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In Brief

Fehr et al. analyze infant gut microbiotain
the CHILD cohort and identify
associations with breastmilk feeding
practices (exclusivity, duration, and
pumping) and breastmilk microbiota.
Within mother-infant dyads, co-
occurrence of bacteria in breastmilk and
stool suggests bacteria in breastmilk may
transfer to the infant and influence the
developing gut microbiota.
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SUMMARY

Gut microbiota play a critical role in infant health. It is now accepted that breastmilk contains live bacteria
from endogenous and exogenous sources, but it remains unclear whether these bacteria transfer to the infant
gut and whether this process is influenced by breastmilk feeding practices. Here, we show that certain bac-
teria, including Streptococcus spp. and Veillonella dispar, co-occur in mothers’ milk and their infants’ stool,
and co-occurrence is reduced when infants receive pumped breastmilk. The relative abundances of
commonly shared species are positively correlated between breastmilk and stool. Overall, gut microbiota
composition is strongly associated with breastfeeding exclusivity and duration but not breastmilk feeding
mode (nursing versus pumping). Moreover, breastmilk bacteria contributed to overall gut microbiota varia-
tion to a similar extent as other modifiers of the infant microbiome, such as birth mode. These results provide
evidence that breastmilk may transfer bacteria to the infant gut and influence microbiota development.

INTRODUCTION

Gut microbiota development in early life impacts long-term health
(Ihekweazu and Versalovic, 2018; Milani et al., 2017) and breast-
feeding is among the most influential factors affecting this process
(Azad et al., 2013; Backhed et al., 2015; Stewart et al., 2018). Itis
well established that breastfeeding provides prebiotic human milk
oligosaccharides (HMOs) to support the developing infant gut mi-
crobiota (Sela et al., 2008; Vatanen et al., 2019). In addition, hu-
man milk contains a diverse bacterial community (Heikkila and

Gheck for
Updates

Saris, 2003; Jost et al., 2014; Martin et al., 2003; Togo et al.,
2019), although the origins and functional significance of bacteria
in human milk remain unclear (Moossavi and Azad, 2019). Human
milk has been explored as a potential source or vehicle for bacte-
ria that colonize the infant gut (Biagi et al., 2018; Murphy et al.,
2017; Pannaraj et al., 2017); however, the role of milk bacteria in
seeding the infant gut and the potential modifying effect of breast-
milk feeding practices on this process are poorly understood.
According to the priority effect hypothesis, infant gut micro-
biota composition depends on the type and order in which
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bacteria colonize the intestinal tract (Fukami, 2015; Martinez
et al., 2018). Newborns are typically inoculated with maternal
vaginal and fecal bacteria during delivery (Backhed et al.,
2015; Dominguez-Bello et al., 2010; Shao et al., 2019), and
further transmission occurs postnatally from other maternal
body sites during frequent oral and skin-to-skin contact (Ferretti
et al., 2018; Williams et al., 2019), as well as other household
members and the home environment (Martin et al., 2016). The
role of human milk bacteria in this process has not been exten-
sively studied. A few reports have identified shared taxa between
maternal milk and infant stool (Asnicar et al., 2017; Biagi et al.,
2017; Duranti et al., 2017; Jost et al., 2014; Milani et al., 2015;
Pannaraj et al., 2017), suggesting that milk could provide pio-
neering species to the infant gut. However, these studies mainly
focused on the sharing of individual taxa without exploring the
global impact of milk bacteria on the overall gut microbiota,
and most did not account for other known modifiers of the infant
microbiota.

While the effect of breastfeeding on the infant gut microbiota is
well established (Azad, 2019; Backhed et al., 2015; Pannaraj et al.,
2017; Stewart et al., 2018), the impact of breastmilk feeding mode
(i.e., nursing at the breast or feeding pumped breastmilk from a
bottle) is unknown. Pumping is common and allows many mothers
to overcome challenges related to breastfeeding and continue
providing breastmilk to their infant; however, pumping can affect
the bacterial composition of breastmilk (Moossavi et al., 2019;
Weiss, 2005), and the consequences of these practices for the in-
fant gut microbiota have not been studied. Conceivably, breast-
milk feeding mode could also influence the transfer of other,
non-milk-derived bacteria (e.g., from maternal skin, infant mouth,
breast pumps, or bottles) to the infant gut (McGuire and McGuire,
2017; Moossavi and Azad, 2019; Moossavi et al., 2019; Williams
etal., 2019). To our knowledge, despite the large and growing pro-
portion of infants receiving pumped breastmilk (O’Sullivan et al.,
2019; Rasmussen and Geraghty, 2011), no prior studies have as-
sessed the potential impact of feeding mode on the gut microbiota
of infants fed with breastmilk.

It remains unclear whether bacteria found in human milk are
correlated with infant gut microbiota composition. The impact
of breastmilk feeding practices on these correlations is also un-
certain, and the relative importance of milk bacteria compared
with other known modifiers of the infant microbiome is not
known. We were able to address these questions with data
from the longitudinal CHILD Cohort Study.

RESULTS

Among the subset of 1,249 mother-infant dyads from the CHILD
Cohort Study included in our analysis, the mean duration of any
breastmilk feeding was 9.4 + 3.3 months (3.3 + 2.3 months exclu-
sive breastmilk feeding), and 61% of mothers reported feeding
some pumped milk around the time of sample collection at 3—-
4 months. Over half (56%) were first-time mothers and 25%
delivered by cesarean section. These and other sociodemo-
graphic characteristics were similar across the different subsets
used for the milk, gut, and paired milk-gut analyses (Table S1;
Figure S1). Breastfeeding practices differed by study site, and
exclusive breastfeeding was more common among multiparous
mothers who delivered vaginally (Table S2).
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Infant Gut Microbiota Composition, Diversity, and
Maturity Are Associated with Breastfeeding Exclusivity
and Duration, But Not Occasional Feeding of
Pumped Milk
The association between breastmilk feeding practices and gut
microbiota composition was first assessed using redundancy
analysis (RDA) (Figures 1A-1C). At 3 months, in pairwise univar-
iate analyses, infants no longer fed with breastmilk differed in mi-
crobiota composition compared with those exclusively (R? =
1.16%, p = 0.001) or partially (R% = 0.84%, p = 0.001) fed with
breastmilk (Figure 1A). A subtler difference was observed be-
tween infants fed with breastmilk partially versus exclusively
(R? = 0.44%, p = 0.001). In a multivariable adjusted model (Table
S3), breastfeeding exclusivity explained more variation (R% =
1.08%, p = 0.001) than other cofactors, namely, birth mode
(R? = 0.63%, p = 0.001), having older siblings (R? = 0.37%, p =
0.001), and intrapartum antibiotics (R = 0.24%, p = 0.005).
Among breastmilk-fed infants, breastmilk feeding mode was
not associated with gut microbiota composition in the univariate
(R? = 0.20%, p = 0.217) (Figure 1B) or adjusted (R? = 0.20%, p =
0.174, Table S3) models, nor with overall gut microbiota diversity
(p=0.093, Figure 1E) or microbiota maturity (p = 0.55, Figure 1E).
The effect of breastmilk feeding mode remained insignificant in a
sensitivity analysis limited to exclusively breastfed infants (not
shown). At 1 year, breastfeeding duration explained 1.01% of
observed variation in infant gut microbiota composition in both
univariate and adjusted models (p = 0.001) (Figure 1C; Table
S3). This was comparable to variation explained by having older
siblings (R? = 0.95%, p = 0.001, Table S3) in the adjusted model.
We also observed some differences in gut microbiota diver-
sity and maturity according to breastmilk feeding practices
(Figures 1D and 1F). At 3 months, infants who were no longer
fed with breastmilk had higher microbiota diversity (mean +
SD: 2.11 + 0.56 Shannon index) and maturity (265 + 55 days)
compared with those who were partially (1.78 + 0.72 Shannon
index, p < 0.001; 238 + 62 days, p = 0.002) or exclusively fed
with breastmilk (1.69 + 0.67 Shannon index, p < 0.001; 217 +
69 days, p < 0.001) (Figure 1D). Diversity increased between
3 months and 1 year of age among breastmilk-fed infants,
whereas no further increase was observed among the infants
who had ceased breastfeeding before 3 months (Figure 1G);
similar results were observed for microbiota maturity (Fig-
ure 1G). Together, these results suggest a dose-dependent
impact of breastmilk feeding on gut microbiota diversity, and
an early or accelerated maturation and diversification in non-
breastfed infants. Overall, results were similar in a sensitivity
analysis including the small number of never-breastfed infants
as a separate group (Figure S2).

Specific Infant Gut Bacteria Are Associated with
Breastfeeding Exclusivity and Duration

After assessing the overall infant gut microbiota composition and
diversity, we tested the association of breastmilk feeding prac-
tices with the prevalence (Figure S3) and relative abundance
(Figure 2; Table S4) of different bacteria (represented by ampli-
con sequencing variants, ASVs) in the infant gut. Clear differ-
ences in the overall relative abundance profile of ASVs were
observed according to breastfeeding exclusivity at 3 months
(Figure 2A). Using multivariable linear models, many differences
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Figure 1. Infant Gut Microbiota Composition, Diversity, and Maturity Are Associated with Breastmilk Feeding Practices

(A-C) Redundancy analyses showing univariate associations of breastfeeding exclusivity (A) and breastmilk feeding mode (B) with 3-month infant gut microbiota
composition (n = 653) and breastfeeding duration (C) with 1-year infant gut microbiota composition (n = 698).

(D-F) Associations of breastfeeding exclusivity (D) and breastmilk feeding mode (E) at 3 months (n = 653) and breastfeeding duration (F) at 1 year (n = 698) with gut
microbiota diversity (Shannon index) and maturity (predicted age in days, n = 349 3-month and n = 264 1-year stool; this n excludes infants used to train the
microbiota maturity prediction algorithm). Tested using Wilcoxon signed-rank test, no p value shown indicates no significance.

(G) Change in gut microbiota diversity and maturity from 3 months to 1 year stratified by breastfeeding duration for infants sampled at both time points. Tested
using Wilcoxon signed-rank test for matched pairs on infants breastfeed >0-3 months (n = 98 for diversity; n = 98 for maturity), 3-9 months (n = 224; 130),
9-12 months (n = 150; 76), and >12 months (n = 432; 174). AMean, change in mean diversity from 3 months to 1 year. See also Figure S2; Table S3.

were observed for infants exclusively fed breastmilk versus zae, Streptococcus(3), and two ASVs classified as Veillonella dis-
those who were no longer fed breastmilk at 3 months, including par. Taxa enriched among infants who were no longer fed
4 enriched with exclusive breastmilk feeding and 8 enriched with  breastmilk included ASVs classified as Blautia, Streptococcus(2)
cessation of breastmilk feeding (Figure 2B). The 4 taxa enriched  and two unclassified Lachnospiraceae(2,3) (Figure 2B). Six of
with exlusive breastmilk feeding were Haemophilus parainfluen-  these 12 ASVs also differed in relative abundance between

Cell Host & Microbe 28, 285-297, August 12, 2020 287




Cell Host & Microbe

- ¢? CellPress

A Taxonomy
[ Other
Never . Bactero!des
Breastfed . Bacteroides1
(n=16) [ Bacteroides2
I8 ([ [ Bacteroides fragilis
"_ o — Bacteroides uniformis
= No B sifidobacterium
S| % | Breastfeeding B sifidobacterium2
g %§ (n=82) [ Bifidobacterium adolescentis
€| 35 Bifidobacterium bifidum
CE’ g’g | u Blautia
& a2 Partial B Clostridium neonatale
% % Breastfeeding W Clostridium ramosum
g @ (n=180) . Collinsella aerofaciens
85 ) [ Coprococcus
% = X . Faecalibacterium prausnitzii
-t Exclusive H i .
€ N laemophilus parainfluenzae
- Breastfeeding . Lachnospiraceae
® (n=391) P
. Streptococcus2
== = . . . B Veilonella dispar
0 25 50 75 100 [ Veillonelia dispar2
Relative abundance (%)
— >4
[ 2e Al direct vs. some pumped
EE Any older siblings vs. none 4 [ ] *
o o .
Ej’ 8= Vaginal vs. caesarean delivary & | [ ]
5 B All direct vs. some pumped
g % €| Exclusive vs. partial breastfeeding i i i 3 - il *
Q8 Pt
€ O E Any older siblings vs. none =N *
g @ Vaginal vs. caesarean delivary Ed i [ | 2 ]
: —
@ " Exclusive vs. no breastfeeding B X E B B PEER BEEE
= ‘g Partial vs. no breastfeeding
€ Any older siblings vs. none * B o
Vaginal vs. caesarean delivary ¥ ¥ o ™
- - -
B — .
) @ Breastmilk at 1 year vs. none kil i i hllf - a - kel
= C 0
s =] Any older siblings vs. none s * > B 11 11 1 * 11
[ c " X -
> = Vaginal vs. caesarean delivary
- R I R Q@ @ A S ONN PP L PG LD P2ND S ‘d
&*aeé\b:®@\:é@©@% S "i\»‘;;@":\‘“%‘%‘q’ @‘q’i&”}@"i""%ﬁ A ORI fp e s Qo%&
L LCE XS S P N @ o . S 2
& SIS S A AN AN N IR S g O g N MRS X G S SN oV o' S
Beta coefficient Q{‘%@é @0‘56\3‘;(}0%(}?; ‘ooobc}?’\o&‘)'b 0\90@ @0 & o?l‘ 'bQ\i(\‘ 0‘?'@0 Q@ Q‘oo Q@O &\z < O\Qc’ Q\?\QQOQQ ;_,Q\« 6{2\‘06(’ @(\0\00\00 0\\'bé\rz> \\QQ
L S R E I 2 O A R S O
O PN 2 P QK f S @ EXERTRERN
2@ RS NP & S P RO AV AN AN 4 KSR
0.50.0 0.5 1.0 Lo S5 SASACASRYOWN SIS =
S & 0 PR
s o° S
o <&
¥

Figure 2. Specific Bacteria in the Infant Gut Are Associated with Breastmilk Feeding Practices

(A) Average gut microbiota composition of infants exclusively, partially, and not receiving breastmilk at 3 months. Showing the top 20 most abundant ASVs.
(B) Association of breastmilk feeding practices with centered log-ratio transformed ASV relative abundances in the infant gut, using adjusted linear regression
permutation tests. Covariates known to influence infant gut microbiota (birth mode and older siblings) are shown for comparison; models were additionally
adjusted for intrapartum antibiotics. Separate models were generated for: exclusively breastmilk-fed infants (n = 391); all breastmilk-fed infants (n = 571); and all
infants (n = 653) at 3 months; and all infants at 1 year (n = 698). Showing ASVs present in at least 20% of samples (see Table S4 for full results). *pEpr) < 0.05. Bold

taxa indicate ASVs commonly shared with mothers’ milk.

infants exclusively and partially breastfed. Breastmilk feeding
mode was not associated with ASV relative abundances, even
within exclusively breastmilk-fed infants.

At 1 year, 4 prevalent ASVs were enriched in the gut with
breastmilk feeding, including H. parainfluenzae and V. dispar,
while 5 were enriched with cessation of breastmilk feeding,
including Dorea, and two unclassified Lachnospiraceae(2,3) (Fig-
ure 2B). Notably, Bifidobacterium bifidum was enriched with
breastmilk feeding, while other prevalent ASVs assigned to Bifi-
dobacterium were not.

Along with breastmilk feeding practices, we assessed addi-
tional factors known to influence infant gut microbiota for com-
parison (Figure 2B). Consistent with previous studies (Backhed
etal., 2015; Dominguez-Bello et al., 2010; Shao et al., 2019), ce-
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sarean delivery was associated with depletion of Bacteroides
and other taxonomic differences at 3 months. Interestingly,
presence of older siblings had a relatively strong association
with ASV relative abundances at 1 year, affecting 19 of the
38 prevalent ASVs, including enrichment of B. bifidum and
Bifidobacterium(2).

Breastmilk and the Infant Gut Have Distinct Microbiota
Compositions, but Some Bacteria Are Shared and
Correlated between a Mother’s Milk and Her Own
Infant’s Gut

The most prevalent genera of the infant gut were generally
distinct from the most prevalent genera of breastmilk (Figure 3A;
Table S5). Only Streptococcus and Veillonella were present in
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Figure 3. Infant Gut and Milk Microbiota Are Distinct But Some Bacteria Are Shared between a Mother’s Milk and Their Own Infant’s Gut
(A) Average breastmilk microbiota composition (n = 799) and infant gut microbiota composition at 3 months (n = 669) and 1 year (n = 718), showing prevalent
genera of each sample type (present in >60% of samples).

(B) Dissimilarity between milk and infant gut microbiota of actual mother-infant dyads compared with random dyads, tested by a linear regression permutation
test. Jaccard distances range from 0 (completely similar) to 1 (completely dissimilar); red dots indicate means.

(C) For commonly shared bacteria (ASVs shared in at least 15 dyads), prevalence in milk and stool, the percent of dyads sharing the ASV (left panel), and average
relative abundance in milk and stool (right panel) are shown. For the percent shared, any points that fall below the dotted line (<15 dyads) are not considered
commonly shared at that time-point. Error bars for prevalence and relative abundance represent standard error of the proportion and mean, respectively. See also
Table S5.

(legend continued on next page)
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Figure 4. Commonly Shared Bacteria Are Correlated between a Mother’s Milk and Infant’s Gut
Spearman rank correlation between relative abundances of commonly shared bacteria (ASVs shared in at least 15 dyads) in the infant gut and milk, for the 3-

month (A) and 1-year (B) dataset. *pEpr) < 0.1, **prpr) < 0.001.

over 60% of both sample types. Overall, Streptococcus and
Staphylococcus dominated milk, while Bifidobacterium and
Bacteroides dominated the infant gut (Figure 3A). As expected,
the microbiota composition of milk and the infant gut were
almost completely dissimilar using the Jaccard distance (Fig-
ure 3B)—but interestingly, at 3 months, the infant gut and milk
microbiota of actual mother-infant dyads were slightly more
similar than the microbiota of random mother-infant pairings
(p < 0.001). In contrast, there was no detectable difference in
dissimilarity between actual and random pairings of 3-month
mother’s milk and 1-year infant gut.

Next, we assessed the sharing of individual ASVs among
dyads. Bacteria shared most commonly at 3 months included
Streptococcus(2) (shared in 61.4% of dyads), V. dispar
(85.6%), Staphylococcus (30.7%), and Bifidobacterium (27.1%)
(Figure 3C; Table S5). Overall, a median of 3 ASVs were shared
within actual dyads at 3 months (range: 0-16) and 1 year (range:
0-9). This contrasts with the large number and wide range of total
ASVs in milk (median 38, range 5-115) and the infant gut (median
22, range 5-93 at 3 months; median 36, range 9-87 at 1 year)
(Figure 3D). Notably, actual dyads were more likely to share 5
or more ASVs than random milk-gut pairings at 3 months (p <
0.001) and 1 year (p = 0.001) (Figure 3E), supporting the hypoth-
esis that some bacteria are transferred between a mother’s milk
and her own infant’s gut.

We further assessed correlations between relative abun-
dances of commonly shared bacteria in breastmilk and the infant
gut within dyads (Figure 4). Generally, any given ASV in milk was

correlated with that same ASV in the infant gut at 3 months.
These correlations were always positive, and 8/13 were note-
worthy (pepr) < 0.1). Milk-gut correlations were strongest for
Rothia mucilaginosa, three Streptococcus ASVs, and one Acti-
nomyces ASV (r > 0.30, prpry< 0.001, Figure 4A). In contrast,
only a small proportion of correlations were significant among
all other possible milk-gut ASV pairs (6 positive and 2 negative
correlations among 156 possible pairs). Notably, there were
negative correlations between different unclassified species of
Streptococci that suggest possible competitive relationships
(r < -0.20, prpr) < 0.1). Additionally, a strong correlation was
observed between R. mucilaginosa in milk and Streptococcus(3)
in the infant gut (r = 0.30, prpr) < 0.001). No significant correla-
tions were observed between relative abundances of commonly
shared bacteria in 3-month milk and the 1-year infant gut
(Figure 4B).

The Extent of Sharing Bacteria between Breastmilk and
the Infant Gut Is Associated with Breastmilk Feeding
Practices

Next, we assessed whether breastmilk feeding practices were
associated with the extent of milk-gut bacterial sharing within
dyads (Figure 5A). At 3 months, breastfeeding exclusivity was
not associated with the number of shared ASVs (p = 0.19); how-
ever, the mode of breastmilk feeding was important: The propor-
tion of infants sharing 5 or more ASVs with their own mother’s
milk was higher among those who were directly breastfed
compared with those receiving some pumped milk (44.3%

(D) Density plots showing distributions for the number of ASVs shared between milk and the infant gut of actual mother-infant dyads, and the total number of ASVs
per milk and stool sample. Medians are shown as dotted lines. The y axis shows density, with higher density indicating more dyads with a given value.
(E) The percent of dyads in each ASV sharing category among actual and random dyads. Tested by the chi-square test, p values compare >5 to

<5 shared ASVs.

290 Cell Host & Microbe 28, 285-297, August 12, 2020



Cell Host & Microbe

A 3-month gut & milk 1-year gut &
3-month milk
=0.19 =0.003 =0.071
100—> 100—F 100—>
£ g
g > 75 751 751
® 9
c8
0T
'8 o
= 2 501 501 501
52
c *
8% ASV sharing
&< 25 251 251 category
0-1 ASVs
2 ASVs
I 3-4ASVs
o] o W >=5ASVs
Exclusive Partial All Some Yes No
direct pumped
Breastfeeding Breastmilk feeding ~ Breastmilk feeding
exclusivity mode at 1 year
3-month milk 3-month gut
& PH Actinomyces
*'ﬁ Atopobium
- Bifidobacterium
',_H Enterococcus
H Haemophilus parainfluenzae
H Rothia mucilaginosa
_ Staphylococcus
N_ Streptococcust
_ Streptococcus2
’H Streptococcus3 Breastfeeding
exclusivity
HE.. steptocoooust - Allinfants -
; ) B Never breastfed
_ Veillonella dispar B No breastmilk
; B Partial
H Veillonella parvula Exclusive

100 75 50 25 0

ASV prevalence (%)

0 25 50 75 100
ASV prevalence (%)

¢? CellPress

B 3-month milk 3-month gut
H H ‘ Actinomyces ‘ ,_'T‘
HH ‘ Atopobium ‘ HH
*Hi a ‘ Bifidobacterium ‘ ‘;'{
,,'f ‘ Enterococcus ‘ ,':}
+H H ‘ Haemophilus parainfluenzae ‘ ';'
i | Rothia mucilaginosa ‘ A
0 ‘ Staphylococcus ‘ 'q
"H ‘ Streptococcus1 ‘ ;‘
}]‘4 ‘ Streptococcus2 ‘ ',j
T | Sreplococeuss = Breastmilk
= ‘ Streptococcus4 |k feeding
+ | Veilonelladispar | ik m°d:" droct
M, Veillonella parvula \ A Some
: : , p p x r . 2 umped
100 75 50 25 0 0 25 5 75 100 ™™
ASV prevalence (%) ASV prevalence (%)
D
1-year gut
Actinomyces
Bifidobacterium
Enterococcus
Haemophilus parainfluenzae
Lachnospiraceae
Staphylococcus
Streptococcus1
Streptococcus2
Streptococcus3 Breastmilk feeding
duration (months)
Streptococcus4 ﬁ - All infants -
B Never breastfed
. : >0-3
Veillonella dispar ‘1—«| *
Infants P = 39 g:rts
ever . ﬁ 9-12
breastfed Veillonella parvula H| * 15 | breastied
0 25 50 75 100
ASV prevalence (%)

Figure 5. Breastmilk Feeding Practices Are Associated with Shared Bacteria in Milk and the Infant Gut
(A) The percent of dyads in each ASV sharing category (0-1, 2, 3-4, and >5 ASVs shared) associated with breastmilk feeding practices. Tested by the chi-square

test, p values compare >5 to <5 shared ASVs. See also Figure S4.

(B-D) Associations of breastmilk feeding mode (B) and exclusivity (C) with the prevalence of commonly shared bacteria (ASVs shared in at least 15 dyads) in milk
(n = 802) and the 3-month infant gut (n = 669). (D) Associations of breastfeeding duration at 1 year with the prevalence of commonly shared bacteria in the infant
gut at 1 year (n = 718). Error bars show the estimated standard error for proportions. *pepr < 0.05, tested using the chi-square test, including the chi-square test
for linear trends to assess differences across breastfeeding exclusivity and duration groups (line indicates linear trend). Note that never-breastfed infants were
included specifically for this analysis (C and D). Despite the low sample size of this group (n = 16 for 3-month and n = 20 for 1-year infant stool), it was of particular
interest to observe whether commonly shared ASVs were present in never-breastfed infants. See Figure S5 for relative abundances.

versus 25.6%; p = 0.003). At 1 year, the proportion of dyads
sharing 5 or more ASVs tended to be higher among those who
were still breastfeeding compared with those who had stopped
(28.4% versus 18.4%; p = 0.071) (Figure 5A). Similar associa-
tions were observed when the number of shared ASVs was as-
sessed as a continuous variable (Figure S4).

We then focused on the most commonly shared ASVs (Fig-
ure 3C; Table S5), and assessed the potential for breastmilk
feeding mode and exclusivity to influence their prevalence (Fig-
ures 5B and 5C) and relative abundance (Figures S5A and S5B)
in the infant gut and milk at 3 months. In milk, the prevalence
and relative abundance of several commonly shared bacteria

was lower in mothers who sometimes pumped compared with
those who only directly breastfed (pFpry < 0.05), including
V. dispar, H. parainfluenzae, and a Streptococcus(3) (Figures 5B
and S5B). A Bifidobacterium sp. was also less prevalent in milk
from mothers who pumped, although no difference in relative
abundance was detected. No associations were observed
between breastmilk feeding mode and commonly shared
bacteria in the infant gut (Figures 5B and S5B). Conversely, for
breastfeeding exclusivity, we observed few associations with
shared ASVs in milk but many associations with ASVs in the infant
gut: There was an increase in prevalence of H. parainfluenzae,
R. mucilaginosa, Staphylococcus, and Streptococcus(3) with
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Redundancy analyses showing the percent of variation in gut microbiota explained (R? in percent) by (A) milk bacteria, other milk components, breastmilk feeding
practices, and other relevant covariates, and (B) commonly shared bacteria in milk. The adjusted R? is used for all multivariable models. All participants in the milk-
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siblings, and study site). Multivariable model 2: shared milk bacteria and covariates, as above. Adjusted R? were used for multivariable models. *p < 0.05, ~p <

0.1. See also Table S6.

increased breastfeeding exclusivity, along with lower prevalence
of two Streptococcus ASVs, and an Actinomyces (pgpr) < 0.05)
(Figure 5C). Similar findings were observed for relative abun-
dances (Figure S5A). Including never-breastfed infants in univari-
ate prevalence analysis revealed a few clear trends. For instance,
R. mucilaginosa was present in 0% of never-breastfed infants
compared with 7.3%, 14.4%, and 17.1% of infants that no longer,
partially, and exclusively breastmilk fed, respectively (Figure 5C).
Overall, it appears that breastmilk feeding mode primarily influ-
enced the commonly shared bacteria in milk, whereas breastfeed-
ing exclusivity primarily influenced those in the infant gut.

We further assessed whether breastfeeding duration influenced
commonly shared bacteria in the infant gut at 1 year, including
never-breastfed infants in univariate analysis (Figure 5D). Similar
to trends for breastfeeding exclusivity, H. parainfluenzae and Acti-
nomyces also showed increased prevalence with increasing
breastfeeding duration, along with V. dispar and Veillonella par-
vula. H. parainfluenzae and V. dispar were also relatively more
abundant in breastmilk-fed infants compared with those no longer
breastfed (Figures 2B and S5C).

Commonly Shared Milk Bacteria Are Associated with
Overall Infant Gut Microbiota Composition

Next, we hypothesized that at least some commonly shared bac-
teria represent milk bacteria with the ability to transfer to the in-
fant gut, and that such bacteria could affect the overall infant gut
microbiota composition. To test this, we used RDA to assess the
relative abundances of commonly shared (n = 13 ASVs) and un-
shared (n = 10 ASVs) milk bacteria, as possible sources of vari-
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ation in the gut microbiota composition of breastmilk-fed infants
(Figure 6A). The contribution of other milk and early-life factors
was also assessed for comparison. We found that commonly
shared milk bacteria were associated with the 3-month infant
gut microbiota (Rzadj = 1.04% variation explained, p = 0.003),
whereas unshared milk bacteria were not (p = 0.873). Both
shared and unshared milk bacteria explained a similar lower level
of variation at 1 year (R%,qj = 0.55%, p = 0.024 and R?,¢; = 0.40%,
p = 0.033, respectively). Notably, shared milk bacteria explained
more variation in the 3-month infant gut microbiota than several
well-known determinants of this microbial community, including
breastfeeding exclusivity (exclusive versus partial, 0.76%), birth
mode (0.87%), intrapartum antibiotics (0.72%), and older sib-
lings (0.58%). In a sensitivity analysis, the variation explained
by commonly shared milk bacteria was similar using alternative
thresholds to define “commonly shared bacteria” (Table S6).

Lastly, we investigated the contribution of each commonly
shared bacterium in milk to the observed variation in infant gut
microbiota (Figure 6B). Streptococcus(4), Streptococcus(2),
and Bifidobacterium were associated with 3-month gut micro-
biota composition (R? = 0.63%, 0.60% and 0.56%, respectively,
p < 0.05). Only Bifidobacterium and Streptococcus(2) were
significantly associated with gut microbiota at 1 year (R? =
0.63% and 0.55%, respectively, p < 0.05).

DISCUSSION

Our findings provide evidence that bacteria are shared and
potentially transferred from mothers (or other exogenous
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sources) to infants through breastmilk and further suggest that
early weaning or feeding pumped breastmilk may disrupt this
process. Breastfeeding is a well-known determinant of the infant
gut microbiota (Azad et al., 2013; Backhed et al., 2015; Ho et al.,
2018; Stewart et al., 2018), and the microbiota of breastmilk and
the infant gut have been compared in a few previous studies
(Biagi et al., 2018, 2017; Lackey et al., 2019; Pannaraj et al.,
2017). Our study adds to this previous work by evaluating the
association of multiple breastmilk feeding practices (mode, ex-
clusivity, and duration), milk bacteria, and milk components
with infant gut microbiota composition at multiple time points.
Here, we confirm that breastfeeding exclusivity and duration
are major drivers of infant gut microbiota composition, and pro-
vide evidence that (1) infant gut and milk microbiota within
mother-infant dyads are related, despite very distinct gut and
milk microbial communities; (2) a few commonly shared bacteria
associated with breastmilk feeding practices may be transferred
within breastmilk to the infant gut or from the infant to breastmilk;
and (3) commonly shared bacteria in milk may influence overall
infant gut microbiota composition independent of (and to a
similar degree as) other early-life factors, including HMOs and
birth mode.

Breastmilk Feeding Practices Shape the Infant Gut
Microbiota and Influence Maternal-Infant Sharing of
Bacteria

Our study confirms that breastmilk is a major driver of infant gut
microbiota development (Azad et al., 2013; Backhed et al., 2015;
Pannaraj et al., 2017) and provides evidence that breastmilk bac-
teria contribute to this effect. These results advance the accumu-
lating body of evidence that breastmilk may seed the infant gut
with bacteria originating from the mother or other exogenous
sources (Biagi et al.,, 2017; Jost et al.,, 2014; Lackey et al,,
2019; Pannaraj et al., 2017; Ramani et al., 2018). For overall in-
fant gut microbiota composition and some individual gut taxa,
we observed dose-dependent associations according to breast-
feeding exclusivity and duration. We also observed higher co-
occurrence of ASVs in dyads who were still breastmilk fed at
12 months, suggesting that sustained breastfeeding supports
continuous bacterial transfer via mothers’ milk.

We did not detect clear gut taxonomic differences accord-
ing to breastmilk feeding mode; however, pumping was asso-
ciated with depletion of some shared bacteria in milk and
appeared to reduce the amount of mother-infant bacterial
sharing. This suggests that some shared bacteria may trans-
fer to milk during direct breastfeeding, supporting the hypoth-
esis that the infant mouth could be colonized by environ-
mental bacteria that disperse to both the milk (via
retrograde transfer during direct breastfeeding) and the infant
gut (McGuire and McGuire, 2017; Moossavi et al., 2019).
Indeed, a few shared bacteria identified in our study,
including V. dispar and H. parainfluenzae, are common oral
bacteria (Kononen, 2000; Williams et al., 2019) and were en-
riched in breastmilk of mothers that only breastfed directly.
Regardless of where milk bacteria originate, our data support
the hypotheses that (1) breastmilk may act as an incubator
that enriches certain bacteria and/or a protective vehicle
to transport bacteria to the lower segments of the intes-
tinal tract, and (2) that habitual pumping alters the composi-
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tion of bacteria in breastmilk. It is also possible that the
viability of breastmilk bacteria may be compromised by the
process of pumping, storing (e.g., freezing, thawing), and bot-
tle feeding, but this was not assessed in our study. Future
research would benefit from longitudinal sampling of milk,
oral, and gut microbiota to clearly define the dynamic rela-
tionship between these microbial communities and determine
how they are impacted by milk expression, storage, and
feeding practices.

Bacteria in Breastmilk Could Seed the Infant Gut and
Influence Health

The importance of milk microbiota for gut microbiota develop-
ment is a matter of ongoing debate, but the presence of
microbes in milk from phylogenetically diverse animal species
(Derakhshani et al., 2018; Muletz-Wolz et al., 2019; Pannaraj
et al.,, 2017) indicates its evolutionary conservation and func-
tional significance. It is hypothesized that breastmilk provides
bacteria to the infant gut either through vertical transmission
from the mother or horizontal transfer from exogenous sources
of milk bacteria, such as the home environment or the infant
mouth (Moossavi and Azad, 2019). Consistent with previous
research (Biagi et al., 2017; Jost et al., 2014; Lackey et al.,
2019; Pannaraj et al., 2017; Ramani et al., 2018), we also found
that breastmilk may specifically provide species of Veillonella,
Rothia, Streptococcus, Bifidobacterium, Haemophilus, and
Staphylococcus to the infant gut. It is noteworthy that no bacteria
were commonly shared in all dyads, potentially reflecting inter-
individual variability of milk microbiota profiles. Nevertheless,
the increased sharing with prolonged and direct breastfeeding
and strong positive correlations between the milk and gut rela-
tive abundances of shared bacteria provide evidence that
some degree of bacterial seeding is plausible.

The transfer of bacteria in breastmilk might contribute to the
beneficial health effects of breastfeeding observed in the CHILD
cohort and other studies, including lower rates of childhood
asthma (Dogaru et al., 2014; Klopp et al., 2017) and obesity
(Azad et al., 2018b; Horta et al., 2015; Wang et al., 2017)—con-
ditions that have also been linked to early-life perturbations of
gut microbiota (Arrieta et al., 2015; Bervoets et al., 2013; Forbes
et al., 2018). Notably in the CHILD cohort, we observed slightly
weaker protection against asthma and being overweight among
breastfed infants receiving some pumped milk (Azad et al.,
2018b; Klopp et al., 2017). Our current findings suggest this
might be due to reduced sharing or transfer of bacteria via
mothers’ milk. Shared bacteria identified in our study that are
of particular interest and may influence immune homeostasis
include Rothia, Veillonella, and Bifidobacterium. Rothia and Veil-
lonella in 3-month stool were previously shown to be protective
against atopic wheeze in the CHILD cohort (Arrieta et al.,
2015). Interestingly, Veillonella has the ability to convert lactate
to propionate and butyrate (Zoetendal et al., 2012), and these
short chain fatty acids (SCFA) are associated with positive health
outcomes and immunoregulatory effects (Sivaprakasam et al.,
2016). Similarly, some Bifidobacterium spp. are specialized in
the breakdown of HMOs and produce metabolites utilized by
other microbiota (Fanning et al., 2012; Ruiz et al., 2017), such
as members of Lachnospiraceae, which subsequently produce
SCFAs (Patterson et al., 2017; Uematsu et al., 2008). Further
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research is warranted to explore therapeutic applications of
bacteria that co-occur in milk and stool, which may intrinsically
withstand transit through the gastrointestinal tract.

It is important to consider alternative explanations for the iden-
tification of bacteria shared between breastmilk and the infant gut:
That is, alternatively or in addition to reflecting the transmission of
bacteria (of exogenous or endogenous origin) within milk to the in-
fant gut, itis possible that both are separately seeded by the same
exogenous sources, such as the infant mouth or home environ-
ment. It is also possible that breastmilk and its consortium of bac-
teria (regardless of their origins) influence oral and airway microbi-
al communities and impact infant health independently of the gut
microbiota. Further mechanistic research is required to confirm if
and how milk transfers bacteria to the infant gut and to determine
the health impact of maternal and infant microbiota.

Breastmilk Bacteria Globally Influence the Infant Gut
Microbiota Community Independently of HMOs

If viable bacteria in milk can reach the infant gut, they could
conceivably influence the gut microbiota composition through
colonization and/or interactions with resident gut microbes.
Early gut microbiota communities, for instance, alter the gut
environment, and thereby promote the growth of other bacteria
and result in successional community shifts (Lozupone et al.,
2012). Our results support this hypothesis and suggest that bac-
teria in milk account for a similar degree of variability as other
known determinants of the infant microbiota (e.g., birth mode
and intrapartum antibiotics)—although it is difficult to directly
compare these effect estimates because milk microbiota were
assessed on the same day as stool collection, whereas birth
mode and intrapartum antibiotics represent exposures occurring
several months prior. Importantly, the associations we observed
were independent of the HMO profile, suggesting a dual mech-
anistic role of breastmilk in modulating the infant gut microbiota
by providing both prebiotic and probiotic factors. Further studies
are needed to confirm that breastmilk is a source of bacteria
while controlling for other important milk components, which
could modulate the physiological and immunological niche in
the infant gut. In addition, studies integrating data from other
maternal and infant microbiota communities could provide
further insight into the routes, mechanisms, and impacts of
mother-infant bacterial transfer.

Strengths and Limitations

The main strengths of this study include access to rich metadatain
the CHILD cohort and our ability to take a multi-analytic approach
to associate breastfeeding practices and milk microbiota with in-
fant gut microbiota, while controlling for relevant cofactors. The
main limitations are the observational study design and the fact
that milk microbiota were not analyzed at 1 year, limiting our ability
to directly assess the sharing of milk bacteria at 1 year as was done
at 3 months. However, we believe the sharing of bacteria in early
infancy is especially important, because gut microbial commu-
nities are particularly dynamic and sensitive to the introduction of
new species during this critical period of development. Milk and
stool samples were analyzed in separate laboratories, although
we used the same sequencing primers and bioinformatics pipe-
lines. Also, we did not collect quantitative information on feeding
practices (e.g., proportion or frequency of breastmilk versus for-
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mula, or direct versus pumped breastmilk), so it is possible that dif-
ferences associated with predominant formula feeding or predom-
inant and/or exclusive pumping were missed. In addition, we could
not evaluate other potential sources of gut and milk microbiota,
such as the maternal skin or infant oral cavity, because these
were not sampled in the CHILD cohort. As with all culture-indepen-
dent microbiota studies, we could not confirm the viability or abso-
lute abundances of the bacteria identified in our samples. Lastly,
16S rRNA gene sequencing has limited capacity to resolve taxa
to species and strain levels, and further research (e.g., metage-
nomic and/or culture-based studies) is required to validate the re-
sults of this study by confirming strain-level sharing of milk and gut
microbiota. An additional advantage to shotgun metagenomic
analysis would be the ability to assess the functional capacity of
shared bacteria.

Conclusions and Future Directions

Our results provide evidence that specific bacteria may be trans-
ferred from a mother’s milk to her infant’s gut, and that bacteria in
milk influence the overall infant gut microbiota composition to a
similar extent as other known modifiers of the gut microbiota.
This process appears to be influenced by breastmilk feeding prac-
tices and could have long-lasting health implications by influ-
encing gut microbiota development. Further research is war-
ranted to replicate these findings in other populations,
determine their clinical significance, and study the mechanisms
and potential therapeutic applications of bacterial transmission
through breastmilk.
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Lead Contact

Further requests for information should be directed to and will be fulfilled by the Lead Contact, Meghan Azad (meghan.azad@

umanitoba.ca).

Materials Availability

For breastmilk data, further requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Me-
ghan Azad (meghan.azad@umanitoba.ca). For infant stool data, further requests for resources and reagents should be directed to

and will be fulfilled by Stuart E. Turvey (sturvey@bcchr.ca) and Brett Finlay (bfinlay@msl.ubc.ca).

Data and Code Availability

The accession numbers for the 16S rRNA gene sequence data reported in this paper are BioProject accession (NCBI): PRINA481046
and BioProject (NCBI): PRUNA597997 (breastmilk). Gut microbiota data are deposited in the CHILD database and can be accessed

upon request to Stuart E. Turvey.

el Cell Host & Microbe 28, 285-297.e1-e4, August 12, 2020


mailto:meghan.azad@umanitoba.ca
mailto:meghan.azad@umanitoba.ca
mailto:meghan.azad@umanitoba.ca
mailto:sturvey@bcchr.ca
mailto:bfinlay@msl.ubc.ca
http://childstudy.ca
https://qiime2.org
http://greengenes.secondgenome.com
https://joey711.github.io/phyloseq/index.html
https://joey711.github.io/phyloseq/index.html
https://benjjneb.github.io/decontam/vignettes/decontam_intro.html
https://benjjneb.github.io/decontam/vignettes/decontam_intro.html
https://github.com/ggloor/CoDaSeq
https://cran.r-project.org/web/packages/vegan/vegan.pdf
https://cran.r-project.org/web/packages/vegan/vegan.pdf
https://cran.r-project.org/web/packages/lmPerm/lmPerm.pdf
https://cran.r-project.org/web/packages/lmPerm/lmPerm.pdf
https://cran.r-project.org/web/packages/zCompositions/zCompositions.pdf
https://cran.r-project.org/web/packages/zCompositions/zCompositions.pdf
https://www.r-project.org

Cell Host & Microbe ¢ CelPress

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study Population

Women with singleton pregnancies were enrolled in the CHILD cohort study between 2008 and 2012 (n=3621) and remained eligible if
they delivered a healthy infant >35 weeks gestation (n=3455) (Subbarao et al., 2015). Breastmilk and infant stool were collected at a
home visit scheduled for age 3 months and an additional infant stool sample was collected at a clinic visit scheduled for age 1 year.
Mothers gave written informed consent in accordance with the Declaration of Helsinki. The protocols were approved by the Human
Research Ethics Boards at McMaster University, the Hospital for Sick Children, and the Universities of Manitoba, Alberta, and British
Columbia.

Milk samples selected for microbiome analysis from a representative subset of 428 mothers were previously analyzed (Moossavi
et al., 2019). An additional subset of 766 mothers enriched for maternal and infant health conditions (atopy, asthma, obesity) were
selected in this study. After pre-processing of sequences, 16S rRNA data was available for a total of 877 breastmilk samples (Fig-
ure S1). Gut microbiota 16S rRNA data were available for an asthma-enriched subset of 702 and 742 infants at 3 months and 1
year, respectively (Patrick et al., 2020). Infants who never received any breast milk (‘never-breastfed’) were excluded from datasets
and analyses (Figure S1) unless specified otherwise (for a few univariate analyses), because we had low power to examine this small
group separately (n=16 with 3-month stool and n=20 with 1-year stool), and we felt it was biologically inappropriate to group them
with infants who were breastfed, even for a short period of time. Figure S1 illustrates the sample selection process and sample size for
downstream statistical analyses. Analyses evaluating breastmilk feeding practices and gut microbiota required only infant stool sam-
ples, allowing us to include all infant stool samples with available information on breastfeeding practices plus the following essential
covariates: birth mode, intrapartum antibiotics, and older siblings (n=653 for 3-month stool and n=698 for 1-year stool). For the paired
milk-gut analyses comparing mothers’ milk microbiota to their own infants’ gut microbiota, dyads with both milk and stool microbiota
data were included [n=266 dyads with infant stool and breastmilk microbiota at 3 months postpartum (3-month dataset) and n=282
dyads with 3-month breastmilk and 1-year infant stool (1-year dataset)].

Infant Feeding and Early-Life Factors

Infant feeding was reported by standardized questionnaire at 3, 6, and 12 months. At the time of milk sample collection (3-4 months),
breastmilk feeding status was classified as exclusive (breastmilk only), partial (breastmilk supplemented with infant formula) or none
(no longer breastfed). The mode of breastmilk feeding was reported for breastfed infants at sample collection and classified as “all
direct breastmilk" (nursing at the breast only, with no feeding of pumped milk), or "some pumped breastmilk" (at least one serving of
pumped milk in the past two weeks) (Klopp et al., 2017). Breastmilk feeding at 1 year was classified as “Yes” (continuation of any
breastmilk feeding) or “No” (ceased breastfeeding prior to 1 year). Breastmilk feeding duration was categorized as >0-3, 3-9, 9-
12 or >12 months. “Never breastfed” was included as an additional category in a few univariate analyses. Maternal age, infant
sex, birth weight, gestational age, birth mode (Cesarean section or normal vaginal delivery), parity (older siblings, yes vs. no), and
intrapartum antibiotic use were documented from hospital records.

METHOD DETAILS

Sample Collection and Microbiota Analysis

Analysis of breastmilk microbiota (Moossavi et al., 2019) and sequencing data generation for infant stool microbiota (Patrick et al.,
2020) has been previously described. Briefly, mothers provided one sample of milk collected during a 24-hour period (fore milk and
hind milk from multiple feedings) at 3-4 months postpartum [mean (SD) 17 (5) weeks]. It is possible that some maternal skin micro-
biota were sampled along with breastmilk microbiota; however, this provides an accurate representation of the microbiota ingested
by the infant. A soiled diaper was provided on the same day for infant stool collection. Samples were refrigerated at home for up to 24
hours before being collected and processed by study staff (Moraes et al., 2015). An additional infant stool sample was provided at the
1-year clinical assessment.

Milk microbiota was analyzed at the University of Manitoba by 16S rRNA gene sequencing of the V4 hypervariable region with
modified F515/R806 primers (Caporaso et al., 2012) on a MiSeq platform (lllumina, San Diego, CA, USA) and processed as previously
described (Derakhshani et al., 2016; Moossavi et al., 2019). Sterile DNA-free water was used for negative controls in sequencing li-
brary preparation. Mock communities consisting of DNA extracted from 8 species with known theoretical relative abundances (Zymo
Research, USA) were also run as positive controls. Infant stool was analysed at the University of British Columbia by 16S rRNA gene
sequencing of the V4 hypervariable region with F515/R806 primers as previously described (Patrick et al., 2020). Demultiplexed
sequencing data used in this study are deposited into the Sequence Read Archive (SRA) of NCBI and can be accessed via accession
numbers PRINA481046 and PRINA597997 (breastmilk). Gut microbiota data have been deposited in the CHILD database and can
be accessed upon request to Stuart E. Turvey

Other Milk Components

Human milk oligosaccharides (HMOs) were measured at the University of California, San Diego, using high-performance liquid
chromatography (Azad et al., 2018a) and fatty acids were measured by gas liquid chromatography at the University of Alberta
(Cruz-Hernandez et al., 2013), as previously described.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Microbiota Data Pre-processing

Breastmilk and gut data were processed similarly. Overlapping paired-end reads were processed with DADA2 pipeline (Callahan
et al., 2016) using the open-source software QIIME 2 v.2018.6 (https://qgiime2.org)(Caporaso et al., 2010). Unique amplicon sequence
variants (ASVs) were assigned a taxonomy and aligned to the 2013 release of the Greengenes reference database at 99% sequence
similarity (DeSantis et al., 2006). Data analysis was conducted in R (R Core Team, 2018) and preprocessing of the ASV table was
conducted using the Phyloseq package (McMurdie and Holmes, 2013). Potential reagent contaminants of milk microbiota were iden-
tified and removed as previously described (Moossavi et al., 2020). ASVs belonging to the genus Halomonas were highly present in
negative controls for the gut microbiota [median read-count (IQR), 214.0 (122.0-271.0)] and thus removed.

ASVs belonging to the phylum Cyanobacteria, family of mitochondria, and class of chloroplast, and ASVs only present in extrac-
tion/PCR controls (2,350 ASVs for milk and 1,833 for the gut) were removed. Samples were rarefied to 8,000 sequencing reads per
sample, leaving 877 breastmilk samples [73% of total 1,194 samples (Figure S1)] with 9,985 unique ASVs, and 1,444 stool samples
[83% of total 1,736 samples (Figure S1)] with 4,420 unique ASVs. To eliminate sequencing artifacts, ASVs with less than 60 reads
across each dataset (0.001% of total reads per sample on average) were removed (Gloor and Reid, 2016), resulting in 1,122 and
1,102 remaining ASVs in breastmilk and stool, respectively. This also resulted in the removal of an average + SD of 86 + 201 reads
per breastmilk sample and 23 + 33 reads per stool sample. Overall, the contribution of reads discarded through rarefaction (Fig-
ure S6A), and through exclusion of rare ASVs (Figure S6B) was deemed negligible. The number of sequencing reads per sample
was then relativized to a total sum of 8,000 for downstream analyses. For microbiota composition analyses (redundancy analysis)
and differential abundance analyses, ASVs with an average relative abundance below 0.01% were additionally removed and abun-
dances were centered log-ratio (CLR) transformed using the CoDaSeq package (Gloor and Reid, 2016) after zeros were imputed us-
ing a Bayesian-multiplicative replacement method (Palarea-Albaladejo and Martin-Fernandez, 2015).

Statistical Analysis

For selection of covariates used throughout analyses, initial univariate redundancy analyses were performed on covariates consid-
ered potentially important to infant gut microbiota composition based on previous literature (Azad et al., 2016; Backhed et al., 2015;
Martin et al., 2016). These included birth mode, intrapartum antibiotics, maternal body mass index, infant sex, gestational weight gain
and home environment variables, namely pet ownership, older siblings, and study center/geographic location. Based on these pre-
liminary analyses, birth mode, intrapartum antibiotics and older siblings, with statistical significance and sufficiently large R? (p<0.05
& R%>0.7%), were included in final multivariable models to assess microbiota composition and abundances of individual ASVs in the
infant gut. This approach was taken to avoid overfitting models, considering the relatively low sample size of the milk-gut paired
datasets.

Redundancy analysis (RDA) was used to investigate associations between breastmilk feeding practices, other early-life factors and
infant gut microbiota composition using the vegan package (Oksanen et al., 2019). Specifically, the effect of each breastmilk feeding
practice on gut microbiota composition was assessed in a univariate and adjusted model (covariates: birth mode, intrapartum anti-
biotics, older siblings and study site). Associations between infant gut microbiota diversity (Shannon index) and breastmilk feeding
practices were tested using the Wilcoxon signed-rank test. For infants with both a 3-month and 1-year stool sample (n=464), the
change in diversity from 3 months to 1 year was also assessed. Microbiota maturity (“microbiota age”) of the infant gut was predicted
using a random forest model on log-transformed relative abundances of ASVs for a subset of infants (n=613). This model was trained
on arandom subset of breastfed infants (n=793), for which log-transformed relative abundances were regressed against chronologic
age at the time of sampling using default parameters of the R randomForest algorithm, similar to methods described previously (Sub-
ramanian et al., 2014). A correlation between microbiota age predictions and actual chronologic age was verified (Pearson’s r=0.42,
p<0.001). Associations between infant gut microbiota maturity predictions and breastmilk feeding practices were tested using the
Wilcoxon signed-rank test. Univariate RDA and diversity analyses were additionally replicated including “Never breastfed” infants
as a separate category.

Associations of breastmilk feeding practices and ASV relative abundances were tested separately for breastmilk and the infant gut.
Associations of CLR-transformed abundances were tested by linear regression permutation tests (\WWheeler and Torchiano, 2016) for
ASVs present in at least 10% of samples. All models were adjusted for birth mode, intrapartum antibiotics and older siblings. In addi-
tion to this set of covariates, the analysis for breastmilk controlled for batches that were analyzed separately. Models predicting
abundance in the infant gut were used to assess the effect of: 1) Breastfeeding exclusivity for all infants at 3 months (n=669), 2)
Breastmilk feeding mode and exclusivity for breastfed infants at 3 months (n=571), 3) Breastmilk feeding mode for exclusively
breastfed infants at 3 months (n=98), 4) Breastfeeding continuation for all infants at 1 year (n=718). Breastmilk feeding practices
were also associated with ASV prevalence (presence/absence) in the infant gut by adjusted logistic regression using the same input
variables as the linear regression models described above. This was done for ASVs present in at least 10% of samples. For all
models, the Benjamini-Hochberg procedure was used to correct p-values. Both prevalence and relative abundances were evaluated
to answer different questions since abundances provide information about population growth whereas prevalence can be more of an
indication for bacterial transfer (Karpinets et al., 2018; Mainali et al., 2017).

For dyads with available breastmilk and gut data (3-month and 1-year datasets, Figure S1), dissimilarity between milk-gut pairs
was calculated using Jaccard distances (Oksanen et al., 2019). Dissimilarity between actual dyads was compared to dissimilarity
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between random pairings of breastmilk and stool samples using a linear regression permutation test as described previously
(Parnanen et al., 2018). For random milk-gut pairings, all possible pairwise permutations of breastmilk and stool samples except
those from actual dyads were used (3-month dataset, n=71,022; 1-year dataset, n=79,242). Actual and random milk-gut pairings
(dyads) were classified by the number of ASVs shared between their breastmilk and infant stool sample to estimate the level of bac-
terial sharing. Based on the distribution of ASV sharing, the following categories were generated: 0-1, 2, 3-4 and >5 shared ASVs
(Figure S7). The proportion of dyads in each ASV sharing category was compared between actual and random dyads and associated
with breastmilk feeding practices using the chi-square test. For comparison of actual and random dyads, p-values were obtained
using Monti-Carlo simulation and 4000 replicates. The number of shared bacteria was also tested as a continuous variable. The num-
ber of total ASVs shared between the milk and stool sample of a dyad was contrasted with the total number of ASVs in milk and stool
samples in probability density plots using ggplot2 (Wickham, 2016) for estimation of the relative likelihood for each value of a sample,
estimated using Kernel density estimation.

Correlations between the relative abundance of commonly shared bacteria in breastmilk and the infant gut were tested using
Spearman rank correlation and visualized using a heatmap. Benjamini-Hochberg procedure was used to correct p-values, and tests
with pEpr)<0.1 were considered significant. Commonly shared bacteria were defined as ASVs present in both breastmilk and the
infant gut of at least 15 dyads (n=13 ASVs at 3 months; n=12 ASVs at 1 year).

For commonly shared ASVs, univariate associations between breastmilk feeding practices and prevalence in breastmilk and the
infant gut were determined using the chi-squared test. The chi-squared test for trend was used to assess breastfeeding exclusivity
(never breastfed, and none, partial or exclusive breastfeeding at 3-months) and breastfeeding duration (never breastfed, and >0-3, 3-
9, 9-12, or >12 months) in an ordinal manner. Note that despite the relatively few infants never breastfed, it was of particular interest
to identify whether commonly shared ASVs were present in the gut of infants that were never breastfed and observe whether there
may be a dose-dependent trend in prevalence.

Among dyads with paired samples, RDA was used to explore associations between commonly shared milk bacteria (defined
above), unshared milk bacteria (10 ASVs >1% average abundance not classified as commonly shared), other milk components
(HMO and fatty acid profile), breastmilk feeding practices and other relevant covariates (birth mode, intrapartum antibiotics, older
siblings and study site) with infant gut microbiota composition. These variables were assessed individually and in models adjusted
for the most relevant covariates (HMO profile, breastmilk feeding practices, birth mode, intrapartum antibiotics, older siblings and
study site). For all multivariable models the R? adjusted for the addition of multiple variables was reported (Rzadj). Our goal was to
estimate the contribution of potentially transferable (shared) bacteria in breastmilk to variation in infant gut microbiota relative to other
relevant covariates. We selected redundancy analysis (Oksanen et al., 2019) because it allows for the assessment of associations
between complex data (i.e. gut microbiota) as the dependent variable and various distinct covariates as independent variables.
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