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Abstract

Background: The oral microbiota is acquired very early, but the factors shaping its acquisition are not well
understood. Previous studies comparing monozygotic (MZ) and dizygotic (DZ) twins have suggested that host
genetics plays a role. However, all twins share an equal portion of their parent’s genome, so this model is not
informative for studying parent-to-child transmission. We used a novel study design that allowed us to directly
examine the genetics of transmission by comparing the oral microbiota of biological versus adoptive mother-child
dyads.

Results: No difference was observed in how closely oral bacterial community profiles matched for adoptive versus
biological mother-child pairs, indicating little if any effect of host genetics on the fidelity of transmission. Both
adopted and biologic children more closely resembled their own mother as compared to unrelated women,
supporting the role of contact and environment. Mother-child strain similarity increased with the age of the child,
ruling out early effects of host genetic influence that are lost over time. No effect on the fidelity of mother-child
strain sharing from vaginal birth or breast feeding was seen. Analysis of extended families showed that fathers and
mothers were equally similar to their children, and that cohabitating couples showed even greater strain similarity
than mother-child pairs. These findings support the role of contact and shared environment, and age, but not
genetics, as determinants of microbial transmission, and were consistent at both species and strain level resolutions,
and across multiple oral habitats. In addition, analysis of individual species all showed similar results.

Conclusions: The host is clearly active in shaping the composition of the oral microbiome, since only a few of the
many bacterial species in the larger environment are capable of colonizing the human oral cavity. Our findings
suggest that these host mechanisms are universally shared among humans, since no effect of genetic relatedness
on fidelity of microbial transmission could be detected. Instead our findings point towards contact and shared
environment being the driving factors of microbial transmission, with a unique combination of these factors
ultimately shaping the highly personalized human oral microbiome.
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Introduction
The last decade has seen rapid growth in understanding
the role of the human microbiome in health and disease.
Foundational studies across multiple body sites have
shown that the adult human microbiota consists of a
shared, limited set of niche-specific species [1, 2]. Our
previous work exploring the assembly of oral microbiota
from birth through the first year of life showed that the
early childhood microbiota is acquired in an ordered se-
quence, with common oral species shared between chil-
dren and mothers [3]. At the strain level, however, each
individual harbors a highly personalized microbiota [4,
5]. The role of intrinsic and extrinsic factors in acquisi-
tion of this individualized microbiome is yet not well
understood. Given that strains have been found to be
shared among family members [6], a possible intrinsic
factor influencing microbiota acquisition could be host
genetics shared between parents and offspring.
A number of previous investigations into the interac-

tions of microbes and host genetics have compared micro-
bial communities of monozygotic (MZ) twins and
dizygotic (DZ) twins. Two of these studies have shown the
oral microbiota of MZ twins to be slightly more similar
than that of DZ twins, suggesting that host genetics influ-
ences microbial community composition [7, 8]. These
studies also identified taxa that are more likely to be “her-
itable.” Microbial “heritability” could have far-reaching
consequences for health, since the inheritance of a dysbio-
tic community could confer increased risk for diseases
with a microbial etiology. Yet, no studies have specifically
examined the fidelity with which the human oral micro-
biota are passed from parents to offspring.
A major deterrent to studying the role of shared genet-

ics in parent to child microbial transmission has been the
lack of a suitable case-control model. Both MZ and DZ
twins share an equal portion of their parent’s genome and
are therefore not informative for studying direct parent to
offspring transmission. To specifically examine the contri-
bution of genetics to the fidelity with which microbial spe-
cies and strains are passed from parents to offspring, we
used a novel study design comparing genetically related
and unrelated mother-child pairs. The fraction of shared
species and strains between children and their biological
mothers, who share half of their genomes, was compared
with that of children and their adoptive mothers, who had
no genetic relationship. Extensive metadata was collected
to examine potential confounders such as breastfeeding
and birth mode. Given that humans share a core oral
microbiota at the species level [9], subspecies or strain level
techniques are required to accurately track microbial trans-
mission between individuals. We have developed a high-
throughput strategy for sub-species/strain characterization
of bacterial communities by targeting the ribosomal inter-
genic spacer region (ISR), and this approach has revealed

highly personalized profiles among adults [5]. We employed
this approach for sub-species analysis, along with 16S rRNA
gene sequencing for species analysis. Microbial community
composition is known to vary among distinct niches within
the oral cavity that are important in oral disease. Therefore,
to comprehensively profile the oral microbiota, we sampled
three distinct oral habitats—soft tissue and saliva, and both
supragingival and subgingival plaque biofilm.
Using this multi-habitat, multi-resolution approach,

we comprehensively profiled oral microbial communities
in parents and children. We detected no effect of genetic
relationship on fidelity of transmission at either the spe-
cies or strain level, and no effect in any of the three bio-
logically important oral niches. Our findings suggest that
contact and shared environment, not genetics, determine
the transmission of oral microbes. An extended dataset
showing high similarity between spouses further sup-
ported this observation.

Methods
Inclusion/exclusion criteria, exam and sampling
Adoptive and biological mother-child dyads were en-
rolled to allow determination of the effect of genetic re-
latedness on the fidelity of oral bacterial transmission.
IRB approval was obtained for this study, parents pro-
vided written consent and children over 7 years of age
provided assent. Adoptive mother-child dyads were re-
cruited through adoption agencies. The biological group
was recruited to match the adoptive group on child’s
age, and parent’s socioeconomic status. Only children
adopted immediately at birth and unrelated to the adop-
tive family were included to minimize transmission of
bacteria from the biological mother. Only genetic birth
mothers were included in the biological group, and fa-
thers and siblings from this group were also sampled
when available. For both biological and adoptive groups,
the minimum age for children was 3 months to allow
the establishment of an oral bacterial community, while
twelve years of age was the maximum. Exclusion criteria
for all subjects were chronic disease affecting the oral
cavity or immune system, and/or early onset
periodontitis.

Examination and history
A dental exam was conducted and recorded for both
children and mothers that included caries, gingivitis,
periodontitis, and plaque levels. A medical and social
history was also obtained, including breastfeeding history
and delivery mode.

Sample collection and processing
Sampling was conducted at least 1 h after home oral hy-
giene or consuming food or drink. Saliva and soft tissue
were sampled with a Copan swab placed in the right
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lingual vestibule for 30 s and then swabbed into both
buccal vestibules and across the tongue. Sterile micro-
brushes were used to collect supragingival plaque from
the buccal surfaces of all teeth in the mandibular right
quadrant, and sterile paper points were then inserted
into the mesial sulcus of each of these teeth to obtain
subgingival samples. Samples were placed separately in
labeled tubes containing 200 μL ATL buffer (Qiagen,
USA) and stored under refrigeration until transported to
the lab for storage at – 20 °C. Bacterial genomic DNA
was extracted using QIAamp DNA Mini Kit (Qiagen,
USA), using an optimized protocol as described in
Mukherjee et all 2018 [5].

Sequencing library preparation
Two sets of sequencing libraries were prepared, targeting
the 16S V1-V3 and 16-23S ISR, as described in Mukher-
jee et al 2018. Briefly, both the protocols are based on an
optimized Illumina 16S Metagenomic Sequencing Li-
brary Preparation protocol (Illumina, USA), a two-step
process where the target region is PCR amplified with
gene-specific primers and then indexing barcodes are
added through a second round of amplification. An
optimization was made to the molecular protocol for the
16-23S ISR library such that only the ISR fragment was
amplified as target, excluding the adjacent 16S region.
This was achieved using the rD1f primer (5′-GGCTGG
ATCACCTCCTT) [10] in place of the 1237F primer in
the original protocol. The 16S V1-V3 libraries were se-
quenced on the Illumina MiSeq Platform with 300 base
pair paired-end chemistry. The ISR libraries were se-
quenced on the Illumina HiSeq 2500 platform, with 250
base pair paired-end chemistry. Illumina MiSeq sequen-
cing was used for the 16S reads to allow the entire V1-
V3 region to be sequenced. Given that the average ISR is
much smaller length, the shorter read HiSeq platform
was chosen for sequencing the ISR reads to take advan-
tage of its greater throughput, allowing a single batch
run for all the samples. The mean per sample read count
was comparable among the two sequencing methods, at
24427 and 26606 for the ISR and 16S methods,
respectively.

Sequence data processing and taxonomic assignment
Demultiplexed reads from the 16S V1-V3 library were
processed as described in Mukherjee et al. 2018 [5].
Briefly, paired reads from the 16S library were merged
using Mothur [11], quality filtered using Mothur and
custom Python scripts, and then mapped against our
oral bacteria16S reference database CORE [12] to gener-
ate species-level OTU abundance tables. All scripts used
in this pipeline are available publicly at https://github.
com/cliffbeall/leyslab-amplicon-pipeline.

For the ISR library, denoising and sample inference
was performed using DADA2 [13] version 1.10.0 for the
unpaired read 1 s (forward read), as described in
Mukherjee et al. 2018 [5], with quality filtering parame-
ters optimized to suit this library. Specifically, parame-
ters used in the DADA2 processing protocol were
adjusted for the primers used in this study and overall li-
brary quality (trimLeft = 17, maxN = 0, truncQ = 2).
Chimeric reads were removed with DADA2 using the
function removeBimeraDenovo (method = “consensus”)
and low throughput (< 5000 input sequences) samples
were excluded from the analysis. Samples from multiple
oral niches were included for each subject, and ISR
Amplicon Sequence Variants (ASVs) present in only one
sample were removed as suspected PCR artifacts.
For comparisons among species, ISR ASVs from the

soft tissue swab/saliva samples were mapped to the up-
dated Human Oral ISR database [5]. This database now
constitutes of over 3000 unique ISR sequences repre-
senting close to 300 different species of the most abun-
dant oral bacteria and is publicly available for download
(https://github.com/cm0109/ISR_database).

Statistical analysis and visualizations
Statistical data analysis and visualizations were per-
formed in RStudio version 1.1.456, with R version 3.5.1.
ASV and species-OTU tables were rarefied using the R
function rrarefy from the vegan [14] package, using row
minimums as subsample size. Relevant distance matrices
(Bray-Curtis and Jaccard) were generated using the func-
tion vegdist, also from package vegan. Non-metric multi-
dimensional scaling (NMDS) ordination was computed
using the function metaMDS from the vegan package.
Ellipses were drawn at 95% confidence level for the
NMDS plots using stat ellipse function in ggplot2. Dis-
tribution of distances between two groups were com-
pared using Wilcoxon rank sum test, with the function
stat_compare_means from the package ggpubr [15].
For statistical comparisons between groups where one

of the groups consisted of paired subjects and the other
of unrelated pairs, a permutation-based method was
adopted such that correct distribution of test statistic
could be obtained while accounting for dependency
among pairs [16]. For this method, the observed test
statistic was calculated as the median of the dissimilarity
indices of a random subset of all possible unrelated pairs
of subjects in the dataset minus the median dissimilarity
of paired subjects. The size of the random subset was
the same as the number of paired subjects so that the
permutation test had comparable power as the Wilcoxon
test used in other comparisons. The original pairing of
subjects was then randomly permuted, and for each per-
mutation, the new test statistic was calculated in the
same way as for the original data. For each comparison,
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1000 such permutations were computed, to obtain the
empirical distribution of the test statistic. The two-sided
p value was then calculated as the proportion of permu-
tations where the absolute value of the test statistic is
larger than or equal to the absolute value of the ob-
served test statistic.
Multiple linear regression analysis was conducted

using the function lm from package stats. Clinically rele-
vant categorical variables recorded as none/mild/moder-
ate/severe were converted to numerical representation
for regression analysis using the scale 1/2/3/4, respect-
ively. For measuring correlation, Spearman’s correlation
test was applied using function cor.test from package
stats, which provided the p value and Spearman’s rank
correlation coefficient (rho) measure. Fisher’s exact test
for metadata comparisons were performed using the R
functions fisher.test from package stats.
R function stars.pval (package gtools v3.5.0) was used

to convert numerical p values to star notations. The
convention used is as follows: if a p value was less than
0.05, it was flagged with one star (*). If a p value was less
than 0.01, it was flagged with two stars (**). If a p value
was less than 0.001, it was flagged with three stars (***).
All visualizations were built using ggplot2 version 3.1.0

[17]. Violin plots and box and whisker plots were gener-
ated using ggplot2 functions geom_violin and geom_
boxplot, respectively. Venn diagrams were plotted using
the draw.pairwise.venn function from the R package
VennDiagram (ref). NMDS plots were constructed using
geom_points, and vector fitting when applicable were
drawn using geom_segment, both from ggplot2. Scatter
plots were constructed using the ggplot2 function
geom_points, smoothed using the LOESS fit smoothing
by function geom_smooth (ggplot2). Bar plots were con-
structed using the ggplot2 function geom_bar (stat =
“identity”). The relevant data and scripts for all analysis
performed is available at https://github.com/cm0109/
Adoption_study.

Results
Multi-niche, multi-resolution study framework
A multi-niche, multi-resolution approach (Fig. 1) was
implemented to compare oral microbial communities of
children and adults, to determine mother to child bac-
terial transmission within genetically related and unre-
lated families. Subjects recruited for this study included
50 adoptive mother-child- pairs and 55 biological
mother-child pairs. The adoptive group included only
children adopted at birth by a non-genetic relative. The
biological group was matched on age (p = 0.29) and so-
cioeconomic status to the adoptive group. Additionally,
an extended family dataset of samples was obtained from
23 fathers and 16 siblings of the children in the bio-
logical group, allowing comparison of microbial profile

similarity among siblings, couples, and child-father pairs.
Detailed meta-data including feeding and delivery mode,
health measures, and demographics were also collected.
To comprehensively profile microbial communities

from multiple niches within the oral cavity, one soft tis-
sue/saliva swab sample, one supragingival plaque sample,
and one subgingival plaque sample were collected from
each subject, with the exception of predentate children,
from whom no tooth-associated sample could be col-
lected. Microbial communities from each sample were
independently profiled at both the species and strain
level. Species level resolution was achieved through se-
quencing of the 16S V1–V3 region and mapping to the
OSU CORE [12] reference database of oral bacteria, and
strain level resolution was achieved by targeted sequen-
cing of the 16-23S Intergenic Spacer Region (ISR) com-
bined with high-resolution processing using DADA2, as
shown previously [5].
For strain-level community analysis, the ISR-amplicon

library was sequenced using the Illumina HiSeq 2500
platform and processed with DADA2 [13] to generate
unique ISR amplicon sequence variants (ISR-ASVs) or
ISR-type strains. Seven samples which did not generate
sufficient sequences (cutoff 5000 reads) were excluded
from analysis. A conservative approach was imple-
mented in calling true biological strain variants by in-
cluding in the analysis only those ASVs found in more
than 1 sample. The final dataset consisted of 778 sam-
ples, representing 3865 ASVs. This included 49 adoptive
and 54 biological mother-child pairs for the saliva data-
set, 46 adoptive and 53 biological pairs for the supragin-
gival dataset, and 44 adoptive and 51 biological pairs for
the subgingival dataset. A detailed breakdown of samples
in each group is included in Supplementary Table ST1.
For the species-level community analysis, the same

samples were used to generate a 16S V1–V3 amplicon li-
brary, sequenced on Illumina MiSeq platform, processed
using Mothur [11], and species level taxonomy was
assigned to the reads using CORE [12] oral 16S data-
base. The final quality filtered dataset consisted of 709
samples, representing 581 species-level OTUs. This in-
cluded 45 adoptive and 48 biological mother-child pairs
for the saliva subset, 45 adoptive and 48 biological pairs
for the supragingival subset, and 40 adoptive and 46 bio-
logical pairs for the subgingival subset. Supplementary
Table ST2 lists the details of samples in each group for
the 16S V1–V3 dataset.
Non-metric multidimensional scaling (NMDS) ordin-

ation using Bray-Curtis (BC) dissimilarities based on
community membership was used to compare beta-
diversity of all the mother and child samples, both at the
strain (ISR) and species (16S) levels (Fig. 2). Profiling
strain-level communities showed significantly greater
separation between the samples compared to species-
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level communities (Supplementary Figure S1). No dis-
tinction between the adoptive and biological families in
terms of beta diversity was observed (Supplementary
Figure S2).

No genetic influence on acquisition of oral bacteria
Similarity between the microbial profiles of adoptive and
biological mother-child pairs was quantified using a
distance-based approach. BC dissimilarities were com-
puted for each mother-child pair based on presence/ab-
sence of species/strain variants. This index ranges from
0 to 1, with samples having exactly identical microbial
communities scored at 0 and absolutely different com-
munities scored at 1. We compared the BC distances be-
tween mother-child at both species and strain levels
(Fig. 3) using the Wilcoxon rank sum test. Microbial
profiles of biological and adopted children were equally
similar to their mothers, for all three niches we sampled:
saliva/soft tissue, supragingival plaque and subgingival

plaque. This was true at both species and strain level
resolutions. BC dissimilarities of all possible unrelated
mother-child pairings among the samples were also
computed. A group containing all possible distances be-
tween any unrelated mother-child pairs is often com-
pared with distances between adoptive or biological
mother-child pairs using a Wilcoxon test or t test, but
this violates a basic assumption of the tests by re-using
the same observations multiple times. Therefore, as an
alternative to the widely used Wilcoxon test or t test ap-
proaches, we used a permutation-based method for stat-
istical comparison between the unrelated group and the
adoptive/biological groups (see “Methods” section for
details). At the level of strains, all mothers and their own
children, regardless of genetic relationship, were signifi-
cantly more similar to each other than unrelated
mother-child pairs. This relationship was not as strong
using the lower resolution species-level approach. Simi-
lar results were also observed using the Jaccard

Fig. 1 Overview of the multi-habitat and multi-resolution approach to compare microbial profiles. Adoptive and biological mother-child pairs
were the main comparison groups. In addition, siblings and fathers in the biological group were recruited. Three distinct microbial habitats within
the oral cavity were sampled–soft tissue and saliva, supragingival plaque, and subgingival plaque. For profiling species-level communities,
amplicon sequencing targeting the 16S V1-V3 region was performed. For strain-level profiling, amplicon sequencing of the 16-23S Intergenic
Spacer Region (ISR) was performed (see “Methods” section)
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dissimilarity index (ISR soft tissue/saliva dataset shown
in Supplementary Figure S3). Additionally, when using
relative abundance measures in place of presence/ab-
sence, similar results for comparisons between adoptive/

biological groups were observed (ISR soft tissue/saliva
dataset shown in Supplementary Figure S4). Given that
the three sites showed highly similar patterns, and the
soft tissue swab/saliva provided the largest dataset for

Fig. 2 Beta-diversity comparison among samples by subject type and sampling site, at both species and strain levels. Non-metric
multidimensional scaling (NMDS) plots using Bray-Curtis dissimilarities based on community membership, at ISR-strain level (top panel) and 16S
Species level (bottom panel) are shown. At the lower resolution (species level) inter-sample distances are smaller as compared to strain level.
Ellipses are drawn to show 95% confidence intervals for each group
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our comparisons because it included the predentate chil-
dren, those samples were used as the primary dataset in
subsequent analyses.
We calculated the average number of species and

strains shared between mother-child pairs for the soft
tissue/saliva samples (Fig. 4). Both adoptive and bio-
logical groups shared 44% of their microbiota at species
level, and 15% at strain level. As expected, the fraction

of shared species was much higher than fraction of
shared strains, and unrelated mother-child pairs shared
four times as many oral species as oral strains. A list of
the most widely shared species and their relative abun-
dance in mother-child pairs for both the biological and
adoptive families is provided in Supplementary Table
ST3. Even though the set of species and strains shared
between mothers and children made up 44% and 15% of

Fig. 3 No influence of genetics on sharing of strains or species between mother and child. Violin plots with embedded box and whisker plots
are shown here comparing the distribution of mother-child distances in the biological, adoptive, unrelated biological, and unrelated adoptive
groups, for the three sampling sites, at strain (top panel) and species level (bottom panel). No significant difference was observed in the mother-
child dissimilarities for the biological and adoptive groups, at either species or strain levels, across the 3 distinct habitats within the oral cavity.
Biological vs adoptive statistical comparisons were performed using Wilcoxon rank sum test, and related/unrelated comparisons were performed
using a comparable permutation-based test (see “Methods” section). Significance levels: ns: p > 0.05, *p≤ 0.05, **p ≤ 0.01, ***p≤ 0.001

Mukherjee et al. Microbiome            (2021) 9:54 Page 7 of 13



the total number of species and strain variants, when
considering relative abundance, they accounted for 93%
and 48% of the total communities on average.

Ruling out possible confounders including feeding and
delivery mode
Extensive demographic and clinical data were collected
for all subjects and examined to determine if any of
these variables significantly influenced mother-child dis-
similarities. Targeted recruitment lead to close matching
of age, health factors, and socio-economic status be-
tween the biological and adopted children (no significant
differences). However, the following nine potentially
confounding factors for the mother-child dissimilarities
were found to be significantly different between the two
groups by Wilcoxon rank-sum or Fisher’s exact test:
child’s feeding mode, child’s gingivitis level, child’s race,
child’s tongue biofilm level, mother-child race match,
mother’s age, mother’s plaque level, mother’s tongue
biofilm level, and mother’s gingivitis level. To assess the
confounding effect, a univariate regression analysis with
mother-child distance as the dependent variable and
group as the independent variable was performed, and a
multiple regression analysis with the unbalanced factors
as additional independent variables was also performed.
The estimated regression coefficient of the group vari-
able changed substantially from the univariate model
(beta = − 0.017, p = 0.433) to the multiple regression
model (beta = − 0.056, p = 0.226). However, the group
variable remained non-significant even after adjusting
for the confounding effect in the multiple regression

model, thereby ruling out any significant confounding
effect on the mother-child dissimilarities. Within the
biological group neither feeding mode nor delivery mode
had a significant impact on mother-child distances for
any niche (Supplementary Figure S5).

Extended family comparisons also fail to show influence
of genetics
An extended dataset of the biologically related families
that included fathers and siblings was analyzed to further
explore the relative contributions of genetics and shared
environment. Comparisons of distance between various
related and unrelated pairs of subjects for the soft tis-
sue/saliva dataset at strain level is shown in Fig. 5. Coha-
bitating mother-father couples and sibling pairs showed
the greatest oral microbiota resemblance of any pairing
examined, sharing significantly more strains than
mother-child or father-child pairs. Mothers and fathers
were equally similar to their children, and both mother-
and father-child pairs were significantly more similar
than unrelated mother- and father-child pairings. Tech-
nical replicates consisting of samples that were proc-
essed through the ISR pipeline in duplicates were highly
similar. Analysis of the extended family samples from
the subgingival and supragingival dataset also produced
similar results (Supplementary Figure S6). Taken to-
gether, these findings provide further evidence that
shared environment and contact, rather than genetic
background, is the primary determinant of microbial
community structure.

Fig. 4 Adopted and biological mother-child pairs shared similar percentage of species and strains. Stacked bar plots showing mean number of
species-OTUs (left) and ISR-strains (right) shared by mother-child pairs in the adoptive, biological and combined unrelated groups for the saliva/
soft tissue swab samples. The percentages of shared species/strains were comparable for the adoptive and biological groups at both resolutions
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Older children’s microbiota more similar to their mother’s
Child’s age is known to be a major determinant of oral
microbiota composition, but targeted recruitment
allowed us to ensure that the child’s ages in the adoptive
and biologic group were balanced (Fig. 6a). Since our re-
sults showed that the biological and adoptive children

were equally similar to their mothers, the two groups
were combined and examined to determine if child’s age
had an effect on mother-child dissimilarities. A total of
101 children were considered for this analysis, with an
age range of 3 months to 6 years. Contrary to our hy-
pothesis, we saw that younger children’s microbial

Fig. 5 Shared environment led to greater similarity between individual’s oral microbial communities at strain level. Comparing microbial
community similarities among different family groups, based on saliva/soft tissue swab samples from the extended biological family dataset.
Dissimilarities between individuals were lowest among cohabitating couples and siblings, even compared to child-mother and child-father.
Children’s oral microbiota were equally similar to their father’s, as they were to their mother’s. Couples and siblings were more similar to
themselves, compared to unrelated adults and unrelated children, respectively. Technical replicates were highly similar to one another. Statistical
comparisons were performed using Wilcoxon rank sum test and the previously used permutation test (when including unrelated groups)

Fig. 6 Child’s age was a significant determinant of mother-child dissimilarities. a Box and whisker plot showing distribution of ages among the
biologic and adoptive group children. b Scatterplot exhibiting the relationship of mother-child distances with age of the child. A strong negative
correlation between mother-child dissimilarities and child’s age was observed. Both adoptive and biologic children were included in this analysis,
and two older children (>= 10 years) were excluded (n = 101). c For the same 101 children, the alpha diversity measure Shannon diversity index
was plotted against age. The blue dotted line represents mean Shannon diversity for mothers of those children. Alpha diversity also showed
strong positive correlation with child’s age, and most older children’s diversities were similar to the adults. Strength and direction of associations
were measured using Spearman’s rank-order test. Scatter plots were smoothed using the regression method LOESS fit. Analysis was based on
strain level communities

Mukherjee et al. Microbiome            (2021) 9:54 Page 9 of 13



communities were less similar to that of their mothers
compared to older children (Fig. 6b). The strong nega-
tive association between child’s age and mother-child
dissimilarities (Spearman correlation coefficient rho = −
0.33, p = 0.002) lead us to further explore this relation-
ship. We hypothesized that increasing overall diversity
of the oral microbial communities with age of the child
may be responsible for increasing similarity of children’s
microbiota to their mothers with age. Indeed, our re-
sults show that the Shannon diversity index, a meas-
ure of alpha diversity, increased sharply during the
early years, reaching levels comparable to those of the
mothers for most children by age 5 years (Fig. 6c).
Children from both the biological and adoptive
groups showed the same pattern, as can be seen in
Supplementary Figure S7.

No influence of genetics seen for individual species
While considering the entire bacterial community as a
whole did not show any effect of genetic kinship, we
wanted to explore whether individual species of bacteria
showed differences in degree of strain matching between
biologic and adoptive mother-child pairs. Our extensive

database of oral ISR sequences allowed us to assign spe-
cies level taxonomy to ISR-type strains, and a list of the
most abundant species, along with the number of strains
identified for each, is shown in Supplementary Table
ST4. To determine if fidelity of transmission varied for
individual oral bacteria species, we compared the adop-
tive and biologic mother-child dissimilarities from the
saliva/soft tissue swab dataset for the 10 most abundant
species in this dataset (Fig. 7). No species showed any
significant difference between the adoptive and biologic
groups, suggesting no differential heritability.

Discussion
Most investigations of the relative contribution of genet-
ics and environment to the human microbiome have
used a monozygotic vs dizygotic twin model. To our
knowledge, this is the first study to directly investigate
parent-to-child microbial transmission by using an adop-
tive versus biologic mother-child study design. Only
children adopted by a genetically unrelated family were
included. The genetic distances between African and
northern European populations are among the greatest
found in modern humans [18], and many of our

Fig. 7 No influence of genetics on mother-child distances for individual species. Violin plots comparing the distribution of mother-child
dissimilarities in the biologic and adoptive groups. For the 10 most abundant species, Bray-Curtis dissimilarities were generated based on
presence/absence of strains for each species. Mother-child distances (dissimilarities) were not significantly different between the adoptive and
biologic groups for any species. Wilcoxon rank sum test was used for statistical comparisons, and p values generated were corrected for false
positives (Benjamini-Hochberg procedure) to generate q values shown. The 50th quantile of each distribution is marked for comparison. Data is
based on the saliva/soft tissue swab samples
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adoptive dyads were composed of white mothers and
African-American children, providing maximum genetic
distance between unrelated mother-child pairs. Only
children adopted at birth were included to minimize
contact with the birth mother’s microbiota. Thus, our
adoptive versus biologic study design allowed us to dir-
ectly explore the contribution of host genetics to acqui-
sition of oral microbiota. We found no measurable effect
of genetic relatedness on how closely children’s oral
microbiota resembled that of their mothers (Fig. 3).
These results suggest an alternative interpretation for
the findings of two twin-based studies that have shown a
small but significantly greater microbiota similarity be-
tween MZ than DZ twins [19, 20]. What MZ twins do
share to a greater extent than DZ twins and adopted sib-
lings are important environmental determinants such as
greater social closeness and intimacy, more similar treat-
ment from others, and greater tacit coordination in
choice making [21]. We suggest that the greater similar-
ity of oral microbial communities previously observed in
MZ twins as compared to DZ twins may be mediated
through shared environmental factors and not a direct
effect of genetically determined host factors.
Although little previous evidence is available at the

strain level, studies at the species level have provided
evidence that shared environment is important in
shaping oral microbiota composition. In one of three
published oral microbiome twin studies [19, 20, 22],
MZ twin pairs were found to be no more similar than
DZ twin pairs, and they became less similar when
they no longer cohabited [22]. Kissing couples were
observed to share highly similar tongue dorsum mi-
crobial communities [23], and shared household was
more important than genetic relationship in a dataset
from an extended family [24]. Another study found
that household members, particularly couples, shared
more of their microbiota than individuals from differ-
ent households [25]. While these studies did not re-
solve microbial communities at strain level, and thus
did not provide sufficient resolution to track trans-
mission, they support our finding that shared environ-
ment and direct contact are the drivers of microbial
community structure.
Findings from pairings within our extended biological

family dataset that included fathers and siblings further
supported the importance of environment over genetics
in determining oral microbial community composition
(Fig. 5). The pairings that showed the greatest similarity
were sibling pairs and married couples, and they were
equally similar despite the difference in genetic related-
ness. Parent-child pairings were less similar than spouses
or siblings, again pointing to degree of contact and age-
related factors as environmental determinants of micro-
bial similarity.

Common biologic features of the mother-child rela-
tionship have been previously investigated and have been
found to have some effect on microbial communities at
the species level [26, 27]. We saw no effect on the fidel-
ity of mother-child strain sharing from vaginal birth or
breast feeding (Supplementary Fig S5). We also observed
that mother-child similarity was greater in older children
(Fig. 6), ruling out early effects of host genetic influence
that are lost over time. In addition, father-child oral
microbiota matched just as closely as that of mothers
and children (Fig. 5). Together, these observations sug-
gest that any impact of breast feeding or delivery mode
on oral strain sharing is negligible relative to other envir-
onmental factors.
Subgingival and supragingival niches have distinct

ecologies and microbial community profiles, and dysbio-
sis of these communities causes the two major oral dis-
eases, dental caries, and periodontitis [28]. The saliva
and soft-tissue surfaces, being easily accessible, have
been most commonly sampled, but may not reflect the
disease-associated communities of greatest interest. Due
to the importance of biogeographic diversity within the
oral cavity [29], we sampled three distinct sites—saliva/
soft tissue surfaces, supragingival plaque biofilm, and
subgingival plaque biofilm—and confirmed that the lack
of a measurable effect of genetics on microbial commu-
nities was consistent across all three niches. In this
study, we focused on the healthy microbiota, and future
studies with larger sample sizes could address the ques-
tion of disease-associated species. We collected samples
at a single timepoint for this study since our previous
work has shown considerable temporal stability of the
oral microbiota [5].
Two separate analytic approaches were chosen to pro-

vide resolution at the level of species and strain. Species-
level microbial identification using 16S rRNA gene se-
quencing provides limited power to track bacterial trans-
mission, although it may provide a good indicator of
functional similarity of bacterial communities. For
species-level 16S OTU-based analysis, the 16S V1–V3
region was targeted since it provides the best resolution
for many common, closely related oral species [12]. The
resulting dataset of ~ 550 bp paired reads, while the best
choice for species-level analysis, did not lend itself to
ASV level analysis with DADA2. Although ASV level
analysis can often be used to increase resolution of 16S
datasets, the DADA2 pipeline is not designed for short
overlap paired reads. It processes each pair independ-
ently, leading to low successful read pair merging when
overlap is low. ISR sequencing was used for strain-level
analysis. We have previously shown that this approach
provides greater resolution than that of 16S ASVs [5].
Our previous work showed that individuals have rela-

tively similar microbial profiles when analyzed at the
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species level, but their microbiota are distinct and
personalized at the subspecies level [5]. For this study,
we used both 16S species-level and ISR strain-level
sequencing approaches to compare microbial profiles.
Neither approach detected a difference between adop-
tive and biologic dyads, but our findings illustrate the
greater power of the ISR-based approach to distin-
guish microbial communities (Fig. 3). For example,
the level of strain sharing was quite low between ran-
dom pairings, only 10%, while at the species level it
was 41% (Fig. 4). Only the strain-level analysis con-
sistently able to detect differences between mother-
child and random pairings.
Previous studies have suggested that some taxa might

be more “heritable” than others, but the findings have
not been consistent across studies [19, 20]. These studies
used relative abundance data and interclass correlation
coefficient (ICC) and ACE modeling in twins. We used
presence or absence of strains in our major analyses be-
cause our question was whether children are more likely
to acquire strains that have successfully established in
their biological parent, and ICC would not be applicable
for our binary data. We compared the frequency of
strain concordance between biological and adoptive par-
ents and offspring for the most common health-
associated species (Fig. 7). Depth of sequencing limited
analysis to the 10 most abundant species. None of these
showed significantly different mother-child distances
when comparing adoptive to biologic groups, indicating
no effect of host genetics for any of these species.
Although sample size of the present study is smaller

compared to some previous studies, both our direct exam-
ination of the parent-child relationship, the greater genetic
difference between dyads using adoption vs a twin model,
and the strain-level resolution achieved in our study
allowed us to more directly address this question.

Conclusions
The host is clearly active in shaping the composition of
the oral microbiome, since fewer than a thousand of the
many bacterial species in the larger environment are
capable of colonizing the human oral cavity. Our find-
ings suggest that these control mechanisms are univer-
sally shared among humans, since no effect of genetic
relatedness on fidelity of microbial transmission could
be detected. Instead our findings point towards contact
and shared environment being the driving factors of mi-
crobial transmission, with a unique combination of these
factors ultimately shaping a highly personalized human
oral microbiome.
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Additional file 1: Supplementary Figure S1. Strain-level community
characterization led to increased separation between samples. Compari-
son of centroid distances for strain and species level communities, both
in terms of subject type (mother/child) separation and sampling site (sal-
iva/swab, subgingival and supragingival plaque). Samples were signifi-
cantly better separated at the strain level. P-values were generated using
paired Wilcoxon rank sum test (significance level *** refers to p < 0.001).
Supplementary Figure S2. Beta-diversity comparison among samples
by subject and family types, at both species and strain levels. Non-metric
multidimensional scaling (NMDS) plots using Bray-Curtis dissimilarities
based on community membership, at ISRstrain level (top) and 16S Spe-
cies level (bottom) are shown. Figure S3. No influence of genetics on
sharing of strains between mother and child using Jaccard dissimilarities.
The saliva/soft tissue swab samples were also analyzed using the Jaccard
dissimilarity indices computed based on presence/absence of ISR strains.
The results were very similar to what was obtained using Bray-Curtis dis-
similarities. No significant difference was observed in the mother-child
dissimilarities between the biologic and adoptive groups, and both bio-
logic and adoptive children’s oral microbiota were significantly more
similar to their own mothers than unrelated mothers. Distribution of dis-
tances are shown using violin plots, with embedded box and whisker
plots. Biological vs adoptive statistical comparisons were performed using
Wilcoxon rank sum test, and related/unrelated comparisons were per-
formed using the previously described permutation test. Figure S4. No
influence of genetics on sharing of strains between mother and child
using relative abundance of strains. Bray-Curtis dissimilarities between the
mother-child pairs for the saliva/soft tissue swab samples were also com-
puted based on relative abundance of ISR strains. No significant differ-
ence was observed in the mother-child dissimilarities between the
biologic and adoptive groups. While the biological group children’s oral
microbiota was significantly more similar to their own mothers than unre-
lated mothers, the same distinction could not be made for the adoptive
group. Biological vs adoptive statistical comparisons were performed
using Wilcoxon rank sum test, and related/unrelated comparisons were
performed using the previously described permutation test. Figure S5.
Effect of feeding and delivery modes on mother-child distances. Differ-
ences in feeding mode (right) or delivery mode (left) among the bio-
logical group children did not have any significant effect on the mother-
child dissimilarities, for either the a) saliva/soft tissue swab, b) supragingi-
val or c) subgingival plaque samples. Figure S6. Extended family com-
parisons using plaque samples show results similar to saliva samples.
Comparing microbial community similarities among different family
groups, based on supragingival plaque (top) and subgingival plaque (bot-
tom) samples from the extended biological family dataset. Groupings are
ordered based on increasing median distances. Shared environment/con-
tact lead to greater oral microbiota composition similarity, and no evi-
dence of genetic influence was detected. Statistical comparisons were
performed using Wilcoxon rank sum test and a custom permutation test
(when including unrelated groups). Figure S7. Relationship of child’s age
with mother-child dissimilarities or alpha diversity was not different for
adoptive or biological group children. a. Scatterplot exhibiting the rela-
tionship of mother-child distances with age of the child. b. Plot for Shan-
non Diversity Index versus child’s age. The blue dotted line represents
mean Shannon Diversity for mothers of those children. Strength and dir-
ection of associations were measured using Spearman’s rank-order test.
Scatter plots were smoothed using the regression method LOESS fit. Sta-
tistics were computed separately for the adoptive and biological group
children, and two older children (>=10 years) were excluded. Analysis
was based on strain level communities. Supplementary Table ST1. De-
tails of number of samples for which sequencing data was available in
each group for the ISR dataset. Supplementary Table ST2. Details of
number of samples for which sequencing data was available in each
group for the 16S dataset. Supplementary Table ST3. List of the most
widely shared species among the motherchild pairs in each group, along
with their relative abundance in the dataset. Data is based on saliva/soft
tissue swab samples. Supplementary Table ST4. List of the 20 most
abundant oral bacteria species. Data is based on saliva/soft tissue swab
samples.

Additional file 2: Supplementary Table ST5. Summary statistics table.
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