Excellence Programme
(bridge.ku.dk) at the Faculty of Health and Medical Sciences, University of Copenhagen, funded by the Novo Nordisk Foundation.
Grant agreement no. NNF18SA0034956. JS is supported by the
Danish Council for Independent Research's Sapere Aude programme
(Grant no. 8045-00081B).
Author contributions The guarantor of the study is HB, from conception and design to conduct of the study and acquisition of data, data
analysis, and interpretation of data. MAR, JT, and JS has analyzed the
data and written the ﬁrst draft of the paper. All co-authors have provided important intellectual input and contributed considerably to the
analyses and interpretation of the data. All authors guarantee that the
accuracy and integrity of any part of the work have been appropriately
investigated and resolved and all have approved the ﬁnal version of the
paper. The corresponding author had full access to the data and had
ﬁnal responsibility for the decision to submit for publication. No
honorarium, grant, or other form of payment was given to any of the
authors to produce this paper.

Compliance with ethical standards
Conﬂict of interest All authors declare no potential, perceived, or real
conﬂict of interest regarding the content of this paper. The funding
agencies did not have any role in design and conduct of the study;
collection, management, and interpretation of the data; or preparation,
review, or approval of the paper. No pharmaceutical company was
involved in the study.
Ethical approval We are aware of and comply with recognized codes
of good research practice, including the Danish Code of Conduct for
Research Integrity. We comply with national and international rules on
the safety and rights of patients and healthy subjects, including Good
Clinical Practice (GCP) as deﬁned in the EU’s Directive on Good
Clinical Practice, the International Conference on Harmonisation’s
(ICH) good clinical practice guidelines and the Helsinki Declaration.
Privacy is important to us which is why we follow national and
international legislation on General Data Protection Regulation
(GDPR), the Danish Act on Processing of Personal Data and the
practice of the Danish Data Inspectorate.
Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional afﬁliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

M. A. Rasmussen et al.

References
1. Romero R, Hassan SS, Gajer P, Tarca AL, Fadrosh DW, Nikita L,
et al. The composition and stability of the vaginal microbiota of
normal pregnant women is different from that of non-pregnant
women. Microbiome. 2014;2:4. https://doi.org/10.1186/20492618-2-4.
2. Dominguez-Bello MG, De Jesus-Laboy KM, Shen N, Cox LM,
Amir A, Gonzalez A, et al. Partial restoration of the microbiota of
cesarean-born infants via vaginal microbial transfer. Nat Med.
2016;22:250–3.
3. MacIntyre DA, Chandiramani M, Lee YS, Kindinger L, Smith A,
Angelopoulos N, et al. The vaginal microbiome during pregnancy
and the postpartum period in a European population. Sci Rep.
2015;5:8988. https://doi.org/10.1038/srep08988.
4. Aagaard K, Riehle K, Ma J, Segata N, Mistretta T-A, Coarfa C, et al.
A metagenomic approach to characterization of the vaginal microbiome signature in pregnancy. PLoS ONE. 2012;7:e36466.
5. Hillier SL, Krohn MA, Rabe LK, Klebanoff SJ, Eschenbach DA.
The normal vaginal ﬂora, H2O2-producing lactobacilli, and bacterial vaginosis in pregnant women. Clin Infect Dis. 1993;16
(Suppl 4):S273–81.
6. Spurbeck RR, Arvidson CG. Lactobacilli at the Front Line of
Defense Against Vaginally Acquired Infections. Future Microbiol.
2011;6:567–82
7. Bokulich NA, Chung J, Battaglia T, Henderson N, Jay M, Li H,
et al. Antibiotics, birth mode, and diet shape microbiome
maturation during early life. Sci Transl Med. 2016;8:
343ra82–343ra82.
8. Bisgaard H, Vissing NH, Carson CG, Bischoff AL, Følsgaard NV,
Kreiner-Møller E, et al. Deep phenotyping of the unselected
COPSAC2010 birth cohort study. Clin Exp Allergy. 2013;
43:1384–94.
9. Mortensen MS, Brejnrod AD, Roggenbuck M, Abu Al-Soud W,
Balle C, Krogfelt KA, et al. The developing hypopharyngeal
microbiota in early life. Microbiome. 2016;4:70.
10. Yassour M, Jason E, Hogstrom LJ, Arthur TD, Tripathi S, Siljander H, et al. Strain-level analysis of mother-to-child bacterial
transmission during the ﬁrst few months of life. Cell Host
Microbe. 2018;24:146–.e4.
11. Ferretti P, Pasolli E, Tett A, Asnicar F, Gorfer V, Fedi S, et al.
Mother-to-infant microbial transmission from different body sites
shapes the developing infant gut microbiome. Cell Host Microbe.
2018;24:133–.e5.
12. Asnicar F, Manara S, Zolfo M, Truong DT, Scholz M, Armanini
F, et al. Studying vertical microbiome transmission from mothers
to infants by strain-level metagenomic proﬁling. mSystems. 2017;
2:e00164–16.
13. Mor G, Abrahams V. Immunology of implantation. In: Arici A.
editor. Immunology and Allergy Clinics. Philadelphia: W.B.
Saunders Company; 2002: p. 545–65
14. Mor G, Cardenas I. The immune system in pregnancy: a unique
complexity. Am J Reprod Immunol. 2010;63:425–33.
15. Mor G. Inﬂammation and pregnancy: the role of toll-like receptors
in trophoblast-immune interaction. Ann NY Acad Sci. 2008;
1127:121–8.
16. Okoko BJ, Enwere G, Ota MOC. The epidemiology and consequences of maternal malaria: a review of immunological basis.
Acta Trop. 2003;87:193–205.
17. Newbern D, Freemark M. Placental hormones and the control of
maternal metabolism and fetal growth. Curr Opin Endocrinol
Diabetes Obes. 2011;18:409–16.
18. Stokholm J, Thorsen J, Chawes BL, Schjørring S, Krogfelt KA,
Bønnelykke K, et al. Cesarean section changes neonatal gut
colonization. J Allergy Clin Immunol. 2016;138:881–.e2.

Ecological succession in the vaginal microbiota during pregnancy and birth
19. Bisgaard H, Hermansen MN, Buchvald F, Loland L, Halkjaer LB,
Bønnelykke K, et al. Childhood asthma after bacterial
colonization of the airway in neonates. N Engl J Med.
2007;357:1487–95.
20. Thorsen J, Brejnrod A, Mortensen M, Rasmussen MA, Stokholm
J, Al-Soud WA, et al. Large-scale benchmarking reveals false
discoveries and count transformation sensitivity in 16S rRNA
gene amplicon data analysis methods used in microbiome studies.
Microbiome. 2016;4:62. https://doi.org/10.1186/s40168-0160208-8.
21. Stokholm J, Schjørring S, Pedersen L, Bischoff AL, Følsgaard N,
Carson CG, et al. Prevalence and predictors of antibiotic
administration during pregnancy and birth. PLoS ONE. 2013;8:
e82932.
22. Edgar RC. Search and clustering orders of magnitude faster than
BLAST. Bioinformatics. 2010;26:2460–1.
23. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA,
Holmes SP. DADA2: high-resolution sample inference from
Illumina amplicon data. Nat Methods. 2016;13:581–3.
24. Edgar RC. UPARSE: highly accurate OTU sequences from
microbial amplicon reads. Nat Methods. 2013;10:996–8
25. Haas BJ, Gevers D, Earl AM, Feldgarden M, Ward DV, Giannoukos G, et al. Chimeric 16S rRNA sequence formation and
detection in Sanger and 454-pyrosequenced PCR amplicons.
Genome Res. 2011;21:494–504.
26. Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M,
Hollister EB, et al. Introducing mothur: open-source, platformindependent, community-supported software for describing and
comparing microbial communities. Appl Environ Microbiol.
2009;75:7537–41.

2335
27. Price MN, Dehal PS, Arkin AP. FastTree: computing large
minimum evolution trees with proﬁles instead of a distance
matrix. Mol Biol Evol. 2009;26:1641–50.
28. Caporaso JG, Gregory Caporaso J, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, et al. QIIME allows analysis of highthroughput community sequencing data. Nat Methods. 2010;7:335–6.
29. McDonald D, Price MN, Goodrich J, Nawrocki EP, DeSantis TZ,
Probst A, et al. An improved Greengenes taxonomy with explicit
ranks for ecological and evolutionary analyses of bacteria and
archaea. ISME J. 2012;6:610–8.
30. McMurdie PJ, Holmes S. phyloseq: an R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS
ONE. 2013;8:e61217.
31. Friedman J, Alm EJ. Inferring correlation networks from genomic
survey data. PLoS Comput Biol. 2012;8:e1002687.
32. Faith DP. Conservation evaluation and phylogenetic diversity.
Biol Conserv. 1992;61:1–10.
33. Lozupone CA, Hamady M, Kelley ST, Knight R. Quantitative and
qualitative diversity measures lead to different insights into factors
that structure microbial communities. Appl Environ Microbiol.
2007;73:1576–85.
34. McArdle BH, Anderson MJ. Fitting multivariate models to community data: a comment on distance-based redundancy analysis.
Ecology. 2001;82:290.
35. Jari Oksanen, F. et al. Stevens, Eduard Szoecs and Helene Wagner
(2019). vegan: Community Ecology Package. R package version
2.5-6. https://CRAN.R-project.org/package=vegan.
36. Yu G, Smith DK, Zhu H, Guan Y, Lam TT-Y. ggtree: anrpackage for
visualization and annotation of phylogenetic trees with their covariates and other associated data. Methods Ecol Evol. 2017;8:28–36.

