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SUMMARY

Mother’s milk contains diverse bacterial communities, although their impact on microbial colonization in
very-low-birth-weight (VLBW, <1,500 g) infants remains unknown. Here, we examine relationships between
the microbiota in preterm mother’s milk and the VLBW infant gut across initial hospitalization (n = 94 mother-
infant dyads, 422 milk-stool pairs). Shared zero-radius operational taxonomic units (zOTUs) between milk-
stool pairs account for ~30%-40% of zOTUs in the VLBW infant’s gut. We show dose-response relationships
between intakes of several genera from milk and their concentrations in the infant’s gut. These relationships
and those related to microbial sharing change temporally and are modified by in-hospital feeding practices
(especially direct breastfeeding) and maternal-infant antibiotic use. Correlations also exist between milk and
stool microbial consortia, suggesting that multiple milk microbes may influence overall gut communities
together. These results highlight that the mother’s milk microbiota may shape the gut colonization of
VLBW infants by delivering specific bacteria and through intricate microbial interactions.

INTRODUCTION

Compared to healthy term-born infants, preterm very-low-birth-
weight (VLBW, <1,500 @) infants disproportionately develop
aberrant gut bacterial communities, characterized by low micro-
bial diversity and an increased abundance of potentially patho-
genic bacteria.*® Their perturbed microbial succession patterns
have been associated with morbidities including necrotizing
enterocolitis and late-onset sepsis.>* Encouragingly, mother’s
milk feeding reduces the risk of these serious morbidities and

Gheck for
Updates

improves neurodevelopment, making it the recommended
source of nutrition for VLBW infants.> ® In addition to its nutritive
components, mother’s milk contains a myriad of bioactive com-
ponents including microorganisms, human milk oligosaccha-
rides (HMOs), and bioactive proteins that can favorably modify
the gut microbial development of infants.

More recently, studies have demonstrated in healthy term
mother-infant dyads that the complex community of bacteria
in mother’s milk serve as pioneer colonizers in an infant’s
gut.’®"'® However, these findings may not be transferrable to
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mother-VLBW infant dyads, since they undergo distinct peri-
and postnatal conditions that affect both the composition of
mother’s milk and gut microbial colonization.'”2° VLBW infants
and their mothers, for example, are frequently prescribed antibi-
otics prophylactically or for suspected or confirmed infections,
and their use is associated with an altered microbiota in both
preterm mother’s milk and the VLBW infant gut.”'?" VLBW in-
fants are also born with immature swallowing and sucking re-
flexes, limiting their ability to feed at the breast or receive bottle
feeds and resulting in mother’s milk that is often pumped, frozen,
thawed, and delivered enterally through a feeding tube.???®
Further, VLBW infants frequently require supplemental pasteur-
ized donor human milk (PDHM), which no longer contains live
bacterial cells due to the pasteurization process.?* Finally, both
mother’'s milk and PDHM are then nutrient enriched using
multi-nutrient fortifiers to meet the elevated nutritional require-
ments of VLBW infants.?®> While these nutritional practices are
usually necessary, they do modify the nutritive and non-nutritive
components (e.g., bacteria) delivered to the infant through
mother’s milk, thereby impacting the infant’s gut bacterial envi-
ronment.?®?5% Given these distinct postnatal experiences, it
is important to assess relationships between the microbiota in
mother’s milk and VLBW infant’s gut independently from studies
previously conducted in healthy term mother-infant dyads.

To our knowledge, no study has yet examined associations
between the bacterial communities present in mother’s milk
and the gut microbial colonization of VLBW infants. Furthermore,
no study has accounted for the unique antibiotic and feeding
practices among VLBW infant cohorts when assessing these
relationships. Therefore, we aimed to investigate the relation-
ships between the microbiota in preterm mother’s milk and the
recipient VLBW infant gut and to establish whether these rela-
tionships are modified by postnatal period, in-hospital feeding
practices (e.g., feeding type, fortifiers, feeding at the breast),
and maternal-infant antibiotic exposures.

RESULTS

Cohort characteristics

Ninety-four mother-infant dyads from the OptiMoM fortifier trial
(NCT02137473) were included (Figure S1). The median (Q1,
Q3) birth weight and gestational age of infants were 850
(730, 1047) grams and 27.4 (25.7, 29.1) weeks, respectively
(Table S1). Approximately, 63.8% of infants were born by Cesar-
ean section, and 92.6% were administered antibiotics for a
median of 6 (3, 15) days. Over half (59.8%) of mothers received
antibiotics either prenatally (within the two weeks prior to birth)
or postnatally for a median of 1 (0, 4) day. Sixty-three (67.0%)
infants were fed predominantly mother’s milk (i.e., >90% of
enteral feeds) while the remaining 31 (33.0%) infants received
mixed feeds with supplemental PDHM. Approximately half
(54.3%) of infants were randomized to receive a human milk-
based fortifier (HMBF), and probiotics were not part of clinical
care for infants during this study. Seventy-nine (84.0%) infants
were put to the breast (nutritive or non-nutritive sucking) before
discharge, and feeding at the breast began at a median post-
menstrual age of 34 (33, 35) weeks. We have previously charac-
terized separately the microbiota of mother’s milk and infant
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stool samples collected from this cohort.'®?° In the present
study, 422 milk-stool samples were paired to examine longitudi-
nal relationships between the microbiota in mother’s milk and
VLBW infant gut. Mother-infant dyads had a median of 5 (3, 6)
milk-stool pairs collected during the first 8 postnatal weeks
(Figure S2).

Microbial diversity of paired milk-stool samples

When comparing the overall alpha diversity between mother’s milk
and infant stools, the number of zero-radius operational taxo-
nomic units (zOTUs) and microbial diversity (by Shannon index)
gradually decreased in mother’s milk over time but increased inin-
fant stools (p < 0.001; Figures 1A and 1B). Notably, alpha diversity
was higherin mother’s milk compared to infant stool samples. This
may be attributed to the routine administration of antibiotics to
infants in the early days postnatally and their limited microbial ex-
posures during initial hospitalization. When examining the alpha
diversity between paired milk-stool samples, a non-linear relation-
ship was observed with the number of zOTUs. Specifically, no as-
sociations were identified between the number of zOTUs in
mother’s milk and infant stools, unless milk samples contained
>200 zOTUs, in which case a positive linear relationship was
observed (p = 0.003; Figure 1C). Non-linear positive relationships
were only present during the first (versus second) postnatal
month (p = 0.004), with predominant mother’s milk (vs. mixed)
feeding (p = 0.003), with bovine (versus human) milk-based fortifi-
cation (p < 0.001), and after infants began feeding at the breast
(p =0.002). No relationships were observed between the microbial
diversity (Shannon index) of paired milk-stool samples (Figure 1D).
Of note, overall alpha diversity measures in mother’s milk and the
infant stools independently increased once infants began feeding
at the breast (Figure S3).

When comparing the overall beta diversity between mother’s
milk and infant stool samples, distinct microbial community
structures were observed (Bray-Curtis, R = 0.15, p = 0.001;
weighted UniFrac, R? = 0.26, p = 0.001; unweighted UniFrac,
R2 = 0.28, p = 0.001; Figure 2A). Weighted UniFrac distances
between paired milk-stools increased by postnatal week
(p < 0.001), while unweighted UniFrac distances remained un-
changed (p = 0.10; Figure 2B), suggesting that the microbiota
in paired milk-stool samples became more dissimilar across
time and that this divergence was driven by changes in bacterial
abundances rather than the presence or absence of specific
taxa. These observed relationships were not dependent on
feeding type, fortifier type, or feeding at the breast.

Microbial taxa shared between paired milk-stool
samples

Atotal of 2,308 zOTUs were identified in mother’s milk and infant
stool samples; of these, only 171 zOTUs (7.4%) were shared
between paired milk-stool samples (Figure 3A). On average, 7
zOTUs (95% confidence interval [CI]: 7, 8) were shared within a
given milk-stool pair, and this number did not change over
time (Figure 3B). Shared zOTUs represented 43.1% (95% CI:
41.0, 45.2) of all zOTUs present in the infant gut during postnatal
week 1, and this decreased to 28.7% (95% Cl: 27.5, 29.9) by
week 8 (p = 0.001; Figure 3C). Of note, the average shared
zOTU ratio on a per mother-infant dyad basis was 34.4% (95%
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Figure 1. Microbial alpha diversity of paired milk-stool samples

(A) Number of zOTUs and (B) Shannon index over time, stratified by sample type (n = 422 stools, n = 334 mother’s milk). Solid lines represent the mean alpha
diversity over time, and shaded areas represent the 95% confidence interval. p values are from linear mixed-effects models adjusted for sample type, postnatal
week, DNA extraction batch, and an interaction term between sample type and postnatal week. (C) Relationships between the number of zOTUs in paired milk-
stool samples were examined for the entire cohort (in yellow) and by postnatal period and feeding variables of interest. Given the non-linear relationships
observed (milk cut-point: zOTUs < 200 or > 200), the number of zOTUs in paired milk-stool samples was investigated separately for each segment. p values
(colored according to models stratified by each feeding variable of interest) are from unadjusted linear mixed-effects models due to sample size constraints within
each segment. (D) Relationships with Shannon index in paired milk-stool samples were assessed using linear mixed-effects models adjusted for postnatal week,
DNA extraction batch, infant sex assigned at birth, birth weight stratum, and feeding variables of interest. Interaction terms were removed from final models if they
were not statistically significant (p > 0.05; denoted with NS). Abbreviations: zOTUs, zero-radius operational taxonomic units; MOM, mother’s milk; HMBF, human

milk-based fortifier; BMBF, bovine milk-based fortifier.

Cl: 32.2, 36.5), which was consistent with the average shared
zOTU ratio calculated across all milk-stool pairs (33.9%, 95%
Cl: 32.6, 35.4) (Table S2). We also examined the consistency of
zOTU sharing in milk-stool pairs, where a milk sample was paired
with two stool samples from the same infant (n = 26) (Table S3).
The number of zOTUs shared between the first and second milk-
stool pairs was largely consistent, and several zOTUs shared in
one pair were also shared in the other.

Feeding infants at the breast increased the likelihood of
sharing a greater number of zOTUs (incidence rate ratio: 1.27,
95% ClI: 1.12, 1.44; p < 0.001), whereas postnatal period, feeding
type, and fortifier type did not change the likelihood of microbial
zOTU sharing (Figure 3D). Shared zOTUs (n = 171) mapped to 60
different genera (Table S2); 12 genera were shared in >10% of

milk-stools pairs (Figure 3E) and, therefore, used in subsequent
analyses as “commonly shared genera.” These included unclas-
sified Enterobacteriaceae, Staphylococcus, Enterococcus,
Streptococcus, Veillonella, Clostridium sensu stricto, Acineto-
bacter, Corynebacterium, Pseudomonas, Haemophilus, Finegol-
dia, and Bifidobacterium (Table S2).

When assessing how postnatal period and in-hospital feeding
practices were associated with zOTU sharing of the most
commonly shared genera, we observed that the likelihood of
sharing a zOTU mapping to Staphylococcus decreased with
each additional postnatal week (odds ratio [OR] 0.72; 95% ClI:
0.58, 0.89; prpr = 0.03; Figure 4). Additionally, fortifier type was
associated with an increased likelihood of having a shared
zOTU mapping to Streptococcus, such that paired milk-stools
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(A) Principal coordinate analysis plots of beta diversity metrics. R? and p values are from adonis models adjusted for postnatal week, DNA extraction batch, and
participant identification. (B) UniFrac distances between paired milk-stool samples were assessed over time for the entire cohort (in yellow) and by feeding
variables of interest. Solid lines represent the mean distance between paired samples, while shaded areas represent 95% confidence intervals. p values are from
linear mixed-effects models adjusted for postnatal week, DNA extraction batch, infant sex assigned at birth, birth weight stratum, and feeding variables of interest.
Interaction terms were tested between the feeding variables and postnatal week but were removed from final models if they were not statistically significant
(p > 0.05; denoted with NS). Abbreviations: PC, principal component; MOM, mother’s milk; HMBF, human milk-based fortifier; BMBF, bovine milk-based fortifier.

collected from HMBF-fed (vs. bovine milk-based fortifier [BMBF]-
fed) infants were more likely to share Streptococcus zOTUs (OR
2.65; 95% Cl: 1.51, 4.66; prpr = 0.008). Feeding an infant at the
breast also increased the likelihood of sharing zOTUs mapping
to Veillonella (OR 2.94; 95% CI: 1.36, 6.34; prpr = 0.02), Strepto-
coccus (OR 3.22; 95% Cl: 1.69, 6.13; prpr = 0.004), and Haemo-
philus (OR 5.29; 95% CI: 1.91, 14.68; prpr = 0.008). Similarly,
when we conducted a hierarchical clustering analysis to deter-
mine patterns of zOTU sharing (e.g., whether certain zOTUs are
shared together), it was confirmed that once infants started
feeding at the breast, they were more likely to have zOTU sharing
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patterns characterized by several genera including Veillonella,
Streptococcus, Haemophilus, and Clostridium sensu stricto (Fig-
ure S4). Of note, independent of milk-stool sharing, the concentra-
tions of these same 4 bacterial genera in the infant stool increased
once infants began feeding at the breast (Figure S3).

Dose-response relationships between bacterial intakes
from mother’s milk and microbial concentrations in
infant stools

Figure S5 illustrates both the bacterial concentration in
mother’s milk and the bacterial intakes of VLBW infants from
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Figure 3. Shared microbial taxa between paired milk-stool samples

(A) Venn diagram showing the total number of zOTUs unique to milk and stool, and the total number of zZOTUs that were shared in paired milk-stool samples. (B)
Number of zOTUs shared between paired milk-stool samples over time. Solid lines represent the mean number of shared zOTUs over time, while the shaded
areas represent 95% confidence intervals. p values are from linear mixed-effects models adjusted for postnatal week, DNA extraction batch, infant sex assigned
at birth, birth weight stratum, and feeding variables of interest. (C) Shared zOTU ratio was calculated as the number of shared zOTUs between paired milk-stool
samples divided by the total number of zOTUs in each corresponding stool sample. This model was adjusted as described in (B). (D) Relationships between
postnatal week, feeding variables of interest, and the likelihood of sharing a greater number of zOTUs between milk-stool pairings were assessed using an
adjusted repeated measures Poisson regression model as described in (B). (E) Alluvial diagram depicting the taxonomy of shared zOTUs between paired milk-
stool samples. Node sizes represent the number of milk-stool pairings that shared a zOTU mapping back to the specified taxa. For visual clarity, only taxa that
were shared in approximately 10% of milk-stool pairings are listed. Abbreviations: zOTUs, zero-radius operational taxonomic units; IRR, incidence rate ratio;
MOM, mother’s milk; HMBF, human milk-based fortifier; BMBF, bovine milk-based fortifier.

mother’s milk across initial hospitalization. Bacterial intakes
were calculated from the bacterial concentrations in mother’s
milk and the daily volume of mother’s milk fed (n = 3,508 days
of bacterial intakes calculated across all infants). Total bacterial
intakes from mother’s milk increased over time (p < 0.001), as
did milk intakes of Staphylococcus, Pseudomonas, Acineto-
bacter, unclassified Enterobacteriaceae, and Finegoldia
(p < 0.001). Intakes decreased for Clostridium sensu stricto
and Haemophilus (p < 0.001) over time and remained un-

changed for Corynebacterium, Streptococcus, Veillonella, Bifi-
dobacterium, and Enterococcus.

We then investigated whether linear relationships exist be-
tween the dose of genera from mother’s milk and their concen-
trations in the infant’s gut. For these analyses, we included
only milk-stool pairs where the given genus was present in
both the mother’s milk and infant stool sample. From a clinical
perspective, this was intended to identify potential genera with
dose-response relationships that could be targeted for future
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Figure 4. Likelihood of zOTU sharing in paired milk-stool samples depending on postnatal period and feeding practices

Repeated measures logistic regressions were used to assess how postnatal period and feeding practices influence the likelihood of sharing a zOTU within the 12
most commonly shared genera. Separate models were run for each genus, with the outcome being whether a paired milk-stool sample had a shared zOTU
mapping to the specified genera (yes/no). Models were adjusted for postnatal week, DNA extraction batch, infant sex assigned at birth, birth weight stratum, and
feeding variables of interest. p values were adjusted using a Benjamini-Hochberg false discovery rate to account for multiple comparisons. Results for un-
classified Enterobacteriaceae are not reported since almost all milk-stool pairs had a shared zOTU mapping back to this family, leading to model convergence
issues. Abbreviations: OR, odds ratio; Cl, confidence interval; MOM, mother’s milk; HMBF, human milk-based fortifier; BMBF, bovine milk-based fortifier.

studies and clinical applications. Cumulative bacterial intakes
3 days before each paired stool were positively associated
with total bacterial concentrations in infant stools (p < 0.001; Fig-
ure 5B). For 7 of the 12 genera examined, positive associations
were observed between 3-day bacterial intakes from mother’s
milk and subsequent bacterial concentrations in infant stools
(p = 0.03- < 0.001, Figure 5A); these positive associations
were strongest for Veillonella (p < 0.002), Clostridium sensu
stricto (p = 0.002), and Pseudomonas (p < 0.001). A negative as-
sociation was observed between 3-day intakes of Finegoldia and
its concentration in infant stools, while no associations were
observed between 3-day intakes of Staphylococcus, Coryne-

6 Cell Reports Medicine 5, 101729, September 17, 2024

bacterium, Haemophilus, or Bifidobacterium and their respective
concentrations in infant stools.

We then tested whether relationships between 3-day milk bac-
terial intakes and their concentrations in infant stools were modi-
fied by postnatal period and in-hospital feeding practices
(Figures 5C, 5D, and Table S4). During postnatal month 1 (versus
2), stronger positive relationships were observed between 3-day
bacterial intakes and concentrations in infant stools of total bac-
teria (p = 0.04) and unclassified Enterobacteriaceae (o = 0.02). In
contrast, a positive relationship was observed between the
3-day milk intake of Pseudomonas and concentrations in infant
stools, but only during postnatal month 2 (p = 0.02). Infants fed
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Figure 5. Dose-response relationships between bacterial intakes from mother’s milk and their concentrations in infant stools

(A) Relationships between cumulative 3-day milk bacterial intakes of commonly shared taxa and their concentrations in corresponding infant stools were as-
sessed using unadjusted linear mixed-effects models. Sample pairs were included in these models if both milk and stool contained the respective taxa, and
p values were adjusted using a Benjamini-Hochberg false discovery rate. Solid lines represent the mean and shaded areas represent the 95% confidence interval.
(B) Relationship between the cumulative 3-day total bacterial intake from mother’s milk and the total bacterial concentration in stool, as described in (A). (C)
Summary of all p values from unadjusted linear mixed-effects models in (A) and (B) in addition to models stratified by postnatal period and feeding variables of
interest. p values from the main effects were FDR-adjusted to account for multiple comparisons. (D) Statistically significant relationships between cumulative
3-day intakes of total bacteria and commonly shared taxa with corresponding concentrations in infant stools, stratified by postnatal period and feeding variables
of interest. Abbreviations: NS, non-significant; FDR, false discovery rate; MOM, mother’s milk; HMBF, human milk-based fortifier; BMBF, bovine milk-based
fortifier.
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Figure 6. Correlations between milk bacterial intakes and concentrations in infant stools

(A) Chord diagram displaying statistically significant relationships between cumulative 3-day milk bacterial intakes of commonly shared genera and their con-
centrations infant stools. The width of the linkage is proportional to the strength of the correlation. (B) Heatmap displaying spearman rank correlations between
3-day milk bacterial intakes and concentrations in infant stools for the entire cohort. *p < 0.05; **p < 0.01; **p < 0.001. (C) Heatmaps showing the spearman rank
correlations as described in (A) stratified by postnatal period. Black borders are used to highlight key findings across heatmaps.

predominantly mother’s milk (versus mixed feeding with
PDHM) showed stronger positive associations between 3-day
bacterial intakes and concentrations in stools for total bacteria
(p = 0.002) and unclassified Enterobacteriaceae (p = 0.005).
Fortifier type also modified relationships between 3-day milk
bacterial intakes and their concentrations in infant stools, such
that a positive association was observed between the 3-day
milk bacterial intakes of Enterococcus and their concentrations
in infant stools, but only in BMBF-fed infants (p = 0.047). Lastly,
prior to initiating direct breastfeeding, the 3-day milk intake of
Clostridium sensu stricto (p = 0.02) and Veillonella (p < 0.001)
was positively associated with their respective concentrations
in infant stools; however, once infants started feeding at the
breast, these relationships were no longer observed.
Importantly, some milk-stool pairs contained the 12 commonly
shared genera in only the milk sample and not in the paired stool.
We therefore aimed to establish whether postnatal period and
feeding practices were associated with the odds of observing
a given genera in both milk-stool samples rather than mother’s
milk alone. The likelihood of Staphylococcus being present in
both milk-stool samples (versus mother’s milk alone) decreased
with each additional postnatal week (OR: 0.73, 95% ClI: 0.59,
0.89; prpr = 0.02; Figure S6). Feeding infants at the breast also
increased the likelihood of observing Veillonella (OR: 3.35,
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95% ClI: 1.62, 6.91; prpr = 0.006) and Haemophilus (OR: 4.13,
95% CI: 2.03, 8.42; prpr < 0.001) in both the mother’s milk
and stool samples paired.

Microbial interactions exist between mother’s milk
bacterial intakes and microbial concentrations in infant
stools

To investigate the complex relationships among different
mother’s milk bacterial genera (intake) and subsequent concen-
trations of various genera (concentration) in the infant’s gut, cor-
relations between the 12 most commonly shared genera in milk
and infant stools were assessed simultaneously. Forty-five of
144 potential correlations were statistically significant, showing
varying strengths of correlation (Figure 6A). Apart from Coryne-
bacterium, Clostridium sensu stricto, Haemophilus, and Bifido-
bacterium, the 3-day intake of a given bacterial genus was posi-
tively correlated with the concentration of the same genus in the
paired infant stool sample (p < 0.05, Figure 6B). The intake of Aci-
netobacter, unclassified Enterobacteriaceae, and Pseudomonas
clustered together into a positive correlation matrix (Spearman
p=0.12100.37; p < 0.05), such that higher intakes of any of these
genera present in mother’s milk were positively associated with
each other’s stool concentrations. Importantly, the concentra-
tions of these 3 genera in infant stools were negatively correlated
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Figure 7. Relationships between the microbiotas in mother’s milk and infant stools according to maternal-infant antibiotic exposure

Relationships with (A) the number of zOTUs and (B) Shannon index in paired milk-stool samples stratified by antibiotic group: maternal low-infant low (n = 22
mother-infant dyads, n = 80 paired milk-stool samples), maternal low-infant high (n = 34 mother-infant dyads, n = 166 paired milk-stool samples), maternal high-
infant low (n = 11 mother-infant dyads, n = 52 paired milk-stool samples), and maternal high-infant high (n = 27 mother-infant dyads, n = 124 paired milk-stool
samples). High antibiotic use was defined as >1 day for mothers and >3 days for infants. Solid lines represent the mean alpha diversity, and shaded areas
represent the 95% confidence interval. p values are from unadjusted linear mixed-effects models. (C) Heatmaps showing spearman rank correlations between
cumulative 3-day milk bacterial intakes of commonly shared genera and their concentrations in infant stools stratified by antibiotic group. *p < 0.05; **p < 0.01;

**p < 0.001.

with higher milk intakes of other bacterial genera, including Veil-
lonella, Bifidobacterium, and Enterococcus (Spearman p =
—0.20 to —0.10; p < 0.05).

To determine whether these correlations were dependent on
postnatal period, stratified correlation matrices were con-
structed (Figure 6C). For example, in month 1 samples, many
genera associated with gut microbial maturity in preterm cohorts
(e.g., Bifidobacterium, Streptococcus, and Veillonella) were
positively correlated with each other across milk intakes and
stool concentrations (e.g., Veillonella intake from mother’s milk
was positively correlated with Bifidobacterium concentrations
in the infant stool). In contrast, fewer positive correlations were
observed between these “microbial maturity” taxa during month
2 but, instead, their intakes from mother’s milk showed negative
correlations with stool concentrations of Gammaproteobacteria
(e.g., Pseudomonas and Acinetobacter), which are associated
with diseases in preterm infants (e.g., Streptococcus intake
from mother’s milk was negatively correlated with Pseudomonas
concentrations in the infant stool). Many of these same positive
correlations (similar to month 1) were observed with predomi-
nant mother’s milk and BMBF feeding, whereas many of the
negative correlations (similar to month 2) were observed with

mixed feeding (Figure S7). Furthermore, the strength of these
positive and negative correlations increased after infants started
feeding at the breast.

Maternal and infant antibiotic exposures modify
relationships between the microbiota present in
mother’s milk and infant stools

To examine whether antibiotic exposure, in either the mother or
their infant, modified relationships between the microbiota in
mother’s milk and the VLBW infant gut, mother-infant dyads
were divided into 4 antibiotic groups (maternal high-infant high,
maternal high-infant low, maternal low-infant high, and maternal
low-infant low). High antibiotic exposure was defined as >1 day
for mothers (prenatally or postnatally) and >3 days for infants.
These cutoffs were selected to differentiate between the routine
prophylactic administration of antibiotics prescribed to this pop-
ulation (e.g., to mother’s during Cesarean section delivery or to
VLBW infants to reduce the risk of early-onset sepsis) and
amounts used to treat suspected or confirmed infections.”®°
Relationships with alpha diversity of paired milk-stools were
modified by antibiotic exposure in mothers and their infants
(Figures 7A and 7B). Specifically, positive associations between
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the number of zOTUs (p < 0.001) and Shannon index (p = 0.02) in
mother’s milk and infant stools were only observed in mother-in-
fant dyads with low antibiotic exposure (maternal low-infant low
group). Correlations between 3-day intakes of the 12 most
commonly shared bacterial genera in mother’s milk and their
concentrations in infant stools were also modified by antibiotic
group. Similar positive and negative correlations with “microbial
maturity” taxa and Gammaproteobacteria were observed, as we
have previously described, and were strongest in the maternal
low-infant low group compared to the other antibiotic treatment
groups (p < 0.05).

DISCUSSION

Our findings show that, despite the many challenges associated
with preterm birth, which disrupt gut colonization, numerous re-
lationships exist between the microbiota in mother’s milk and the
VLBW infant gut. Specifically, the intakes of microbes from
mother’s milk were positively associated with increased microbi-
al diversity and with bacterial concentrations in the infant’s gut.
These associations were modified by postnatal period (first
versus second month), and by in-hospital feeding practices
including feeding type (predominantly mother’s milk versus
mixed feeding with PDHM), fortifier type (BMBFs versus
HMBFs), and whether direct breastfeeding had been initiated.
We also showed that microbes commonly associated with mi-
crobial maturity had positive correlations between mother’s
milk and infant stools, while these same microbes in mother’s
milk had negative correlations with Gammaproteobacteria in
the infant gut. These relationships and others observed between
the microbiota in milk-stool pairs were also significantly modified
by prolonged antibiotic exposure in either the mother or the
infant.

Dose-dependent positive relationships were observed be-
tween mother’s milk intakes of total bacteria and taxa such as
unclassified Enterobacteriaceae, Veillonella, Streptococcus,
Enterococcus, and Clostridium sensu stricto and their concen-
trations in the VLBW infant gut. To the best of our knowledge,
no other study has examined relationships between daily bacte-
rial intakes from mother’s milk and bacterial concentrations
present in a preterm or term infant’s gut. However, previous
cross-sectional work using relative abundance data shows
similar patterns to our findings." "' Specifically, positive correla-
tions were observed between the relative abundances of select
bacterial genera (e.g., Streptococcus) in mother’s milk and infant
stools. In our study, we also showed that milk intakes of Veillo-
nella, Clostridium sensu stricto, Haemophilus, Bifidobacterium,
Streptococcus, and Enterococcus were positively correlated
with each other in the infant gut during postnatal month 1, and
negatively associated with different Gammaproteobacteria
(e.g., Pseudomonas and Acinetobacter) during month 2. Previ-
ous studies that have examined inter-genera correlations be-
tween bacteria in mother’s milk and an infant’s gut (term and
moderate to late preterm) show a limited number of significant
correlations''*"; however, this may be due to the cross-
sectional and compositional (i.e., relative abundance) nature of
their data, which can mask underlying community dynamics.*
It is possible that the positive correlations we observed during
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postnatal month 1 are attributed to having available ecological
niches in the infant’s gut early after birth; however, over time,
as these niches become more occupied, interactions between
bacterial intakes from mother’s milk and resident microbes in
the infant’s gut may become more competitive, as reflected by
the negative correlations we observed during postnatal month
2. Future appropriately sized studies are now needed to under-
stand whether these observed relationships impact the growth
and health outcomes of VLBW infants.

It is important to note that probiotics were not given to either
mothers or infants during the course of this study; however, us-
ing daily bacterial intakes from mother’s milk (expressed as log
copies), we estimated that VLBW infants consume ~0.033 x
10° colony-forming unit (CFU) of bacteria daily from mother’s
milk, which is considerably lower than concentrations of probiot-
ics currently used in North American neonatal intensive care
units (NICUs) (0.1-2 x 10° CFU) (Figure S5B). Future work is
needed to understand whether probiotics (and their current
dose formulations) modify the relationships observed between
the microbiota in mother’s milk and the VLBW infant gut.

Previous studies in term-born infants have shown that
mother’s milk contributes up to 40% of the bacteria present in
the infant’s gut.®*° Despite their perturbed postnatal environ-
ments, we similarly observed that shared bacteria, identified be-
tween milk-stool pairs, accounted for 30%-40% of the bacteria
in the VLBW infant’s gut across initial hospitalization. Our find-
ings are also in line with a previous study (n = 34 term mother-in-
fant dyads, Denmark), which showed that the absolute number
of bacteria shared between milk-stool pairs remained un-
changed over time but that the contribution of milk microbes
decreased as the infant’s gut diversified.>® Across hospitaliza-
tion, we observed a decreased likelihood of sharing zOTUs map-
ping to Staphylococcus. No other study, to the best of our knowl-
edge, has examined how microbial sharing between milk-stool
pairs changes across time; however, it is biologically plausible
to observe a decrease in microbial sharing of Staphylococcus
since its abundance diminishes over time in the milk microbiota
of mothers delivering preterm."®3”

To our knowledge, no study to date has used high-throughput
sequencing methods to examine whether a shared microbiota
exists between mother’s milk and the VLBW infant’s gut. How-
ever, several taxa identified in our study as commonly shared,
including Veillonella, Streptococcus, Staphylococcus, Haemo-
philus, Clostridium sensu stricto, and Bifidobacterium, were
also reported as shared in previous term-born cohorts, ' ':36:38:39
The abundance of these shared bacterial genera may be partic-
ularly important for short- and long-term health outcomes in
VLBW infants. For example, an increased abundance of Veillo-
nella in the gut of infants has previously been associated with a
reduced risk of developing asthma later in life, and with appro-
priate growth in extremely preterm infants.*%*" Bifidobacterium
and Veillonella can also convert HMOs and lactate, respectively,
into short-chain fatty acids (SCFAs), offering several benefits to
the VLBW infant.*>~** Lastly, Clostridium may be a key bacterial
taxon since higher abundances in the gut of preterm infants have
been associated with improved intestinal barrier function and
decreased permeability.*> Select Clostridia species may also
contribute to the development and tolerance of the immune
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system by promoting the differentiation and expansion of regula-
tory T cells and by producing SCFA.*®

Feeding type modulated several relationships observed be-
tween the microbiota in mother’'s milk and the VLBW infant
gut. Infants fed predominantly mother’s milk (>90%) showed
stronger positive associations and a greater number of correla-
tions between the milk intake of bacteria and their concentra-
tions in the infant’s gut, compared to infants receiving mixed
feeds with PDHM. The more pronounced associations observed
with predominant mother’s milk feeding likely reflect higher
doses of viable bacteria and other milk bioactive proteins (e.g.,
lactoferrin) delivered with greater volumes of mother’'s milk
versus PDHM. It is unclear whether components and fragments
of dead bacterial cells in PDHM differentially impact the gut
microenvironment and microbial development of VLBW in-
fants.*” Importantly, in our cohort, mother’s milk made up a
high percentage of infant feeds (on average, 85.1% of feeds),
even in the mixed feeding group (57.8% of feeds), which may
have limited our ability to detect all significant relationships
modified by feeding type.

Fortifier type also modified several observed associations,
such that relationships between the milk and infant gut micro-
biota for BMBF-fed infants more closely resembled those
observed with predominant mother’s milk feeding. In contrast,
relationships observed for HMBF-fed infants more closely
resembled those observed with mixed feedings. For example,
a positive association between the microbial diversity of paired
milk-stool samples was only observed for BMBF-fed infants
and with predominant mother’s milk feeding. It is possible that
these relationships were modified by fortifier group since
HMBFs displace 40% of the mother’s milk at the caloric strength
(28 kcal/oz) commonly fed in our study, whereas BMBFs only
minimally displaced the volume of mother’s milk fed.”° Alterna-
tively, the composition of each fortifier may differentially promote
the proliferation of bacteria in mother’s milk and the infant’s gut
and modify the overall gut environment.?® In particular, BMBFs
are currently devoid of HMOs, while HMBFs, produced from
large pools of donated human milk, contain a range of HMO
structures produced by both secretor and non-secretor do-
nors.*®*? Given that HMO concentrations differ in the milk of
secretor versus non-secretor mothers, we hypothesize that the
diverse range of HMO structures, provided from HMBFs, may in-
fluence the microbial development of VLBW infants and conse-
quently the relationships observed between the microbiota in
mother’s milk and the infant’s gut.*°

We identified direct breastfeeding as a key modifier of micro-
bial sharing between mother’s milk and the infant gut. Not only
did the number of zOTUs shared between mother’s milk and
stools increase after infants were fed directly at the breast but
a consistent pattern of enhanced sharing of Veillonella, Strepto-
coccus, Haemophilus, and Clostridium sensu stricto was also
identified. No other study to date has examined whether direct
breastfeeding modifies microbial sharing of taxa between milk-
stool pairs; however, our results mirror those previously reported
in full-term and moderate-late preterm infants, showing greater
microbial diversity and abundance of Streptococcus and Hae-
mophilus in mother’s milk samples collected after initiating direct
breastfeeding.>”°" It is possible that multiple mechanisms un-

¢ CellP’ress

OPEN ACCESS

derlie these relationships. First, given the “backwash” that oc-
curs during direct breastfeeding, bacteria can be transferred to
mother’s milk from the infant’s oral cavity or nasopharyngeal
tract (such as Streptococcus and Haemophilus) and subse-
quently delivered from mother’s milk to lower segments of the in-
fant’s gut.® Future studies exploring the unique microbial contri-
butions to mother’s milk, from various maternal (mother’s skin)
and infant sources (infant’s mouth), and their subsequent impact
on the VLBW infant’s gut microbial development will be informa-
tive. Second, we suspect that, by feeding infants at the breast,
anaerobic bacteria (e.g., Veillonella, Clostridium sensu stricto)
are directly translocated to the infant without prolonged expo-
sure to air that occurs after mother’s milk is pumped. Similarly,
as reported in a recent study, the provision of fresh versus frozen
mother’s milk likely improves the viability of these microbes and
thereby increases their proliferation within the preterm infant
gut.®® Lastly, nutritive direct breastfeeding provides milk without
the use of enteral feeding tubes, which are initially used to deliver
feeds to VLBW infants. While necessary, enteral feeding tubes
are known to harbor bacterial biofilms and strip human milk
feeds of fat via adhesion to plastic tubing.?®°* However, it is un-
known whether these tubes also impact the amount and compo-
sition of mother’s milk microbiota delivered to the infant.

Antibiotic exposure significantly modified relationships be-
tween the microbiota present in mother’s milk and in the VLBW
infant gut. Specifically, the observed positive association be-
tween the alpha diversity in mother’s milk and infant stools no
longer existed when mothers or their infants were exposed to
high antibiotic use. Further, the presence and strength of corre-
lations between bacterial intakes from mother’s milk and subse-
quent bacterial concentrations in the infant’s gut were also modi-
fied. It is likely that these relationships are dependent on both
maternal and infant antibiotic exposures, since the former is
associated with changes in the milk microbiota'® and delivering
low-dose antibiotics through milk,>>™>" while the latter alters the
infant’s gut environment making it less favorable for certain sus-
ceptible milk bacteria to thrive.°® We emphasize that these find-
ings should not discourage the use of mother’s milk during anti-
biotic exposure; mother’s milk is a complex biological fluid
encompassing multiple vital antimicrobial and immunologic
components for the developing infant.* Instead, our findings
highlight that discussions around antibiotic stewardship are
needed for both mothers and their preterm infants, since expo-
sure in either group may carry potential short- and long-term
consequences for the developing infant.

Strengths of this analysis include the use of normalized abun-
dance data® and detailed daily feeding data, which allowed us
to calculate both the intakes of genera from mother’s milk and
their concentrations in the infant’s stool. Furthermore, milk-stool
samples were paired for each mother-infant dyad weekly,
ensuring that any temporal trends in the mother’s milk and infant
stool microbiota could be accounted for.

Limitations of the study

Importantly, this work is not without its limitations. First, 16S
rRNA gene sequencing is unable to distinguish between viable
and dead bacteria in mother’s milk and their differential impact
on the infant’s gut microbiota. Furthermore, this sequencing
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method limits the ability to examine relationships at the strain
level, which is needed to confirm vertical transmission of bacte-
rial strains from mother’s milk to the VLBW infant gut. Metage-
nomic sequencing would identify transferred bacterial strains
and their functional potential; however its feasibility for studying
the preterm mother’s milk microbiota remains hindered. Namely,
the predominance of human DNA, which overshadows microbial
DNA, and the ethical challenges of collecting sufficient volumes
of milk from the limited amounts typically produced by mothers
of preterm infants present significant barriers. Finally, due to their
widespread and heterogeneous use, we were also unable to
examine how different types and combinations of antibiotics,
administered to mothers and their infants, modified relationships
between the mother’s milk and infant gut microbiota. This war-
rants future investigation as different classes of antibiotics are
likely to impact bacterial taxa differently.'®

In conclusion, results from our longitudinal cohort study show
that the microbiota in mother’s milk is associated with the devel-
oping gut microbiota of VLBW infants, often in a dose-dependent
manner and modified by postnatal period, in-hospital feeding
practices, and maternal-infant antibiotic exposure. These find-
ings highlight that mother’s milk holds promise for being a poten-
tial vehicle to alter the gut microbiota of VLBW infants, which
may in turn improve both their short- and long-term health. We
anticipate that this work can be leveraged to encourage direct
breastfeeding in the NICU and improve antibiotic stewardship
among VLBW mother-infant dyads, given the widespread modi-
fying effect these factors had on microbial sharing between
mother’s milk and the infant gut. In combination with future
research, findings from the present study may serve as a basis
to formulate future microbial products for VLBW infants (e.g.,
probiotics or potentially postbiotics) that provide appropriate
doses of microbes, which work synergistically to favorably
shape and potentially rehabilitate the gut environment of vulner-
able VLBW infants.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study participants and design

Mother-infant dyads from the OptiMoM Fortifier Study (Optimizing Mothers’ Milk for Preterm Infants; NCT02137473), are included in
this analysis.77 The primary objective of this multi-center, triple-blind, randomized clinical trial was to determine whether an HMBF,
compared with a BMBF, improved feeding tolerance in infants born <1250g. Examination of the impact of fortifier type, as randomized,
on the gut microbiota was pre-planned and these findings have been published as was the characterization of the mother’s milk micro-
biota.'®?C In the present paper, we determined whether the mother’s milk microbiota was associated with the gut microbial coloni-
zation of VLBW infants. Infants were eligible to participate in the original trial if they were born <1250g and if parents consented to using
supplemental PDHM whenever there were insufficient mother’s milk volumes to meet the infant’s nutritional needs. Exclusion criteria
for the trial included having a congenital or chromosomal anomaly affecting growth, enrollment in another study affecting nutritional
management, receiving formula or a BMBF prior to study day 1 (first day of fortifier use), enteral feeds not anticipated to begin within
14 days of birth, or if the infant would likely be transferred to an NICU without available research ethics approval. Infants were recruited
from two tertiary NICUs in Toronto, Canada between August 2014 and November 2015. The trial continued even if infants were trans-
ferred to any of the 16 participating level Il NICUs and lasted until postnatal day 84, hospital discharge, or until the infant received two
full oral feeds (breast or bottle) over three consecutive days. During the trial, mother’s milk was always fed first, followed by PDHM
(Holder method 62.5°C for 30 min) if volumes were insufficient. Nutrient fortification began at >100 mL/kg/d and full enteral feeds
were considered achieved at 160 mL/kg/d. Participating NICUs routinely conducted skin-to-skin care, however at the time of the trial,
probiotics were not yet integrated into standard practice and therefore were not administered to infants. The study was approved by
research ethics boards at each participating hospital and informed consent was obtained from parents of participating infants.

Clinical data and sample collection

Details of data and sample collection can be found elsewhere.'®?%"" Briefly, maternal and infant characteristics, including demo-
graphics, morbidity, and antibiotic use, were collected prospectively from medical charts. Maternal antibiotic use was collected daily
for 2 weeks before birth and continued daily for both mothers and their infants from delivery until infant stool sample collection was
complete at 8 postnatal weeks or hospital discharge. Collection of mother’s milk samples for our research is intended to reflect clin-
ical practice. As part of routine care, mothers were educated on hygienic practices to express their milk and to clean their pumping
devices. Generally, they express their milk by pump, but hand expression is also encouraged, and milk is stored at —20°C until use. At
the time of this study, all milk preparation rooms used a “first in” “first out” inventory system. All mother’s milk fed to preterm infants
(unfortified or fortified) was prepared in designated milk preparation rooms and packaged into feeding syringes under a laminar flow
hood by trained staff. Milk was thawed and prepared once per day for feeding the infant over the subsequent 24-h and an aliquot of
this pooled milk was collected for research purposes and stored at —80°C."° For ethical reasons, samples were collected only if milk
remained after enteral feed preparation. At the unit level, syringes were administered via a feeding tube and bedside nurses recorded
the volume of enteral feeds consumed in the infant’s medical record. Members of our study team checked the medical record daily to
ensure all feeds were recorded and to collect the volumes consumed for our study database.'® Infant stool samples were collected
weekly from birth to 8 postnatal weeks from infant diapers into sterile containers and stored at —20°C.?° Within 24 h of collection,
stool samples were transported to the Hospital for Sick Children on ice and stored at —80°C.

METHOD DETAILS

Pairing mother’s milk and infant stool samples within mother-infant dyads across hospitalization

During the 8 postnatal weeks of weekly mother’s milk and infant stool collections, infant stools were paired with the nearest milk sam-
ple collected within a +/— 7-day range; however, preference was given to milk samples collected in the 7-days prior to each stool.
Importantly, mother’s milk samples were paired according to the actual date they were fed to the infant, and not the day of expres-
sion. Mother’s milk samples could have been paired with two stool samples from the same infant (n = 26 cases) provided they fell
within the +/— 7-day range in order to maximize the number of milk-stool pairs in our analyses; we treated each milk-stool pair as
a distinct data point with a unique pairing ID, which was retained for multivariable models. Similarly, for mothers of twins (n = 6
mothers) or triplets (n = 3 mothers), milk samples were paired with stools collected from each participating infant. In cases where
no mother’s milk sample was collected within the +/— 7-day range, no pairing was made and the stool sample was removed from
our analyses.

DNA extraction, PCR amplification, and 16S rRNA gene sequencing

DNA extraction and sequencing procedures have previously been described for the mother’s milk and infant stool samples included
in this analysis."®*° Briefly, DNA extraction was conducted for mother’s milk and infant stool samples using the NucleoSpin Food
DNA Isolation Kit and the DNeasy PowerSoil Kit, respectively.®® The V4 hypervariable region of the 16S rRNA gene was then amplified
and sequenced using forward (515F) and reverse (806R) primers on a MiSeq platform (lllumina, San Diego, CA, USA).®' Negative
(DNA elution buffer and template-free, respectively) and positive (ZymoBIOMICS Mock Community Standards) controls were
included for each DNA extraction batch and sequencing run.
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Quantitative PCR for total bacteria

Total bacterial density in the infant stool samples was previously determined by quantitative PCR (qPCR)*’; the same protocol has
now been applied to the mother’s milk samples in this present study. Briefly, 1 uL of extracted DNA (10 ng/uL), 5 uL of 2X TagMan
Gene Expression Master Mix (Applied Biosystems, Thermo Fisher Scientific, Foster City, CA, USA), 0.5 uL of custom TagMan assay
targeting the 16S rRNA gene,®” and 3.5 L of nuclease-free water were combined to perform each gPCR reaction (10 uL per reaction).
A 7900HT Fast Real-Time PCR System (Applied Biosystems) run with default thermal settings was then used to run each reaction in
triplicate. The total bacterial concentration of samples was then determined using a pGEM T-Easy-plasmid based standard curve.
Calculations accounted for the amount of DNA used for gPCR (ng) and the total amount of DNA extracted per gram of stool (ng/g) or
per mL of milk (ng/mL). Each gPCR run contained a template-free negative control and a custom bacterial community as a positive
control. Total bacterial concentrations for milk and stool samples are expressed as 16S copy numbers/mL of milk or 16S copy
numbers/g of stool, respectively.

Categorizing in-hospital feeding variables

Feeding type was categorized as predominantly mother’s milk fed (>90% mother’s milk fed during hospitalization) and mixed
feeding with PDHM (0-89% mother’s milk fed during hospitalization). These categories aimed to differentiate between infants
requiring PDHM temporarily as a bridge during the first postnatal week until sufficient volumes of their mother’s milk became avail-
able, and those who continued to require PDHM as a supplement throughout hospitalization. Fortifier type was categorized as either
BMBF or HMBF based on the initial trial randomization. One infant received the incorrect fortifier as randomized and was therefore
excluded from these analyses. Feeding at the breast (yes/no) was determined using the first postnatal day infants were put to the
breast (this included both nutritive and non-nutritive sucking). Paired milk-stool samples collected after this first postnatal day
were categorized as a “yes” to indicate that direct breastfeeding was initiated.

QUANTIFICATION AND STATISTICAL ANALYSIS

Pre-processing of microbial data
Sequencing data were checked for quality, trimmed, and filtered using USEARCH (version 11.0.667) and VSEARCH (version 2.10.4)
through the UNOISE pipeline, as previously described.'®?%:53¢578 Sequencing were de-replicated using VSEARCH, filtered to re-
move singleton reads, and UNOISES, accessed through USEARCH, was used to denoise and remove chimeras. Retained sequences
were then used to generate zOTUs through exact sequence variant clustering. Of note, zOTUs are synonymous with amplicon
sequence variants.”® Taxonomy was assigned using the USEARCH SINTAX algorithm and the Ribosomal Database Project database
version 16 and a minimum cut-off of 0.8 was applied.®” zOTU FASTA sequences were then aligned using QIIME1 and those that did
not align were removed. FastTree was used to build a phylogenetic tree of the aligned sequences.®®°®

Data analyses were performed in R (version 4.3.1)70 and pre-processing steps were conducted separately for mother’s milk and
infant stool samples to avoid the unintentional removal of mother’s milk samples with lower read counts. First, contaminant zOTUs,
identified in DNA extraction and PCR amplification negative controls, were removed using decontam (version 1.13.0).°° This step was
conducted separately for milk and stool samples since DNA extraction and sequencing were performed separately for each sample
type. The isContaminant function in decontam was used with parameters method = ”prevalence” and neg = "isNeg” to identify and
remove potential contaminant zOTUs specific to each sample type. Phyloseq (version 1.44.0) was then used to remove singleton and
doubleton zOTUs as well as those mapping to Cyanobacteria/Chloroplast. Data for mother’s milk and infant stools were rarified to
3,500 and 10,000 reads per sample, respectively, based on minimum sequence coverage; samples with read counts below these
thresholds were removed.”® Microbial data was then merged between mother’s milk and infant stool samples for all downstream
analyses. Data visualization was conducted using the packages ggplot2 (version 3.4.3),”* ggalluvial (version 0.12.5),”° pheatmap
(version 1.0.12),”® forestplot (version 3.1.3),”° and circlize (version 0.4.15).%°

Calculating normalized taxa abundances

To overcome limitations of compositional data (relative abundances), normalized taxa abundances were calculated for both mother’s
milk and infant stool samples. The predicted 16S rRNA gene copy numbers of zOTUs were obtained from USEARCH and the UNBIAS
database and used to normalize zOTU counts.®' Copy number-corrected zOTU counts were then converted to relative abundances
and multiplied by the total bacterial concentration of milk and infant stool samples obtained from gPCR. This provided the normalized
abundance of taxa in milk and stool samples, expressed as 16S rRNA gene copy numbers per mL of milk or per gram of stool, respec-
tively. Normalized abundances were then used for all analyses in our study.

Calculating bacterial intakes

Daily bacterial intakes from mother’s milk were calculated by multiplying the total bacterial density (16S rRNA gene copies/mL of milk)
and normalized abundance of individual taxa in milk samples with the daily volume of mother’s milk fed (mL of milk) to infants. When
matching the microbial data from milk samples to the infant’s daily feeding data, the collection date for each mother’s milk sample
was considered the first day it was fed. Microbial data from a given milk sample were used in the calculation of intakes until a sub-
sequent milk sample was collected from the same mother. Furthermore, microbial data from a given milk sample was only used for a
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maximum of 7 days following its collection, to account for the known temporal changes that occur in preterm mother’s milk."® Collec-
tively, this approach provided the daily intake of total bacteria and commonly shared genera expressed in the units, 16S rRNA gene
copies.

To examine relationships between bacterial intakes from mother’s milk and their concentrations in infant stool samples, cumulative
mother’s milk volumes fed over the 3-days prior to each stool collection were used in the calculation of bacterial intakes. This was
done to account for the varied gastrointestinal transit time in VLBW infants.®*° Therefore, the term “3-day intake from milk” is used
to represent the cumulative intake of total bacteria and commonly shared taxa over this specified period.

Statistical analyses

Statistical analyses were performed in R (4.3.1) and SAS University Edition (SAS Institute, Cary, NC, USA). Non-parametric models
were run when outcome measures were not normally distributed (based on Shapiro-Wilk tests and histograms), and all models ac-
counted for repeated observations. Prior to building models, collinearity between independent variables was also examined and a
variance inflation factor >2.5 was used as the cut-off to identify multicollinearity; none were identified. Multivariable models (linear,
Poisson, logistic) were used across all analyses, and stratified analyses were only conducted under two circumstances. First, when
interaction terms in our adjusted multivariable models were statistically significant, stratified analyses were then performed to further
explore and visualize these relationships. Interaction terms that were not statistically significant were removed from multivariable
models to improve precision. Second, we used stratified analyses to examine whether Spearman correlations, between milk bacte-
rial intakes and their concentrations in infant stools, differed by postnatal period or in-hospital feeding practices.

Alpha and beta diversity analyses

To test whether the alpha diversity (number of zOTUs, Shannon index) observed in mother’s milk differs from infant stool over time,
linear mixed-effects models were built and adjusted for DNA extraction batch, postnatal week, sample type, and an interaction term
between postnatal week and sample type (Figure 1). To then assess whether relationships exist with alpha-diversity between paired
milk (independent variable) and stool samples (dependent variable), linear mixed-effects models were again used and adjusted for
postnatal week, DNA extraction batch, infant sex assigned at birth, birth weight stratum (<1,000 and 1,000-1,249g), and our feeding
variables of interest (fortifier group, feeding type, and feeding at the breast). These covariates were selected a priori based on pre-
vious work identifying them as key drivers of the VLBW infant gut microbiota, or to include unique in-hospital feeding variables spe-
cific to VLBW infants that have not been previously explored (i.e., feeding at the breast). We did not include delivery mode as a co-
variate in our multivariable models because, unlike in term infants, studies in preterm infants show limited associations between
delivery mode and their gut microbiota.”"”" Interaction terms were tested between the alpha diversity in mother’s milk and postnatal
week. Of note, our multivariable models included postnatal week as a covariate, however, when significant interactions emerged with
this continuous variable, we further examined these relationships by converting postnatal week into a discrete variable. To tease
apart and visualize these interactions, the initial 8-week hospitalization period was divided into the first and second postnatal month.
Interaction terms were also tested between the alpha-diversity in mother’s milk and each feeding variable of interest.

When plotting the relationship between number of zOTUs in paired milk-stool samples, we observed a strong non-linear relation-
ship that changed around 200 zOTUs in mother’s milk. In order to capture the non-linear nature of these data, an interaction term
(number of zOTUs in milk and milk cut-point: zOTUs <200 or >200) was tested in our linear mixed-effects models, as described
above. Results from this initial test confirmed that the relationship between the number of zOTUs in paired milk-stool samples
was dependent on whether milk samples contained <200 or >200 zOTUs and, therefore, should be interpreted separately. To assess
whether postnatal period and in-hospital feeding practices further modified this relationship, separate models were run to test 3-way
interactions between the number of zOTUs in milk, the milk cut-point, and postnatal period or the feeding variable of interest (feeding
type, fortifier type, or feeding at the breast); these models were adjusted for postnatal week, DNA extraction batch, infant sex as-
signed at birth, birth weight stratum (<1,000 and 1,000-1,249g), and our feeding variables of interest (fortifier group, feeding type,
and feeding at the breast). Significant 3-way interactions were further explored using stratified linear-mixed effects models that
were left unadjusted due to sample size constraints after stratification.

To compare the overall microbial communities in mother’s milk and infant stools, adonis models stratified by participant identifi-
cation and adjusted for postnatal week, sample type, and DNA extraction batch were built for beta-diversity measures (Bray-Curtis
dissimilarity, weighted/unweighted Unifrac distance) using the vegan (version 2.6.4) R package (Figure 2).%* To then assess the over-
all microbial communities and their temporal trends in paired milk-stool samples, beta-diversity (weighted/unweighted Unifrac dis-
tances) distances between each milk-stool pair were calculated and tested using linear mixed-effects models adjusted for postnatal
week, DNA extraction batch, infant sex assigned at birth, birth weight stratum, and feeding variables of interest (fortifier group,
feeding type, and feeding at the breast). Notably, we were unable to use Bray-Curtis dissimilarity to assess temporal trends between
milk and infant stool bacterial communities since the sample pairs were deemed to be almost completely dissimilar (mean Bray-
Curtis dissimilarity: 0.99998); this is likely due to this measure’s particular sensitivity to taxa abundance.®®

Shared microbial taxa analyses

The number of shared zOTUs was determined between each paired milk and infant stool sample (Figure 3). Shared zOTU ratio was
calculated as the number of shared zOTUs between a paired milk-stool sample divided by the total number of zOTUs in the
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respective stool sample. To assess the total number of shared zOTUs and shared zOTU ratio between paired milk-stool samples over
time, linear mixed-effects models were used and adjusted for postnatal week, DNA extraction batch, infant sex assigned at birth,
birth weight stratum, and feeding variables of interest (fortifier group, feeding type, and feeding at the breast). A repeated measures
Poisson regression model (adjusted using the same aforementioned covariates) was then used to examine whether the likelihood of
sharing a greater number of zOTUs in milk-stool pairs differs depending on postnatal period and in-hospital feeding practices. We
then assessed the taxonomy of shared zOTUs in paired milk-stool samples at the genus-level. Genera (with at least 1 shared zOTU)
shared in at least 10% of milk-stool pairings were considered to be “commonly shared”. This resulted in 12 commonly shared genera
that we tested in subsequent analyses.

To assess whether the odds of sharing commonly shared genera between paired milk-stool samples differs depending on post-
natal period or feeding practices, repeated measures logistic regression models were used (Figure 4). Separate models were run for
each genera, with the outcome being whether a paired milk-stool sample had a shared zOTU mapping to the specified genera
(yes/no). These models were adjusted using the same aforementioned covariates and p values were corrected using a Benjamini-
Hochberg false discovery rate (FDR) to account for multiple comparisons. Results for unclassified Enterobacteriaceae are not re-
ported since almost all paired milk-stool samples had a shared zOTU mapping back to this taxon (99.5%), leading to issues with
model convergence.

To analyze patterns of zOTU sharing at the genus-level, hierarchical clustering was performed and clusters were identified based
on the within-cluster sum of squares (Figure S4). Paired milk-stool samples were clustered into 3 groups according to the number of
unique zOTUs within all shared genera on a per sample basis. To explore differences between the 3 clusters, unadjusted repeated
measures Poisson regression models were used to determine how the number of unique zOTUs within each individual commonly
shared genera differed according to cluster assignment. Furthermore, to understand whether postnatal period or feeding practices
were associated with the likelihood of belonging to a specific cluster, a multinomial logistic regression model with repeated measures
was performed; this model was adjusted for postnatal week, feeding type, fortifier group, and feeding at the breast.

Bacterial intakes from mother’s milk and infant stool concentrations

To determine how bacterial concentrations in mother’s milk change over time, linear mixed-effects models were built and adjusted
for postpartum week of expression, DNA extraction batch, and gestational age (Figure S5). Of note, although we adjusted for in-
fant sex assigned at birth and birth weight stratum in other models, we were unable to include these variables in these models
since some mothers of twins and triplets delivered infants with differing sexes and birth weights; instead, gestational age was
used as a proxy for birth weight stratum. However, when examining changes in bacterial intakes from mother’s milk over time
(i.e., on a per infant basis), we again used linear mixed-effects models but adjusted for postnatal week, DNA extraction batch,
infant sex assigned at birth, birth weight stratum, and feeding variables of interest (feeding type, fortifier group, and feeding at
the breast).

To examine dose-response relationships between cumulative 3-day intakes of commonly shared bacteria from mother’s milk
and their concentrations in infant stools, we only included sample pairs that contained the taxa of interest in both the milk and
stool sample (versus milk-stool pairs that contained the taxa in either the milk or stool sample, or were absent in both samples)
(Figure 5). These relationships were assessed using unadjusted linear-mixed effects models, due to sample size constraints.
p values from these models were adjusted using a Benjamini-Hochberg FDR to account for multiple comparisons. Individual
models were also built to test interactions between 3-day bacterial intakes from mother’s milk and postnatal period and feeding
practices.

Given that some milk-stool pairs contained the 12 commonly shared genera in only the milk sample (not the stool), we aimed to
establish whether postnatal period and feeding practices were associated with the odds of observing a given genera in both milk-
stool samples rather than milk alone (Figure S6). For this, we used unadjusted, repeated measures logistic regressions and p values
were FDR-corrected for multiple comparisons.

To examine whether inter-genera correlations existed amongst the 12 commonly shared genera, Spearman rank correlations
were used to test microbial associations between 3-day bacterial intakes from mother’s milk (log copies) and their concentrations
in infant stool samples (log copies/g stool) (Figure 6). These correlations were visualized using a chord diagram and heatmaps.
Furthermore, correlations were tested for the overall cohort and then again by stratifying according to postnatal period and feeding
practices.

Maternal and infant antibiotic exposure analyses

To explore the modulatory potential of antibiotic use, mother-infant dyads were divided into 4 antibiotic groups: maternal high-infant
high, maternal high-infant low, maternal low-infant high, and maternal low-infant low. High antibiotic exposure was defined as >1 day
for mothers (prenatally or postnatally) and >3 days for infants (Figure 7). To then assess whether relationships between alpha-diver-
sity in paired milk (independent variable) and stool samples (dependent variable) were modified by antibiotic group, we used linear
mixed-effects models; these models included an interaction term between alpha-diversity in the mother’s milk and antibiotic group,
and were adjusted for antibiotic group, postnatal week, DNA extraction batch, infant sex assigned at birth, birth weight stratum, and
feeding variables of interest (fortifier group, feeding type, and feeding at the breast). Significant interaction terms from these models
confirmed that relationships between alpha-diversity in mother’s milk and infant stool samples were dependent on antibiotic group.
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To further explore and visualize these relationships, linear-mixed effects models stratified by antibiotic group were run. To then
determine whether correlations between 3-day bacterial intakes from mother’s milk and their concentrations in infant stools were
dependent on antibiotic group, we constructed stratified correlation matrices for each antibiotic group using heatmaps.
ADDITIONAL RESOURCES

Data and samples for this study were collected as part of the OptiMoM Fortifier study which is registered at clinicaltrials.gov
(accession number: NCT02137473).
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