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Vertical Transmission of Gut Microbiome and
Antimicrobial Resistance Genes in Infants Exposed to
Antibiotics at Birth
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Vertical transmission of maternal microbes is a major route for establishing the gut microbiome in newborns. The impact of perinatal
antibiotics on vertical transmission of microbes and antimicrobial resistance is not well understood. Using a metagenomic approach, we
analyzed the fecal samples from mothers and vaginally delivered infants from a control group (10 pairs) and a treatment group (10 pairs)
receiving perinatal antibiotics. Antibiotic-usage had a significant impact on the main source of inoculum in the gut microbiome of new-
borns. The control group had significantly more species transmitted from mothers to infants (P = .03) than the antibiotic-treated group.
Approximately 72% of the gut microbial population of infants at 3-7 days after birth in the control group was transmitted from their
mothers, versus only 25% in the antibiotic-treated group. In conclusion, perinatal antibiotics markedly disturbed vertical transmission and

changed the source of gut colonization towards horizontal transfer from the environment to the infants.
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Antibiotics have revolutionized the treatment of infectious dis-
eases and enabled safe and modern clinical medicine. However,
the emergence of antimicrobial resistance (AMR) has become
a global threat to this success [1]. Antimicrobials are widely
used after birth. During vaginal delivery, 20%-30% of mothers
in most developed countries receive antimicrobials to prevent
early-onset group B streptococcal sepsis in newborn infants [2,
3], and 2%-5% of newborns are treated with antibiotics owing
to suspected sepsis [4, 5].

Over the last 15 years, the scientific community has gained
extensive knowledge on human microbiome communities at
different body sites [6-9]. Based on metagenomic sequencing
and strain-level analysis of human microbiota in mother-to-
child transmission, the maternal gut has been found to be the
largest source of colonizing bacteria in the gastrointestinal tract
of healthy infants [10]. During the neonatal period, mother-to-
child microbiome transmission occurs at a much higher fre-
quency in vaginally delivered newborn infants than in those
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born by cesarean delivery [11]. Vertical transmission of spe-
cific strains from mothers to infants is less well understood.
Dominant strains in the maternal gut microbiome, comprising
>70% of a particular species, are often inherited from mothers
to infants [12]. However, infants also acquire strains that are less
abundant in the maternal microbiome [12]. Besides strain-level
metagenomic profiling, a metatranscriptomic approach was
also applied to confirm the activity of transmitted strains [13].

Perinatal antibiotics given during delivery or after birth rap-
idly changes the colonization process of the gut in both term
and preterm infants [14-17]. There are limited data, however,
on the impact of perinatal antibiotics on the vertical transmis-
sion of microbes and AMR genes from mothers to infants.

Earlier, Tapiainen et al [15] reported the impact of perinatal
antibiotics on the colonization of vaginally delivered infants in
a prospective cohort. In the present study, we further investigate
the impact of perinatal antibiotic on vertical microbe transmis-
sion from mother to infant using metagenomic analysis.

MATERIALS AND METHODS

Study Design and Study Population

The details are described elsewhere [15]. Briefly, this prospective
controlled cohort included 149 term, vaginally delivered infants
followed up from birth to age 12 months. Participants included
4 groups: the control group (neither mother nor infant received
antibiotics), the intrapartum antibiotic prophylaxis (IAP) group
(mother received IAP, infant did not receive antibiotics), the
“postnatal” group (mother did not receive antibiotics, infants
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received postnatal antibiotics), and the IAP + postnatal group
(both mother and infant received antibiotics). The Regional
Ethics Committee of the Northern Ostrobothnia Hospital
District, Oulu University Hospital, Oulu, Finland, reviewed and
approved the study plan. All experiments were performed ac-
cording to relevant regulations and guidelines. We enrolled only
newborn infants whose parents gave written informed consent.

Sample Collection

The details of sample collection are described elsewhere [15].
Daily fecal samples were collected from diapers for infants until
discharge. Mothers provided a fecal sample for analysis after
birth or soon after discharge. Infants exposed to postnatal anti-
biotics received Lactobacillus reuteri probiotic until discharge,
according to local clinical policy.

The present study investigated a subset of 56 samples from
10 mother-infant pairs in the IAP + postnatal group (the
antibiotic-treated group) and 10 mother-infant pairs in the con-
trol group. The samples included 20 mothers’ samples collected
after birth, 20 infants’ samples collected before discharge from
the hospital (3-7 days after birth), and 16 children’s samples col-
lected at 12 months (2 children dropped out per group). This
study focused on the combined effects of antibiotics exposure
from both mothers and infants. The IAP group and the post-
natal group from the original cohort were not investigated.

Metagenomic Sequencing

For metagenomic sequencing, DNA was extracted from fecal
samples using the MO BIO Powersoil DNA Extraction kit (MO
BIO Laboratories). Paired-end bar-coded libraries were pre-
pared from extracted DNA using the NexteraXT kit (Illumina)
and sequenced on a NextSeq instrument (Illumina), generating
approximately 1.78 GB of shotgun sequence data (150-base pair
[bp] paired end reads) per sample (Supplementary Table 1).

Metagenomic Sequence Analysis

Raw reads were processed using Trimmomatic software [18] to
remove low-quality bases and adapter sequences. High-quality
reads longer than 100 bp were mapped to the human reference
genome (hg38) with BWA-MEM version 0.7.12 [19] and re-
moved if they mapped concordantly with an alignment score
of >60. The remaining reads were mapped to a reference ge-
nome database, compiled and curated from the National Center
for Biotechnology Information RefSeq genome database, con-
sisting of genomes from viruses, bacteria, archaea, fungi, and
other small microbial organisms. Mapping was performed with
BWA-MEM. Top-scored (>75), concordantly mapped align-
ments were used for taxonomic profiling, which calculated the
relative species abundance at different taxonomic ranks using a
voting scheme. High-quality nonhuman reads were assembled
into scaffolds using metaSPAdes software version 3.11.0 [20].
Scaffolds shorter than 250 bp were removed. Protein-coding
genes were predicted using Prodigal software version 2.6.3

[21]. Genes were annotated by comparison with an internally
curated Kyoto Encyclopedia of Genes and Genomes (KEGG)
[22] protein reference database using BLASTP+ version 2.7.1.
Abundance of KEGG Ortholog clusters and pathways were cal-
culated based on BLAST (Basic Local Alignment Search Tool)
search. Protein-coding genes were processed using Resistance
Gene Identifier software version 4.2.2 in “strict” mode to pre-
dict the antibiotic resistome of each metagenomic sample with
the Comprehensive Antibiotic Resistance Database (CARD)
database [23].

After metagenome assembly and gene prediction, the nucle-
otide sequences of all the genes from all samples were pooled
and clustered using cd-hit-est version 4.8.1 [24, 25] at 100% se-
quence identity (command line parameters: -¢ 1.00 -n 10 -g 1
-G 0 -a$ 0.8 -aL 0.8). The gene clusters that are only found in
2 different subjects (not >2) from the same species were con-
sidered exclusively shared genes (ESGs). The statistical analysis
comparing the number of transmitted species and ESGs be-
tween different groups was performed with Wilcoxon rank sum
tests, using the R package (R release 3.6.1). (All metagenomes
were deposited and are available at the National Center for
Biotechnology Information Sequence Read Archive under
BioProject no. PRJNA543520.)

RESULTS

Metagenomic sequencing and analysis were performed on a
subset of subjects from a previously reported study cohort [15],
including 10 mother-infant pairs in the antibiotic-treated group
(both mothers and infants received antibiotics) and 10 pairs in
the control group (neither mothers nor infants received anti-
biotics). In the antibiotic-treated group, mothers received anti-
microbial prophylaxis, mainly penicillin, during delivery, and
infants received postnatal antibiotics, mainly a combination
of penicillin and aminoglycoside started within 24 hours after
birth because of suspected sepsis. Fifty-six stool samples were
studied, including 20 samples from mothers that were collected
immediately after birth, 20 newborn samples collected before
discharge from the hospital (3-7 days after birth), and 16 infant
samples collected at 12 months. Clinical background data for
the samples are presented in Supplementary Table 1.

Source of Microbiome Transmission

After bioinformatic processing of each sample, the genes iden-
tified from all 56 samples were analyzed to identify the bacte-
rial species and genes shared between samples (see Methods).
ESGs, defined as genes that were found in only 2 individuals
of all subjects, were compared. In this study, the nucleotide
sequences of ESGs were required to be 100% identical. As such,
ESGs are strong indicators of the transmission of species and
genes from one subject to another. If a single species is found in
2 individuals (1 mother, 1 infant) who have >1 ESG that belongs
to this species, the species is considered a transmitted species.
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Similarly, if 1 species and >1 ESG belonging to this species are
found in a child’s samples at birth and at 12 months, the species
is considered persistent.

We found that by 3-7 days after birth, the number of transmitted
species in mother-infant pairs was significantly higher in the con-
trol group, unexposed to antibiotics (mean, 26 species), than in the
antibiotic-treated group (5 species; P = .03) (Table 1) or in unre-
lated woman-infant pairs in the control group (7 species; P = .005)
or the antibiotic-treated group (1 species; P < .001) (Figure 1A).
The number of ESGs in the mother-infant pairs in the control
group (mean, 1091 ESGs) was also significantly higher than in the
antibiotic-treated group (38 ESGs; P = .01) (Table 1) or in unre-
lated woman-infant pairs in the control group (49 ESGs; P = .002)
or the antibiotic-treated group (9 ESGs; P =.001) (Figure 1B). This
was also true for the transmitted species with AMR genes or the
ESGs that are AMR genes (Table 1 and Figure 1C and 1D). None
of the AMR genes in the infants in the antibiotic-treated group
originated from their mother’s microbiome.

For the infants at 12 months of age, there was no statistically
significant difference between the control and the antibiotic-
treated groups in terms of transmitted species in mother-infant
pairs. However, our analysis showed that the number of ESGs in
mother-infant pairs for infants at 12 months of age, was still signif-
icantly higher in the control group (mean, 1215 ESGs) than in the
antibiotic-treated group (315 ESGs; P = .02) (Table 1) or in unre-
lated woman-infant pairs in the control group (20 ESGs; P <.001) or
the antibiotic-treated group (26 ESGs; P < .001) (Figure 1E and 1F).

Although a transmitted species is defined when a single ESG
exists in a mother-infant pair, the actual detected transmitted
species, as listed in Table 1, have multiple ESGs per species. On
average, 1 transmitted species has 43 ESGs between the mother-
infant pairs in the control group and 8 ESGs in the treatment

group. Therefore, the identified transmitted species are sup-
ported by multiple ESGs.

Microbial species composition profiles were calculated
at different taxonomic ranks (Figure 2 and Supplementary
Figures 1 and 2). The relative abundance data is also available
in Supplementary Tables 2—4. For each individual sample from
the infants, we identified which species were transmitted from
their mother, and which from unknown sources, such as hor-
izontally transferred from the environment or other people
(Figure 3). By 3-7 days after birth, on average 72% (o = 39%)
of the species population in the infants’ samples in the con-
trol group were shared with their mothers’ samples, compared
to only 25% (0 = 38%) in the infants in the antibiotic-treated
group (P = .04). At 12 months, the relative abundance of total
bacteria species in the fecal samples of infants transmitted from
their mothers was 82% (o = 7%) in the control group and 72%
(0 = 21%) in the antibiotic-treated group (P = .38).

Transmitted Species and AMR Genes

The species that were vertically transmitted were not al-
ways the species with a high abundance in the maternal
microbiome. In about 75% of cases, the relative abundance
of these transmitted species is <1% in the maternal samples.
The mean relative abundance of the transmitted species in
mothers is 1.3% (o = 3.0%) (Supplementary Table 6). The
most frequently transmitted species from mother to infants
in the control group, including the species found in either
infants’ stool samples at 3-7 days after birth or at 12 months
of age, were Bacteroides sp. 3_1_33FAA (9 occurrences
among 10 children), Bacteroides vulgatus (8 occurrences),
and Bacteroides fragilis, Bacteroides ovatus, Bacteroides
salanitronis, Bifidobacterium longum, and Parabacteroides

Table 1.

Numbers of Transmitted Species and Exclusively Shared Genes in Mother-Infant Pairs From Control and Antibiotic-Treated Groups

Transmitted Species or ESGs (AMR Genes®), No.

Age 12 mo

Antibiotic Group

Control Group Antibiotic Group

Transmitted Species ESGs Transmitted Species ESGs Transmitted Species ESGs

Age 3-7d
Control Group

Study ID (Control Group;

Antibiotic Group) Transmitted Species ESGs
13; 6 20 (1) 466 (2)
26; 31 8 (1) 270 (2)
35; 32 0(0) 0(0)
37,70 37 (0) 495 (0)
43; 74 43 (1) 2114 (23)
45; 88 18 (1) 1223 (2)
89; 95 24 (1) 1786 (11)
93; 98 0(0) 0(0)
105; 136 58 (4) 2080 (14)
123; 148 47 (2) 2471 (2)
Mean; mean 26 (1) 1091 (5)

1(0) 2 (0) 32 (1) 1656 (1) 59 (0) 298 (0)
6(0) 26 (0) 38 (1) 1297 (2) 42 (0) 221 (0)
0(0) 0(0) NA NA
10 (0) 74 (0) 36 (0) 125 (0) 68 (0) 873 (0)
0(0) 0(0) 69 (0) 1344 (0) 22 (0) 98 (0)
0(0) 0(0) NA 11 (0) 32 (0)
1(0) 1(0) 68 (0) 3144 (0) 40 (0) 257 (0)
1(0) 1(0) 34 (0) 327 (0) 18 (0) 159 (0)
27 (0) 274 (0) 62 (2) 1278 (3) NA
0(0) 0(0) 40 (0) 552 (0) 62 (1) 585 (1)
5 (0) 38 (0) 47 (1) 1215 (1) 40 (0) 315 (0)

Abbreviations: AMR, antimicrobial-resistant; ESGs, exclusively shared genes; ID, identification number; NA, dropped out.

®Parenthetical numbers represent species with AMR genes or ESGs that are AMR genes.
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Transmitted species and exclusively shared genes of different adult/mother-infant groups. P values (Wilcoxon rank sum test) for unrelated woman-infant

antibiotic-treated group, unrelated woman-infant control group, and paired mother-infant antibiotic-treated group all represent comparisons with the paired mother-infant/

child control group. Abbreviations: ESGs, exclusively shared genes.

distasonis (7 occurrences each) (Supplementary Table 7). In
theantibiotic-treated group, the most frequently transmitted
species were quite different and included Faecalibacterium
prausnitzii (8 occurrences among 10 children), B. vulgatus
(7 occurrences), and Eubacterium rectale, Anaerostipes
hadrus, B. ovatus, Bacteroides sp. 2_1_22, Flavonifractor
plautii, Roseburia hominis, Roseburia intestinalis, and
Ruminococcus sp. 5_1_39BFAA (6 occurrences each)
(Supplementary Table 7).

In the control group, the most abundant species transmitted from
mothers to infants at either 3-7 days after birth or at 12 months of
age were Escherichia coli (mean relative abundance, 0.28), B. vulgatus
(0.13), B. longum (0.10), Bifidobacterium bifidum (0.09), Bacteroides
uniformis (0.08), B. fragilis (0.06), and Bacteroides. sp. 2_1_22 (0.05)
(Supplementary Table 8). In the antibiotic-treated group, these species
were E. coli (mean relative abundance, 0.15), Parabacteroides johnsonii
(0.12), Bifidobacterium breve (0.10), Collinsella aerofaciens (0.08),
B. longum (0.07), E prausnitzii (0.07), Citrobacter sp. 30_2 (0.07),
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Figure 2. Relative abundance at phylum level.

Vertical Transmission of Gut Microbiome « JID 2021:224 (1 October) « 1239


http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa155#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa155#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa155#supplementary-data

12 mo-Antibiotic-98
12 mo-Antibiotic-95
12 mo-Antibiotic-88
12 mo-Antibiotic-74
12 mo-Antibiotic-70
12 mo-Antibiotic-6
12 mo-Antibiotic-31
12 mo-Antibiotic-148
12 mo-Control-93
12 mo-Control-89 -
12 mo-Control-43
12 mo-Control-37
12 mo-Control-26
12 mo-Control-13 -
12 mo-Control-123
12 mo-Control-105
Birth-Antibiotic-98
Birth-Antibiotic-95 -
Birth-Antibiotic-32
Birth-Antibiotic-31
Birth-Antibiotic-148
Birth-Antibiotic-88 -
Birth-Antibiotic-74
Birth-Antibiotic-70
Birth-Antibiotic-6
Birth-Antibiotic-136 -
Birth-Control-45
Birth-Control-35
Birth-Control-93
Birth-Control-89 -
Birth-Control-43
Birth-Control-37
Birth-Control-26
Birth-Control-13
Birth-Control-123
Birth-Control-105

-1.0 -
-0.5 -

0.0 -

Phylum

. Actinobacteria
. Ascomycota
. Bacteroidetes

. Firmicutes
O

Proteobacteria

0.5 -
1.0 -

Abundance

Left: Species from maternal gut

Figure 3.

Right: Species not from maternal gut

Relative species abundance of children’s fecal samples. Infant samples obtained 3—7 days after birth are shown on the bottom, and samples obtained at

12 months on the top. Species on the left side of the x-axis are species transmitted from the maternal gut microbiome. Only species that with >5% relative abundance in any
sample are shown. (Individual species and their abundances are available in Supplementary Table 5.)

B. vulgatus (0.06), and Bacteroides sp. 2_1_22 (0.05) (Supplementary
Table 8).

Among the species that were not transmitted from the
mother’s gut (Supplementary Table 9), the most commonly seen
was Staphylococcus epidermidis. S. epidermidis, an ubiquitous
skin colonizer [26], is among the antibiotic-resistant pathogens
that cause healthcare-associated infections [27]. Our analysis,
which lacks skin samples from mothers, could not confirm
the source of S. epidermidis. However, it has been known that
human skin and hospital room surfaces share common spe-
cies [28] and contaminated surfaces in hospitals contribute
to the transmission of nosocomial pathogens [29]. We found
S. epidermidis in 5 and 4 infants in the antibiotic and the control
groups, respectively, at 3-7 days after birth. The relative abun-
dance of S. epidermidis in the antibiotic-treated group (41%) was
higher than in the control group (10%; P = .1) (Supplementary
Table 9). L. reuteri, which was administered to the infants in
the antibiotic-treated group, was found in 4 infants from this

group. Several species from the genus Klebsiella were found to
be horizontally transmitted from the environment only in the
antibiotic-treated group (Supplementary Table 9).

No statistically significant difference was found in the abun-
dance of total AMR genes in infants’ samples between the 2
groups (Figure 4). However, when we separated the AMR genes
according to whether they were vertically transmitted from
mothers’ gut microbiome, we saw clear differences between the
2 groups. In the antibiotic-treated group, except for an outlier
(Sample ID: Birth-antibiotic-70), the main source of AMR genes
was not the maternal gut microbiome, especially at 3-7 days
after birth, while in the control group, most AMR genes were
inherited from the species transmitted from mothers.

Persistence of Transmitted Species From Birth Until 12 Months

At 12 months, the control group shared more species with their
corresponding 3-7-day samples than the antibiotic-treated
group. The control group had significantly higher numbers
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Figure 4. Antimicrobial-resistant (AMR) gene abundance and source of AMR genes in infants’ gut microbiome. The unit of abundance unit is copies per million (the number
of reads mapped to the AMR gene per million reads mapped to all genes in the sample). AMR genes in infants transmitted from mothers are not necessarily exclusively shared
genes (as listed in Table 1); exclusively shared genes must exist in both mother and infant and must be 100% identical in full gene length. In this figure, an AMR gene in an
infant's sample is considered transmitted if the gene is from a species that can be traced back to the mother's sample, even if the AMR gene was not found in the mother's

sequencing data.

of persistent bacterial species (mean, 21 species) and ESGs
(mean, 1128 species) between 3-7 days and 12 months than
the antibiotic-treated group (2 persistent species [P = .02])
and 27 persistent ESGs [P = .02]) (Table 2). This suggests that,
in the first week of life, healthy infants vertically inherit a ma-
ternal microbiome and AMR signatures, which largely persist
at 12 months after birth.

Shift of Microbiome Composition From Birth to 12 Months

Microbial species composition profiles were calculated at dif-
ferent taxonomic ranks, and the relative abundances are pro-
vided in Supplementary Tables 2-4. We used a nonmetric
multidimensional scaling approach to visualize the similarities
between all the samples, using Bray-Curtis distance on spe-
cies relative abundance (Figure 5A). Infants in the antibiotic-
treated group have gut taxonomic composition that is more
dissimilar from their mothers (Figure 5A and 5B) at 3-7 days
after birth then the control group. However, during the first
12 months, the gut microbiome of the infants in the antibiotic-
treated group underwent a bigger shift and mostly returned to
normal by age 12 months. Most stool samples from infants at
12 months, in both groups, had an almost adultlike taxonomic
composition (Figure 5A).

DISCUSSION

We show that widely used perinatal antibiotics resulted in a
significantly decreased vertical transmission of microbes from

mothers to infants at 3-7 days after birth. At the same time,
infants in the antibiotic-treated group had an increased propor-
tion of microbes deriving from other environmental sources.
Furthermore, infants in the antibiotic-treated group obtained
their AMR species from their environment instead from their
mothers. This emphasizes the potential role of the hospital mi-
crobial environment in the spread of AMR in infants exposed
to antibiotics at birth.

The present study demonstrates the vertical transmission
of AMR genes from mothers to infants. In an earlier system-
atic review of 4839 articles [30], only 5 studies about vertical
transmission of AMR pathogens or genes were identified, in-
cluding studies about the transmission of penicillin-resistant
Streptococcus pneumoniae [31], antibiotic-resistant group B
streptococcus [32], extended P-lactamase producing E. coli
[33], ampicillin-resistant E. coli [34], and tetracycline resist-
ance genes [35]. Our study extends the earlier findings and pre-
sents the magnitude of the vertical transmission process using
metagenome sequencing in a controlled study.

Our results of maternal gut microbiome as the source of
infant gut microbiome are analogous to those of the previous
studies. Ferretti et al [10] have shown that the maternal gut pro-
vides a larger contribution of colonizing bacteria in the gastro-
intestinal tract in young infants than the skin, oral cavity, or
vagina. Although we did not collect skin, oral or vaginal sam-
ples from mothers, our study demonstrated that 82% and 72%
of bacterial species in children’s samples at 12 months of age
originated from the mother’s gut, indicating that the maternal
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Table 2. Numbers of Persistent Species and Exclusively Shared Genes
Between Samples Collected at 3-7 Days and 12 Months After Birth in the
Same Child

Transmitted Species or ESGs (AMR

Genes?), No.

Study ID Persistent Species ESGs

Control group
13 20 (0) 473 (0)
26 7 (0) 443 (0)
37 11 (0) 1608 (0)
43 46 (0) 1187 (0)
89 27 (1) 2769 (0)
93 0(0) 0(0)
105 44 (0) 2219 (0)
123 16 (0) 324 (0)
Mean 21 (0) 1128 (0)

Antibiotic group
6 4(0) 170 (0)
31 2 (0) 2 (0)
70 10 (0) 40 (0)
74 0(0) 0(0)
88 0(0) 0(0)
95 0(0) 0(0)
98 0 (0) 0(0)
148 0(0) 0(0)
Mean 2 (0) 27 (0)

Abbreviations: AMR, antimicrobial-resistant; ESGs, exclusively shared genes; ID, identifi-
cation number.

“Numbers in parenthesis are species with AMR genes or ESGs that are AMR genes.

gut microbiome is the major source for gut colonization in new-
borns. Several transmitted organisms identified in our study,
such as species in the genera Bacteroides and Bifidobacterium
and in E. coli, are in alignment with transmitted species ob-
served in other studies [10, 11]. Similar to the observations
by Yassour et al [12], showing that both primary strains and
secondary strains are inherited from mothers to infants, our
present study shows that infants acquire both abundant and less
abundant species from their mother.

Perinatal antibiotics led to an increased environmental source
in the newborn colonization process, which has clinical implica-
tions. In classic studies in the 1980s [36], Tullus et al [36] showed
that newborn infants treated in certain neonatal wards subse-
quently had a long-term increased risk of E. coli infections, most
likely owing to the early acquisition of nosocomially spread E. coli
clones in the gut microbiome. Exposure to perinatal antibiotics
may thus result in an increased risk of infections due to strains
acquired from the hospital environment instead of the maternal
microbiome. Furthermore, prenatal consumption of probiotics
has shown some promise in preventing long-term diseases in off-
spring [37, 38]. Prenatal interventions based on the vertical trans-
mission of microbes from mothers to infants may fail, however, if
perinatal antibiotics, interfering with the source of colonization,
are used. Finally, nosocomial spread of AMR is a known threat in
neonatal wards [39-41]. The nosocomial acquisition of AMR from
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Figure 5. Nonmetric multidimensional scaling (MDS) plot of samples and taxonomic distance between groups. A, X-axis and y-axis are the two MDS dimensions. Each
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a hospital environment seems to be more likely in newborn infants
exposed to antibiotics owing to the changed colonization process.

Our study is one of the first controlled studies that used
metagenomic sequencing to investigate the impact of perinatal
antibiotics on newborn microbiome transmission. One of its
major strength is the controlled prospective cohort that was fol-
lowed up for a year. Although our study cohort (n =10 per group
for each group) is not very large, it still enabled us to find signif-
icant differences in vertical microbiome transmission between
the antibiotic-exposed group and the control group. Cohorts in
other related studies, owing to different designs and configur-
ations, are not as well suited to answer the question of how anti-
biotics affect vertical microbiome transmission, as we have been
able to accomplish in our study. For example, although the large
cohort by Shao et al [11] included 596 subjects, they only had
fecal samples for 5 mother-infant pairs in which both mothers
and infants received antibiotic treatment and multiple samples
were collected from infants [11], [supplementary table 1].

The antibiotic and microbiome study by Korpela et al [42] in-
cluded 236 children, but only 14 stool samples were sequenced
using a metagenomic approach and no samples were collected
from mother. In the study by Yassour et al [12], samples from
mothers and infants in 44 mother-infant pairs were sequenced
using metagenomic approaches, and multiple samples were col-
lected for the infants until they were 3 month of age. Clear pat-
terns in vertical microbiome transmission were observed in that
study, but it did not track antibiotic usage and the cohort did
not have an antibiotic usage group. In addition, the infants were
followed up until only 3 months of age. The study by Ferretti
et al [10] focused on vertical microbiome transmission of dif-
ferent body sites in healthy populations. Only 4 infants received
antepartum or intrapartum antibiotic treatments in that cohort
[10], [supplementary table 1].

Breastfeeding has been shown to result in marked and per-
sistent differences in the infant gut microbiome [43]. Bacteria
in maternal breast milk are likely to be an important source of
the infant gut microbiome [44]. In the current study, perinatal
antibiotics seemed to disturb the mother-to-infant colonization
even in the presence of breastfeeding, because all vaginally de-
livered infants, including those exposed to perinatal antibiotics,
received maternal breast milk. The differences between groups
might thus have been even larger in settings with low breast-
feeding rates in sick infants receiving antibiotics.

Our cohort study does have some limitations, however. The
results may not be generalizable to all infant populations, be-
cause the cohort was from a homogenic Finnish population
with a rather low background prevalence of clinically significant
AMR genes as compared to that in many other countries. We
only recruited vaginally delivered infants, so the possible effects
in infants born by cesarean delivery were not studied in this
population. The relatively small cohort size did not allow com-
parison of different antibiotics or other factors on the outcome.

Therefore, more studies with larger cohorts that include dif-
ferent populations and cesarean-delivered infants are needed
to further investigate how antibiotic treatments affect vertical
microbiome transmission.

The identification of transmitted species and genes can be
influenced by sequencing depth. It is expected that a higher
sequencing depth will provide better genome coverage, en-
abling more transmitted genes to be found. The actual trans-
mitted species and genes may be missed if the sequencing
depth is too low for these species to be detected in samples
from either mothers or infants. Mothers have more diverse
microbiomes than infants. Therefore, the average per-species
sequencing depth is much lower in mothers than in infants, so
variations in the sequencing depths of samples from mothers
have a bigger impact in the analysis of transmitted species or
genes. Furthermore, the abundance of transmitted species
in mothers’ samples can have a wide range and can be low
(Supplementary Table 6). Therefore, in our data set, the number
of ESGs is not correlated with the sequencing depth of sam-
ples from either mothers or infants. As in typical microbiome
studies, the sequencing depths of the samples in this study have
a wide range (Supplementary Table 1B). However, there is no
significant difference in sequencing depth between control and
antibiotic groups in mothers or infants (both P = .81; ¢ test).
Therefore, variation in sequencing depth will not affect the sig-
nificant findings in this study.

The method we developed based on clustering analysis
of genes for the detection of transmitted species between
microbiome is very effective and sensitive. Several computa-
tional tools that offer strain-level analysis on microbiome sam-
ples can be used to detect transmission of species. For example,
StrainPhlAn [45] is a commonly used program for strain anal-
ysis. StrainPhlAn is now part of the MetaPhlAn2 package [46],
which analyzes a set of conserved and unique species marker
genes to obtain taxonomic profiles for metagenomic samples.
StrainPhlAn uses the results from MetaPhlAn2 to detect single-
nucleotide polymorphisms (SNPs) so that the SNPs can be com-
pared to find strain-level differences between samples. Because
only a limited set of marker genes are analyzed, StrainPhlAn
may miss transmission SNPs on other genes.

StrainEST is another program for bacteria strain analysis in
microbiome samples [47]. It can perform full-length genome
SNP calling, using 1 representative genome per species to build
multiple genome alignment for multiple strains in a species be-
fore SNP calling. For species with very diverse strains (ie, those
with a large pangenome), it is difficult for the single represen-
tative genome to cover the whole pangenome. Therefore, this
method may fail to detect transmitted species or genes.

MIDAS software is another method for strain level anal-
ysis [48]. Like MetaPhlAn2, MIDAS relies on a set of marker
genes for taxonomy profiling. But like StrainEST, it performs
genome-wide SNP calling. MIDAS was also used for tracking
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the transmission of species from mother to infant in its original
publication [48]. In the publication of MIDAS [48], the trans-
mission of species from mother to infant (healthy population)
was studied and it was found that, on average, approximately 40
species were transmitted at birth and approximately 60 species
were transmitted at age 12 months. This is very comparable to
our findings in the control group at these time points (Table 1).
Compared with the above methods, our method for detection
of transmitted species and genes has several advantages.

The above-mentioned methods usually require relatively high
sequencing depth for SNP calling. Our method does not have
this requirement and can work with low-abundance species.
Because our method is based on the clustering analysis of all the
genes from the pangenomes, it can detect transmission events
based on information beyond a subset of marker genes or the
representative genome used in the above-mentioned methods.
In addition, our analysis is gene focused and can therefore track
the transmission of genes and AMR genes, which is an impor-
tant aspect of our study.

In summary, this study demonstrated that antibiotic use
markedly affected the vertical transmission of maternal mi-
crobes to infants during early colonization. Antibiotics changed
the main source of colonization and led to more horizontally
transmitted species from the environment, some of which are
potentially pathogenic species common to hospital environ-
ments. Our study suggests that vertical transmission is a con-
tinuous process. Despite the initial interruption of vertical
transmission at birth caused by antibiotics, the children in the
antibiotic-treated group still reached adultlike microbiome
composition at 12 months of age. However, at 12 months of age,
there were still detectable differences between the antibiotic-
treated group and the control group, showing the possible long-
term effect due to antibiotic use at birth.

Supplementary Data

Supplementary materials are available at The Journal of Infectious
Diseases online. Consisting of data provided by the authors to
benefit the reader, the posted materials are not copyedited and
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.
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