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Breastmilk influences development and composition of the oral microbiome
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ABSTRACT
Background: Human microbiomes assemble in an ordered, reproducible manner yet there is 
limited information about early colonisation and development of bacterial communities that 
constitute the oral microbiome.
Aim: The aim of this study was to determine the effect of exposure to breastmilk on assembly 
of the infant oral microbiome during the first 20 months of life.
Methods: The oral microbiomes of 39 infants, 13 who were never breastfed and 26 who were 
breastfed for more than 10 months, from the longitudinal VicGeneration birth cohort study, 
were determined at four ages. In total, 519 bacterial taxa were identified and quantified in 
saliva by sequencing the V4 region of the bacterial 16S rRNA genes.
Results: There were significant differences in the development of the oral microbiomes of 
never breastfed and breastfed infants. Bacterial diversity was significantly higher in never 
breastfed infants at 2 months, due largely to an increased abundance of Veillonella and 
species from the Bacteroidetes phylum compared with breastfed infants.
Conclusion: These differences likely reflect breastmilk playing a prebiotic role in selection of early- 
colonising, health-associated oral bacteria, such as the Streptococcus mitis group. The microbiomes 
of both groups became more heterogenous following the introduction of solid foods.
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Introduction

The human microbiome and human body constitute 
an integrated superorganism following coevolution, 
mutual adaptation and functional integration over 
hundreds of thousands of years [1]. The oral cavity 
is home to the second most diverse microbial com-
munity in the human body after the gut, with well 
over 700 bacterial taxa considered to be components 
of the human oral microbiome [2]. These bacteria 
colonise both the hard surfaces of teeth and soft 
tissues of the oral mucosa [3]. The oral microbiome 
is a complex microecosystem comprising a dynamic 
community of bacteria, the assembly of which is non- 
random and proposed to be dependent on early-life 
factors including host genetic factors, mode of birth 
delivery and nutritional source (formula or breast-
milk) [4,5]. During and directly after birth, microbes 
colonise the oral cavity and the oral microbiome 
rapidly becomes more diverse and complex [6,7]. 
The first two years of life is a crucial period for 
development of the oral microbiome, with the core 
oral microbiome increasing from effectively zero at 

birth to over 32 species-level taxa at approximately 
two years of age [6]. Ecological succession is believed 
to occur with early bacterial colonisers of the oral 
cavity forming a scaffold for biofilm formation that 
develops into a complex microecosystem that persists 
over time. A biofilm is a community of microorgan-
isms that adhere to each other and to surfaces; within 
the oral cavity there are several different kinds of 
surfaces including the tongue, buccal mucosa, kerati-
nised gingiva, hard palate and teeth, all of which are 
colonised by bacterial communities and are continu-
ally shed into saliva, except for the non-shedding 
hard tooth surfaces, where semi-permanent biofilms 
form [8].

The influence of the infant’s diet on the relative 
composition and temporal assembly of the microbial 
communities that comprise the oral microbiome is 
currently poorly understood. A perturbed balance in 
the oral microbiome during infancy could disrupt the 
equilibrium of this oral ecosystem, carrying increased 
risk of oral and potentially systemic diseases [9,10]; 
this is certainly true of the gut microbiome [11,12]. 
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Recent evidence suggests human genetics play 
a relatively minor role in the composition of the 
oral microbiome and that environmental influences 
appear to dominate the shaping of the oral micro-
biome [13,14]. The main dietary intake of the major-
ity of Australian neonates and young infants is 
breastmilk [15], which is likely to play an important 
role in the temporal development of the oral micro-
biome, particularly as breastmilk contains its own 
bacterial community [16] and human milk oligosac-
charides (HMOs). HMOs are one of the largest con-
stituents of human breastmilk [17] functioning as 
prebiotics which allow the growth of beneficial bac-
terial taxa such as Bifidobacterium spp., while pre-
venting the colonization of harmful pathogens, 
thereby promoting a health-associated microbiome 
[18–20]. The World Health Organization recom-
mends exclusive breastfeeding during the first six 
months of life [21], and this window of breastmilk 
exposure is likely as important for oral bacterial com-
munity development, as it is for the gut microbiome 
[22]. As a child progresses from breastmilk to solid 
foods and sweetened drinks, this change in available 
nutrients for bacteria is pivotal in the emergence of 
oral disease [23], and the formation of a robust and 
resilient oral microbiome at an early age may pro-
mote oral health at later stages of life [24]. In fact, it 
has been reported that any exposure to breastmilk, in 
general, is protective against dental caries compared 
to children who never received breastmilk [25,26], 
but prolonged breastfeeding (> 12 months) is asso-
ciated with dental caries [27].

We postulate that breastmilk constitutes an impor-
tant factor in influencing the ordered temporal devel-
opment of the infant oral microbiome. Therefore, the 
aim of this longitudinal study was to determine the 
significance of infant feeding on the temporal devel-
opment of the oral microbiome, from approximately 
2 months to 20 months of age.

Methods

Study population

Infants were selected, based on their exposure to 
mother’s own breastmilk, from the database of the 
longitudinal VicGeneration birth cohort study 
[28,29] for examination of their oral microbiome. 
Infant-mother pairs were recruited through 
Maternal and Child Health Centres in six local gov-
ernment areas in Victoria, Australia. Clinical oral 
examinations, questionnaires and collection of saliva 
were conducted by health professionals at 7 time 
points at approximately 2, 8, 13, 20, 39, 48 and 
60 months of age. Unstimulated saliva, up to 5 mL, 
was collected from infants using a pipette and by 
passive drooling into a sterile tube. Data and saliva 

from the first four age time points were used in this 
study.

At each of the points, parents reported a) if their 
infant had ever received breastmilk; b) if their infant 
was currently receiving breastmilk (yes/no); and c) if 
no longer receiving breastmilk, the age (days/weeks/ 
months) the infant stopped receiving breastmilk. 
Data were collated and used to allocate infants to 
one of two distinct groups; those who had never 
received breastmilk – never breastfed (NB), and 
those who had received breastmilk (whether exclu-
sively or non-exclusively) for at least 10 months 
(B10), which captured the infants still being breastfed 
by the second time point. Infants in the B10 group 
were reported to have received breastmilk for 
a minimum of 40 weeks. Infants were excluded if 
more than one of their four time point samples 
were absent. Only thirteen infants met the criteria 
for inclusion into the NB group; each individual 
from the NB group was then age matched with two 
individuals from the B10 group across all four time 
points, using the Mahalanobis distance formula [30] 
to ensure maximal consistency of ages. This reduced 
the spread of ages of infants between the study 
groups [30]; the mean age of the infants (± standard 
deviation) at each of the four time points was 
1.9 ± 0.8, 8.1 ± 1.0, 12.7 ± 1.0 and 20.1 ± 2.6 months. 
Four individuals in the NB group and three in the 
B10 group had only three saliva samples, the rest 
contained a complete set of four. Antibiotic usage 
information was not collected during the study. 
Three supplementary tables summarize the infant 
ages at the first four time points (Table S1), charac-
teristics of the infants (Table S2) and characteristics 
of mothers (Table S3) at baseline.

Ethics

Ethics approval to conduct the VicGeneration birth 
cohort study was provided by the University of 
Melbourne Human Research Ethics Committee 
(HREC 0722543 and HREC 1137124) and the study 
was approved by the Victorian Department of 
Education and Early Childhood Development (Ref: 
2008/202). All research was performed in accordance 
with relevant guidelines and regulations, and 
informed consent was obtained from all participants 
or their parent or legal guardian. Consent for pub-
lication was provided as part of the Consent Form 
signed prior to participation in the study.

16S rRNA gene amplification and sequencing

Extraction of total DNA from saliva, amplification of 
the 16S rRNA V4 region and sequencing using the 
Ion Torrent PGM were performed as previously 
reported [6]. The positive template control used was 
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ZymoBIOMICS™ Microbial Community DNA 
Standard II (Log Distribution) (Zymo Research). 
The datasets generated and analysed during the cur-
rent study are available from the NCBI Sequence 
Read Archive (SRA) repository using BioProject 
accession number PRJNA747639.

Bioinformatic analyses

Fastq files were analysed using the DADA2 pipeline 
via the Nephele platform [31,32]. Within the DADA2 
pipeline, the Human Oral Microbiome Database 
(HOMD) was used as the reference database for 16S 
rRNA identification of ASVs [33]. The following per-
centage identities were used to define levels of taxon-
omy: 98% for species, 95% for genus, 80% for phylum. 
Relative abundances of bacterial taxa were calculated, 
where the sequencing reads for one species was 
divided by the total number of reads from all species 
within one sample. Species were sorted according to 
average relative abundance across all samples, and the 
top 60 were checked to determine whether each spe-
cies listed was part of a group of species that all shared 
the same sequence identity. Not all closely related 
bacteria can be differentiated by the V4 region alone 
of the 16S rRNA gene; if there were two species with 
equal identity, they were both named using a slash call; 
if three or more had equal identity, they were listed as 
a group (Table S4). Generated files were used for 
bioinformatic and statistical analyses in RStudio, 
using the packages phyloseq, microbiome, ggpubr, 
ggplot2, vegan and RVAideMemoire. The plot_rich-
ness function from the phyloseq package was used to 
determine the species α-diversity (Shannon Diversity 
Index and Inverse Simpson Index) based on all spe-
cies. β-diversity was calculated using Principal 
Coordinate Analysis (PCoA) at the genus level (ordi-
nate function from phyloseq package using the 
weighted UniFrac distance metric option), restricted 
to species with a minimum relative abundance of 
0.001 and minimum prevalence of 10%. For compar-
isons of relative abundance results and α-diversity 
results between the NB and B10 groups the Mann– 
Whitney test was used. For β-diversity, overall and 
pairwise comparisons were performed using permuta-
tional MANOVAs (functions adonis, pairwise.perm. 
manova and betadisper), all in RStudio. The 
Benjamini-Hochberg False Discovery Rate correction 
was used to adjust p-values for multiple comparisons.

Results

Relative abundances of bacterial taxa in infant 
saliva

Sequencing of the 149 saliva samples generated a total 
of approximately 7.69 million 16S DNA V4 

sequencing reads, with an average of 51,600 reads 
per sample. Ten phyla accounted for all bacteria 
identified in this study. The five most abundant 
phyla (Firmicutes, Proteobacteria, Bacteroidetes, 
Actinobacteria and Fusobacteria) accounted for 
99.5% of the total abundance. The most abundant 
phylum observed across all samples and time points 
was Firmicutes, with a mean relative abundance of 
0.77 ± 0.15 (± SD). The average relative abundance of 
Firmicutes was highest in infants ~2 months of age in 
both study groups, which decreased at each subse-
quent time point, and this was the only phylum to 
exhibit this trend. The average relative abundance of 
each phylum followed similar patterns of change 
across the time points for both NB and B10 groups, 
apart from the Bacteroidetes, which had a five-fold 
higher average relative abundance in NB infants than 
B10 infants at ~2 months of age. The B10 infants 
attained a similar average relative abundance of 
Bacteroidetes by the second time point of ~8 months 
of age. No major differences were observed for bac-
teria belonging to other phyla.

At the genus level, Streptococcus dominated the oral 
microbiome across all samples, decreasing with age 
until it comprised ~50% of the salivary bacteria by 
~20 months of age (Figure 1(a)). The bacterial genus 
Alloprevotella was significantly more abundant in NB 
infants at ~2 months of age compared with B10 infants 
at this age (p = 0.027). Alloprevotella belongs to the 
Bacteroidetes phylum, consistent with the increase in 
Bacteroidetes observed in the NB group at this age.

Of the 519 bacterial taxa identified across all sam-
ples, the 20 most abundant species accounted for an 
average of 89% of the total bacteria across all sam-
pling ages (Figure 1(b)). The three most abundant 
bacterial taxa, the Streptococcus mitis group, Gemella 
haemolysans group and Streptococcus salivarius 
group, comprised an average of 63% of the total 
bacteria found in the saliva of infants across all sam-
pling ages, and an average of 81% of the total bacteria 
in infants ~2 months of age (Figure 1(b), Table 1). At 
all sampling ages, the S. mitis group was the most 
abundant bacterial taxon in infant saliva (Figure 1(b), 
Table 1). The average relative abundance of the 
S. mitis group was significantly higher in the B10 
infants compared with the NB infants at ~2 months 
of age (p = 0.006; Figure 2(a)). After this age, the 
average relative abundance of the S. mitis group pro-
gressively decreased from ~69% at ~2 months of age 
to ~39% by ~20 months of age across both study 
groups. Alloprevotella sp. HMT 473 was significantly 
higher in average relative abundance in NB infants 
~2 months of age (Figure 2(b)), compared with B10 
infants (p = 0.021). Over time, there was less varia-
tion between samples in each infant group for this 
bacterium. The average relative abundance of 
Veillonella sp. HMT 780 was significantly higher in 

JOURNAL OF ORAL MICROBIOLOGY 3



NB infants compared with B10 infants at ~2 months 
of age (p = 0.027; Figure 2(c)), suggesting a preference 
for this bacterium to colonise the oral cavity of never 
breastfed infants during early stages of life. Although 
not statistically significant, there was a trend for the 
average relative abundance of Porphyromonas sp. 
HMT 930 to be higher in NB infants across all sam-
pling ages (Table 1), and for Lautropia mirabilis to be 
found in higher relative abundance in B10 infants 
across all sampling ages (Table 1).

Core oral taxa

To aid in our understanding of how the oral micro-
biome develops over time, we defined a ‘core’ oral 
microbiome as containing bacterial taxa that had 
a prevalence greater than 81% at one or more ages, 
for the two study groups (Table 1). This percentage was 
chosen so that taxa from the limiting study group were 
considered ‘core’ if they were absent from a maximum 
of 2 infants (n = 11 for NB infants at 19.8 months). At 

Figure 1.The 20 most abundant bacterial (a) genera and (b) species detected in infant saliva at 1.9 months of age according to 
the study group and their change in abundance over time. The relative abundances of the 20 most abundant bacterial genera/ 
species were calculated as a proportion of the total salivary bacterial species within each sample, as determined by Ion Torrent 
PGM™ sequencing of the 16S rRNA gene V4 region. The relative abundances of the top 20 bacterial genera/species were 
averaged across infants within each study group to give Average Relative Abundance, at each of the four sampling ages. 
‘f__Leptotrichiaceae’ is named as such as this particular taxon was only identifiable to the family level.
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~2 months of age, an average of just over seven bacter-
ial taxa were considered as core across the study 
groups, and the number of core bacteria was seen to 
increase with age (Table 1). At ~2 months of age, more 
bacterial taxa were considered as core in the NB infants 
(10 taxa) compared to the B10 infants (five taxa), 
suggesting a correlation between infants that had 
never received breastmilk and a propensity for earlier 
colonisation by core oral taxa. The average relative 
abundance of the majority of the 10 core taxa of the 
NB group was greater in the NB group than the B10 
group at ~2 months. Regardless of study group, the 
S. mitis group, G. haemolysans group, Streptococcus 
salivarius group, Rothia mucilaginosa and V. atypica/ 
dispar were considered as core bacterial taxa from the 
first sampling age and remained as core at all subse-
quent sampling ages (Table 1).

Alpha and βeta diversity

At the species level, α-diversity increased with age for 
infants belonging to both study groups (Figure 3). At 

~2 months of age, NB infants had significantly 
greater bacterial α-diversity than infants in the B10 
study group (Figure 3, Shannon Diversity Index, 
p = 0.0016; Figure S1, Inverse Simpson Diversity 
Index, p = 0.0058).

To elucidate differences in bacterial composition 
between saliva samples from breastfed and never 
breastfed infants, PCoA was performed for abundant 
bacterial genera (Figure 4). Genera were included if 
their associated species had a relative abundance 
greater than 0.001 in at least 10% of all samples. 
A total of 71 species satisfied this criterion, which 
translated to 40 genera being used for PCoA. At 
~2 months of age, the bacterial β-diversity of NB 
infants was significantly greater than B10 infants 
(Figure 4a; p=0.037), with the B10 infants showing 
significantly greater homogeneity at ~2 months of age 
than at any other time point (Figure 4b, Figure 4d), as 
their saliva was dominated by the S. mitis group. As 
the infants grew, their salivary microbiome became 
more diverse, reflecting more heterogeneity between 
infants (Table 1). The B10 infants at ~8 months had 
significantly greater β-diversity when compared to 
B10 infants at ~2 months (p = 0.0028), and there 

Figure 2.Bacterial species with significantly different average relative abundances between B10 and NB infants. Average relative 
abundances of a. Streptococcus mitis group, b. Alloprevotella sp. HMT 473 and c. Veillonella sp. HMT 780, across the four 
sampling ages. P-values are shown for statistically significant differences in average relative abundance between study groups. 
Solid blue lines represent the B10 group, solid red lines represent the NB group. Means and standard errors are shown in black.
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were further shifts in composition at ~13 and ~ 
20 months (~8 months vs ~13 months – p = 0.0043; 
~13 months vs ~20 months – p = 0.0028). Infants 
belonging to the NB study group also had microbial 
communities that grew more diverse over time, with 
the bacterial composition in NB infants at ~2 months 
of age significantly different from the composition at 
all later time points (~8 months – p = 0.025; 
~13 months – p = 0.0043; ~20 months – 
p = 0.0028). Furthermore, as the infants aged, the 
salivary composition of the two groups became 
more similar, the 95% confidence ellipses overlapped 
more, and no significant differences were found in β- 
diversity between the two groups at ~ 8 months 
(p = 0.22), ~13 months (p = 0.19) and ~20 months 
(p = 0.54).

Discussion

There were significant differences in the temporal 
development of the oral microbiomes of never 
breastfed and breastfed infants, despite the overall 
trend being similar. Whilst the phylum Firmicutes 
dominated in all samples at all time points, the 
never breastfed infants had a greater abundance of 
bacteria belonging to the phylum Bacteroidetes, com-
pared with breastfed infants at ~2 months of age. 
A similar difference in the relative abundance of the 
phylum Bacteroidetes was previously observed in 
a comparison of the oral microbiome in formula-fed 
and breastfed infants in a cross-sectional study of 
infants under 2 months of age [34]. In the current 
study, two species from phylum Bacteroidetes 
(Alloprevotella sp. HMT 473 and Porphyromonas sp. 
HMT 930) were found in higher abundance in never 
breastfed infants (Table 1).

Six species (Alloprevotella sp. HMT 473, 
Streptococcus australis group, V. atypica/dispar, 
Veillonella sp. HMT 780, Granulicatella elegans and 
Bergeyella sp. HMT 93) were found to colonise the 
oral cavity of never breastfed infants earlier than 
breastfed infants (Table 1). This indicated a shift in 
the bacterial colonisation of the oral cavity and bac-
terial community development in never breastfed 
infants compared with infants who received breast-
milk. This was also reflected in significantly greater 
oral bacterial α- and β-diversity in never breastfed 
infants compared with infants that received breast-
milk during the early stages of life (Figure 3 and 4) 
[34,35]. Although the most abundant taxa in all sam-
ples (Figure 1), there was significantly more S. mitis 
group bacteria in the breastfed infants at 2 months of 
age (Figure 2A). The homogeneity of the early oral 
microbiome seen in the breastfed infants was most 
likely due to the bioactive components and commen-
sal bacteria found in human breastmilk, that are not 
found in formula, guiding microbiome development. 
Breastmilk contains antimicrobial peptides, immuno-
globulins, HMOs and commensal bacteria including 
Streptococcus; all of which boost the infant immune 
system and provide defence against pathogens [36]. 
Secretory IgA, the primary protective antibody in 
breastmilk, prevents pathogen adherence to epithelial 
cell surfaces and neutralises toxins [37]. HMOs are 
a group of complex carbohydrates that are highly 
abundant in human milk (10–15 g/L) but are not 
digested by the infant and the majority reach the 
colon. Their impact on the oral microbiome has 
been poorly studied but the ability of early colonisers 
such as Streptococcus spp., which are found in breast-
milk, to catabolise HMOs and the effects of the end 
products of this catabolism, could enable them to 

Figure 3.Violin and boxplot of the bacterial α-diversity within infant saliva according to age and study group. Bacterial α- 
diversity was measured according to the Shannon Diversity Index. Data from the B10 group is blue and from the NB group is 
red. The violin plot shows the kernel probability density of the data at different values. The boxplot represents the same data in 
quartiles, with the horizontal line in the boxplot representing the median, and the ‘box’ representing 50% of the data. The 
upper and lower whiskers of the boxplot represent values of 1.5 multiplied by the IQR. Mean comparison p-values are given 
between the different study groups.
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Figure 4.Principal coordinate analysis (PCoA) of the β-diversity of abundant bacterial genera from each infant, across study 
groups and ages. (a) Data are shown for each study group (B10 = blue; NB = red) at each of the four time points, using 
weighted UniFrac distance metrics. (b) Data are shown at each of the four time points for the two study groups, using weighted 
UniFrac distance metrics. 95% confidence ellipses are also shown for each study group. Statistical significance was determined 
via pairwise comparisons using permutational MANOVAs. (c) The species loadings are shown for the top 20 genera. The genus 
Streptococcus was positively correlated with the PCoA.1 dimension (r = 0.96) and the genera Neisseria and Haemophilus were 
negatively correlated with the PCoA.1 dimension (r = – 0.77 and r = – 0.62, respectively). The genus Alloprevotella was 
negatively correlated with the PCoA.2 dimension (r = – 0.74). (d) Differences in group homogeneities are shown each of the 
four time points for the two study groups ((B10 = blue; NB = red). P-values are shown for statistically significant differences 
between study groups.
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dominate the early infant oral microbiome of 
breastfed infants and provide the foundation for the 
guided development of the oral microbiome. A recent 
preliminary study has shown that the growth of both 
S. mitis and Streptococcus oralis was promoted by the 
HMO 2’-fucosyllactose, which was attributed to the 
presence of the enzyme fucosidase in these species 
[38]. This is consistent with the ability of early colo-
nising oral streptococci to grow on highly glycosy-
lated salivary mucins and the relatively high 
abundance of genes encoding glycosidases, sugar 
transporters and glycan binding proteins in their 
genomes. S. mitis has been shown to inhibit the 
colonization of other bacterial species, including 
potential pathogens [39]. HMOs have also been 
shown to directly inhibit the growth of pathogenic 
bacteria including Streptococcus agalactiae (Group 
B Streptococcus), Staphylococcus aureus and 
Acinetobacter baumannii and to disrupt their biofilm 
formation [40–42]. The microbiome of breastmilk 
can also be influenced by retrograde backflow of 
milk where bacteria from the infant’s mouth is trans-
ferred into the mother’s mammary gland [36]. 
Collectively, these mechanisms are likely to help 
shape the early infant oral microbiome and are at 
least in part responsible for the significant differences 
seen between breastfed and never breastfed groups in 
this study (Figures 1 to 4, Table 1).

The species Veillonella sp. HMT 780 was signifi-
cantly higher in relative abundance in never breastfed 
infants at ~2 months of age compared with B10 
infants (Figure 1, Figure 2C). This finding was con-
sistent with previous literature that found Veillonella 
sp. HMT 780 associated with exclusively formula-fed 
infants at three months of age [5]. Various studies 
have reported that Veillonella sp. HMT 780 was sig-
nificantly more abundant in children affected by 
severe early childhood caries, compared with children 
who were caries-free [43,44]. Veillonella spp. are not 
cariogenic, however they are dependent on the lactic 
acid produced by cariogenic bacteria as an energy 
source [45]. The presence of this bacterial genus in 
elevated proportions is likely indicative of a diet with 
considerable free sugars that favours an acidogenic 
bacterial biofilm. A significantly higher relative abun-
dance of salivary Veillonella sp. HMT 780 in the 
never breastfed infants suggests a lower salivary pH, 
which could potentially exclude commensal neutro-
philic bacteria from colonising the oral cavity, con-
tributing to disease-associated bacterial community 
development.

Alpha and beta diversity analyses together indi-
cated that the temporal changes occurring in the 
two groups were similar, but they started from dif-
ferent points as measured at ~2 months. This differ-
ence was largely due to the S. mitis group accounting 

for 75% of the microbiota in infants exposed to 
breastmilk. By 8 months of age all infants were eating 
solid food (Table S2), and any early benefit from 
breastmilk was no longer detectable. As more species 
became core (Table 1), there was an increasing het-
erogeneity of the microbiome with less emphasis on 
Streptococcus spp. (Figure 4).

Limitations of this study include the small sample 
size which was dictated by the small number of parti-
cipants in the longitudinal VicGeneration birth cohort 
study that had never been exposed to mother’s own 
breastmilk. The types of infant formula consumed by 
the NB infants and used to supplement the B10 infants’ 
diet were not recorded during this study, so it is not 
possible to determine whether particular formulations 
influenced the composition of the microbiome. 
Antibiotic usage data were also not collected, poten-
tially leading to altered bacterial composition. It is clear 
however, that exposure to breastmilk influenced the 
composition of the oral microbiome, particularly at 
~2 months of age when 66% of the breastfed subjects 
were exclusively breastfed.

In conclusion, exposure to breastmilk has an obser-
vable influence over the development of the infant oral 
microbiome. The incorrect order of oral microbial 
colonisation of infants not only has ramifications for 
development of future oral disease such as caries but 
may also interfere with ordered gut colonisation. 
Recent parallel tracking of salivary and gut microbiota 
profiles of early life microbial communities in healthy 
infants indicated that oral Streptococcus and Veillonella 
are involved in gut microbiota development as seeding 
species [46]. More research is required into under-
standing how differences in temporal development of 
the infant oral microbiome can result in oral disease 
such as dental caries. This could potentially identify 
microbial biomarkers for prediction of children with 
an increased risk of developing dental caries.

Acknowledgments

The authors would like to acknowledge all the families who 
have given up time to be involved in the cohort, the 
Maternal and Child Health Nurses and administration 
staff who assisted with recruitment. We also acknowledge 
the project staff who have been involved in the cohort since 
its inception. The authors dedicate this paper to the mem-
ory of Professor Elizabeth Waters whose leadership, vision 
and vitality will never be forgotten.

Authors’ contributions

Design of project SD, LC, MG, HC, CB; collection of saliva 
samples and maintenance of database DC, LC; all sample 
processing and next-generation sequencing JB, CB; submission 
of sequencing data to SRA repository CB; bioinformatic ana-
lyses GA, JB, CB; preparation of manuscript CB, GA, JB, SD, 
SB, ECR; all authors read and approved the final manuscript.

JOURNAL OF ORAL MICROBIOLOGY 9



Data availability statement

Datasets generated and analysed during the current study 
are available from the NCBI Sequence Read Archive (SRA) 
repository using BioProject accession number 
PRJNA747639. https://www.ncbi.nlm.nih.gov/bioproject/? 
term=PRJNA747639

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This research was supported by: The National Health and 
Medical Research Council (Primary Health Care Project 
Grant 425829); Dental Health Services Victoria; Financial 
Markets Foundation for Children; Jack Brockhoff 
Foundation; La Trobe University, the Victorian Government 
Department for Education and Training and the Australian 
Government Department of Industry, Innovation and Science 
Grant ID 20080108 through the Oral Health Cooperative 
Research Centr; Department of Industry, Innovation and 
Science, Australian Government

ORCID

Catherine A. Butler http://orcid.org/0000-0001-6371- 
3954
Geoffrey G. Adams http://orcid.org/0000-0002-8975- 
1593
Jordan Blum http://orcid.org/0000-0002-5883-1240
Samantha J. Byrne http://orcid.org/0000-0003-0217- 
2781
Lauren Carpenter http://orcid.org/0000-0002-8305-2732
Mark G. Gussy http://orcid.org/0000-0002-5010-6407
Hanny Calache http://orcid.org/0000-0002-1613-0585
Deanne V. Catmull http://orcid.org/0000-0002-3359- 
4859
Eric C. Reynolds http://orcid.org/0000-0002-6618-4856
Stuart G. Dashper http://orcid.org/0000-0003-0106-8691

References

[1] Kilian M. The oral microbiome–friend or foe? Eur 
J Oral Sci. 2018;126:5–12.

[2] Shaiber A, Willis AD, Delmont TO, et al. Functional 
and genetic markers of niche partitioning among 
enigmatic members of the human oral microbiome. 
Genome Biol. 2020;21(1):1–35.

[3] Mark Welch JL, Ramirez-Puebla ST, Borisy GG. Oral 
microbiome geography: micron-scale habitat and 
niche. Cell Host Microbe. 2020;28(2):160–168.

[4] Gomez A, Espinoza JL, Harkins DM, et al. Host 
genetic control of the oral microbiome in health and 
disease. Cell Host Microbe. 2017;22(3):269–78.e3.

[5] Holgerson PL, Vestman NR, Claesson R, et al. Oral 
microbial profile discriminates breast-fed from 
formula-fed infants. J Pediatr Gastroenterol Nutr. 
2013;56(2):127–136.

[6] Dashper SG, Mitchell HL, Cao KAL, et al. Temporal 
development of the oral microbiome and prediction of 
early childhood caries. Sci Rep. 2019;9(1). Doi:  
10.1038/s41598-019-56233-0.

[7] Holgerson PL, Öhman C, Rönnlund A, et al. 
Maturation of oral microbiota in children with or 
without dental caries. PloS One. 2015;10(5):e0128534.

[8] Byrne SJ, Butler CA, Reynolds EC, et al. Taxonomy of 
oral bacteria. Methods Microbio: Elsevier. 
2018:171–201

[9] Kilian M, Chapple I, Hannig M, et al. The oral micro-
biome–an update for oral healthcare professionals. Br 
Dent J. 2016;221(10):657–666.

[10] Krishnan K, Chen T, Paster B. A practical guide to the 
oral microbiome and its relation to health and disease. 
Oral Dis. 2017;23(3):276–286.

[11] Nolan LS, Rimer JM, Good M. The role of human 
milk oligosaccharides and probiotics on the neonatal 
microbiome and risk of necrotizing enterocolitis: 
a narrative review. Nutrients. 2020;12(10):3052.

[12] Walsh C, Lane JA, and van Sinderen D, et al., Human 
milk oligosaccharides: shaping the infant gut micro-
biota and supporting health. Journal of Functional 
Foods. . 2020;72:104074.

[13] Mukherjee C, Moyer CO, Steinkamp HM, et al. 
Acquisition of oral microbiota is driven by environ-
ment, not host genetics. Microbiome. 2021;9(1):1–13.

[14] Silva MJ, Kilpatrick NM, Craig JM, et al. Genetic and 
early-life environmental influences on dental caries 
risk: a twin study. Pediatrics. 2019;143(5). Doi:  
10.1542/peds.2018-3499.

[15] Australian Bureau of Statistics. National health survey: 
breastfeeding, 2017–18. https://www.abs.gov.au/statis 
tics/health/health-conditions-and-risks/breastfeeding/ 
latest-release (cited 2020 Mar).

[16] Hunt KM, Foster JA, Forney LJ, et al. Characterization 
of the diversity and temporal stability of bacterial 
communities in human milk. PLoS One. 2011;6(6): 
e21313.

[17] Le Doare K, Holder B, Bassett A, et al. Mother’s milk: 
a purposeful contribution to the development of the 
infant microbiota and immunity. Front Immunol. 
2018;9:361.

[18] Bode L. Human milk oligosaccharides: every baby 
needs a sugar mama. Glycobiology. 2012;22 
(9):1147–1162.

[19] Bode L, McGuire M, Rodriguez JM, et al. It’s alive: 
microbes and cells in human milk and their potential 
benefits to mother and infant. Adv Nutr. 2014;5 
(5):571–573.

[20] Newburg DS, Ruiz-Palacios GM, Morrow AL. Human 
milk glycans protect infants against enteric pathogens. 
Annu Rev Nutr. 2005;25(1):37–58

[21] World Health Organization. Global strategy for infant 
and young child feeding. The optimal duration of 
exclusive breastfeeding A54/INF.DOC./4. 2001. 
https://apps.who.int/gb/ebwha/pdf_files/WHA54/ 
ea54id4.pdf.

[22] Moore RE, Townsend SD. Temporal development of 
the infant gut microbiome. Open Biol. 2019;9 
(9):190128.

[23] Gussy M, Ashbolt R, Carpenter L, et al. Natural his-
tory of dental caries in very young Australian 
children. Int J Paediatr Dent. 2016;26(3):173–183.

[24] Dzidic M, Collado MC, Abrahamsson T, et al. Oral 
microbiome development during childhood: an ecolo-
gical succession influenced by postnatal factors and 
associated with tooth decay. ISME J. 2018;12 
(9):2292–2306.

[25] Avila WM, Pordeus IA, Paiva SM, et al. Breast and 
bottle feeding as risk factors for dental caries: 

10 C. A. BUTLER ET AL.

https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA747639
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA747639
https://doi.org/10.1038/s41598-019-56233-0
https://doi.org/10.1038/s41598-019-56233-0
https://doi.org/10.1542/peds.2018-3499
https://doi.org/10.1542/peds.2018-3499
https://www.abs.gov.au/statistics/health/health-conditions-and-risks/breastfeeding/latest-release
https://www.abs.gov.au/statistics/health/health-conditions-and-risks/breastfeeding/latest-release
https://www.abs.gov.au/statistics/health/health-conditions-and-risks/breastfeeding/latest-release
https://apps.who.int/gb/ebwha/pdf_files/WHA54/ea54id4.pdf
https://apps.who.int/gb/ebwha/pdf_files/WHA54/ea54id4.pdf


a systematic review and meta-analysis. PLoS One. 
2015;10(11):e0142922.

[26] Cui L, Li X, Tian Y, et al. Breastfeeding and early 
childhood caries: a meta-analysis of observational 
studies. Asia Pac J Clin Nutr. 2017;26:867–880.

[27] van Meijeren-van Lunteren AW, Voortman T, 
Elfrink MEC, et al. Breastfeeding and childhood den-
tal caries: results from a socially diverse birth Cohort 
study. Caries Res. 2021;55(2):153–161.

[28] de Silva-Sanigorski AM, Calache H, Gussy M, et al. 
The VicGeneration study–a birth cohort to examine 
the environmental, behavioural and biological predic-
tors of early childhood caries: background, aims and 
methods. BMC Public Health. 2010;10(1):97.

[29] Johnson S, Carpenter L, Amezdroz E, et al. Cohort 
profile: the vicgeneration (VicGen) study: an 
Australian oral health birth cohort. Int J Epidemiol. 
2017;46(1):29–30G.

[30] De Maesschalck R, Jouan-Rimbaud D, Massart DL. 
The mahalanobis distance. Chemometr Intell Lab 
Syst. 2000;50(1):1–18.

[31] Callahan BJ, McMurdie PJ, Rosen MJ, et al. DADA2: 
high-resolution sample inference from Illumina 
amplicon data. Nat Methods. 2016;13(7):581–583.

[32] Weber N, Liou D, Dommer J, et al. Nephele: a cloud 
platform for simplified, standardized and reproducible 
microbiome data analysis. Bioinformatics. 2017;34 
(8):1411–1413.

[33] Chen T, Yu W-H, Izard J, et al. The Human Oral 
Microbiome Database: a web accessible resource for 
investigating oral microbe taxonomic and genomic 
information. Database. 2010;2010:baq013–baq013.

[34] Al-Shehri SS, Sweeney EL, Cowley DM, et al. Deep 
sequencing of the 16S ribosomal RNA of the neonatal 
oral microbiome: a comparison of breast-fed and 
formula-fed infants. Sci Rep. 2016;6(1):38309.

[35] Dzidic M, Abrahamsson TR, Artacho A, et al. Oral micro-
biota maturation during the first 7 years of life in relation 
to allergy development. Allergy. 2018;73(10):2000–2011.

[36] Lyons KE, Ryan CA, and Dempsey EM, et al. Breast 
milk, a source of beneficial microbes and associated 
benefits for infant health. Nutrients. 2020;12:1039.

[37] Corthésy B. Multi-faceted functions of secretory IgA at 
mucosal surfaces. Front Immunol. 2013;4:185.

[38] Meyer KM, Engevik M, Aagaard K. 939: human 
milk oligosaccharides (HMOs) promote growth of 
commensal Streptococcus spp. abundant in human 
milk. Am J Clin Exp Obstet Gynecol. 2019;220(1): 
S605–S06.

[39] Herrero ER, Slomka V, Bernaerts K, et al. Antimicrobial 
effects of commensal oral species are regulated by envir-
onmental factors. J Dent. 2016;47:23–33.

[40] Ackerman DL, Craft KM, Doster RS, et al. 
Antimicrobial and antibiofilm activity of human 
milk oligosaccharides against streptococcus agalactiae, 
staphylococcus aureus, and acinetobacter baumannii. 
ACS Infect Dis. 2018;4(3):315–324.

[41] Ackerman DL, Doster RS, Weitkamp JH, et al. Human 
milk oligosaccharides exhibit antimicrobial and anti-
biofilm properties against group B streptococcus. ACS 
Infect Dis. 2017;3(8):595–605.

[42] Lin AE, Autran CA, Szyszka A, et al. Human milk oligo-
saccharides inhibit growth of group B streptococcus. J Bio 
Chemi. 2017;292(27):11243–11249.

[43] Kanasi E, Dewhirst FE, Chalmers NI, et al. Clonal 
analysis of the microbiota of severe early childhood 
caries. Caries Res. 2010;44(5):485–497.

[44] Mashima I, Theodorea C, Thaweboon B, et al. 
Characterization of the salivary microbiome in healthy 
Thai children. Asian Pac J Trop Med. 2019;12(4):163–169.

[45] Lewis MA, Marsh PD, Williams, D, and Martin MV The 
Resident Oral Microflora, et al. Oral Microbiology E-Book 
(Elsevier Health Sciences). 2009: 215.

[46] Reddel S, Pascucci GR, Foligno S, et al. A parallel 
tracking of salivary and gut microbiota profiles can 
reveal maturation and interplay of early life microbial 
communities in healthy infants. Microorganisms. 
2022;10(2):468.

JOURNAL OF ORAL MICROBIOLOGY 11


	Abstract
	Introduction
	Methods
	Study population
	Ethics
	16S rRNA gene amplification and sequencing
	Bioinformatic analyses

	Results
	Relative abundances of bacterial taxa in infant saliva
	Core oral taxa
	Alpha and βeta diversity

	Discussion
	Acknowledgments
	Authors’ contributions
	Data availability statement
	Disclosure statement
	Funding
	References

