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ABSTRACT
Background: The human milk microbiome may contribute to
the benefits of breastfeeding by providing bacteria to the infant
gastrointestinal tract. Many women pump their milk, but the effect
of pumping on the milk microbiome is unknown.
Objectives: Our objective was to determine the effects of pumping
supplies on the pumped human milk microbiome.
Methods: This was an in-home, randomized, crossover trial of 2
collection methods. Women (n = 52) pumped twice within 3.5 h,
once with their own breast pumps and milk collection supplies
(OWN SUPP) and once with a hospital-grade pump and sterile
collection supplies (STER SUPP). Pumping order was randomized.
The milk microbiome was characterized by aerobic culturing and 16S
ribosomal RNA gene sequencing.
Results: Milk collected with OWN SUPP yielded more total aerobic
and gram-negative bacteria than milk collected with STER SUPP,
reflecting a 6.6 (adjusted OR; 95% CI: 1.7, 25; P = 0.006) higher
odds of containing >104 total aerobic CFU/mL and 19 (adjusted OR;
95% CI: 4.1, 88; P < 0.0001) higher odds of yielding culturable
gram-negative bacteria. Milk collected with OWN SUPP yielded
more Proteobacterias , including higher relative abundances of
Acinetobacter and Stenotrophomonas, compared to milk collected
with STER SUPP. Results were consistent across pumping-order
groups.
Conclusions: We demonstrated that pumping supplies altered the
milk microbiome. On average, milk collected with OWN SUPP
resulted in elevated levels of culturable total and gram-negative
bacteria and proteobacterial DNA compared to milk collected with
STER SUPP. More research is needed to assess implications for
infant health. Am J Clin Nutr 2021;114:1960–1970.

Keywords: breastmilk expression/methods, breastmilk collection,
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Introduction
Given the many health benefits associated with breastfeeding

(1, 2), human milk is recommended as the only source of

nutrition for the first 6 mo and is important in infants’ diets for
at least the first year (3). Feeding pumped milk is commonly
used as a sole or ancillary strategy to meet breastfeeding
recommendations and goals (4–7). In the United States, ∼85%
of breastfeeding women pump their milk; 25% do so regularly
(4). Evidence-based guidelines for pumping are essential to
ensure pumped milk is safe to consume (8). Even so, existing
evidence about how pumping and storage practices influence the
bacterial composition of pumped milk is largely restricted to
nonrandomized and observational studies, many of which were
conducted in clinical settings (9–13). Thus, adequate evidence
about the effects of at-home pumping practices on the bacterial
composition of pumped milk is unavailable for such guidelines.

Although long considered sterile, human milk is now known
to harbor a relatively unique microbiome (14–19). The human
milk microbiome may contribute to the benefits of breastfeeding
by providing bacteria to the infant gastrointestinal (GI) tract
(14, 20–22). Human milk–derived bacteria along with other
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milk components, such as human milk oligosaccharides, support
the growth of beneficial bacteria such as Bifidobacterium spp.,
which support the development of the infant immune system
(22). Much research has focused on identifying biological,
behavioral, and environmental factors associated with variation
in the human milk microbiome. Biological correlates of variation
include milk composition (e.g., the profiles of fatty acids and
human milk oligosaccharides), gestational age, and maternal
race/ethnicity (19, 23). Behavioral and environmental correlates
of variation include breastfeeding exclusivity, geography, and
maternal diet (15, 19, 24). Little is known, however, about
how pumping practices influence the microbiome of pumped
human milk.

Previous studies have demonstrated that women’s pumping
and milk storage practices vary greatly (5–7, 25). Most women in
developed countries who express their milk use an electric breast
pump (4). During pumping, milk passes from the nipple down a
plastic flange, through a valve, and is collected in a bottle. If not
cleaned thoroughly, these surfaces may harbor bacteria that may
be transferred to milk during pumping (26, 27). Yet how these
surfaces are cleaned at home varies widely (7, 25). For example,
some women only wipe off milk collection containers and flanges
after pumping, whereas others sterilize them (7, 25). To our
knowledge, the effects of pumping supplies on the microbiome
of pumped human milk have not been rigorously evaluated. To
address this research gap, we conducted an in-home, randomized,
crossover trial to determine the effect of pumping with a woman’s
own pump and collection supplies on the microbiome of pumped
human milk compared with pumping with a hospital-grade pump
and sterile supplies.

Methods

Study design

The Milk in Life Conditions (MiLC) trial was an in-home
randomized crossover trial of 2 milk collection methods among
women who pump. Participants provided written informed
consent according to the study protocol approved by the Cornell
University Institutional Review Board (1608006566). The study
was registered at clinicaltrials.gov as NCT03123874.

Population

Women were eligible to participate if they were self-described
as healthy, lactating, and ≥18 y old; lived within a 45-min drive
of Cornell University in Ithaca, New York; used an electric breast
pump; and were confident they could donate 30 mL of milk
from 1 breast twice within 3.5 h. Women were excluded if their
infants consumed formula in the past 2 wk or they reported any
signs or symptoms of current breast infection (e.g., breast pain,
discomfort, lumps, mastitis with fever, red streaks or hard red
portions on their breast) or acute illness (mother or her infant)
in the previous 7 d (e.g., rectal or temporal temperature ≥37.5◦C,
dark green nasal discharge, diarrhea defined as abrupt onset of
≥3 excessively loose stools in 1 d, infant vomiting not associated
with feeding, or severe cough). Eligibility was assessed with
an online survey when women initially inquired about study
participation.

Intervention

All participants expressed their milk once with their own elec-
tric breast pumps and milk collection supplies (OWN SUPP) and
once with a hospital-grade pump (Medela Symphony; Medela,
Inc.) and previously unopened (new), sterile collection kits
(STER SUPP). All pumping sessions occurred in participants’
homes within 3.5 h between 07:00 and 11:00 h.

Randomization

Following eligibility screening, participants were randomly
assigned to pump with OWN SUPP or STER SUPP first. To
account for the possibility that the infant oral microbiome,
via retrograde inoculation, influences the milk microbiome (28,
29), the randomization was stratified according to infant diet
[human milk only (HM only) or HM and complementary foods
(HM + CF)] with an approximately equal allocation ratio. The
randomization schedule was produced with the sample function
in R (v. 3.4.4) (30). Only women who participated in the study
received assignment; allocation (done by the study director,
SMR) occurred immediately before participation began.

One woman did not pump in the order of her allocated
randomized assignment. She did, however, provide a milk sample
from both collection methods and was included in our intention-
to-treat analysis (31).

Outcomes

The a priori primary outcomes were total aerobic bacterial
counts (CFU/mL, detected via aerobic culturing), 16S-based bac-
terial richness [the number of different bacterial taxa estimated
via amplicon sequence variants (ASVs)] (32), and α diversity
(Shannon diversity index) (33).

We also report counts for gram-negative bacteria (CFU/mL)
and, for 16S data, the relative abundances of bacterial taxa, Faith’s
phylogenetic diversity index (34), and β diversity using weighted
UniFrac distances (35).

Milk collection

Milk collection occurred in participants’ homes. Milk from the
first pumping session was transported back to the laboratory by
the study director. Then, the study director returned ∼3 h later for
the second pumping session.

Participants fully expressed milk from the same breast during
both pumping sessions. Women were instructed to pump until the
flow of milk had stopped. Women’s breasts were not cleaned prior
to pumping. Women were instructed not to nurse from the study
breast for the duration of the study period (2 h before the first
pumping session until after the second session) but were able to
feed their infants on the other breast during this time.

The study director was present during both pumping sessions
for all participants to ensure that the study protocol was followed.
For the collection with OWN SUPP, and consistent that milk
collection was conducted under “real-life” conditions, women
were encouraged to follow their usual practices. For the collection
with STER SUPP, the study director wore nitrile gloves treated
with hand sanitizer after being donned. Using aseptic technique,
the sterile collection kit was passed to the participant, who was
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instructed not to touch the inner surface of the flange with her
hands and immediately proceeded to express her milk. From each
full expression, ∼30 mL milk was reserved for analyses; mothers
kept any additional pumped milk. Milk samples were aliquoted
into 5 sterile containers by the study director using a single-use,
sterile transfer pipette. One container was taken to the laboratory
on ice immediately after expression. The other 4 containers were
stored at the participants’ homes for various durations and storage
temperatures. Here, we report only the results obtained from the
first container. For practical reasons, the trial was not blinded.

Bacterial analyses

Culture-dependent analyses and storage of the remaining milk
at −20◦C for later 16S sequencing were completed within 2 h
of sampling. After all samples were collected and between 2 wk
and 3 mo after expression, milk samples were shipped on dry ice
to the University of Idaho for 16S ribosomal RNA (rRNA) gene
sequencing.

Aerobic culturing.

Milk was cultured on plate count agar and MacConkey agar
(both from Becton Dickinson). Serial 10-fold dilutions were
prepared using 0.1% sterile peptone water (Hardy Diagnostics)
and inoculated in triplicate with 10-μL drops using the drop plate
method (36). For each media type, 100 μL undiluted milk was
also spread-plated on 100-mm plates for each of the above media.
Plates were aerobically incubated for 48 h at 37◦C. CFU/mL were
calculated from plates with ≥1 colony, as typical for the drop-
plate method (36). The sample was considered culture negative if
no colony was detected on both drop and spread plates.

16S rRNA gene sequencing.

DNA extraction, amplification, and sequencing of milk
samples were conducted as previously described (15, 24).
Briefly, 1.25 mL milk was thawed for 5 min at 37◦C, then
centrifuged at 13,000 × g for 10 min at 4◦C. The lipid
layer and supernatant were discarded, and then the remaining
cell pellet was resuspended in 500 μL TE50 buffer, followed
by enzymatic lysis for 1 h at 37◦C. Total DNA was then
extracted from the resuspended pellet using QIAamp DNA Mini
Kits (Qiagen) following the manufacturer’s instructions, with
minor modifications as described previously (15). The V1–
V3 hypervariable region of the bacterial 16S rRNA gene was
amplified using a dual-barcoded, 2-step, 30-cycle PCR protocol
with subsequent quality control as described previously (15).
For the first step, we used a 7-fold degenerate forward primer
targeting position 27 and a reverse primer targeting position 534
(positions numbered according to the Escherichia coli rRNA)
(24). Nuclease-free, sterile water (2 μL), and E. coli DNA (2 μL;
221 ng/mL) served as controls.

Amplicon quality was assessed using the QIAxcel DNA
screening cartridge (Qiagen), with quantity assessed using a
Qubit 2.0 fluorometer and the DS High Sensitivity Assay
(Thermo Fisher Scientific) as previously described (15). Am-
plicons (50 ng) from each sample were pooled and sent to the
Institute for Bioinformatics and Evolutionary Studies Genomics

Resources Core at the University of Idaho for additional
processing and sequencing using previously described methods
(15). Also sequenced was a mock community consisting of
DNA extracted from 10 known species and their theoretical rela-
tive abundances (Zymo Research). Amplicons were sequenced
using an Illumina MiSeq v3 paired-end 300-bp protocol for
600 cycles.

Processing of bacterial sequences

Sequences were demultiplexed using dbcAmplicons (37),
splitting them into separate files for forward and reverse
sequences using splitReadsBySample.py (38) as previously
described (15). Overlapping paired-end sequences underwent
sorting, filtering, trimming, and merging using the DADA2 (39)
plug-in in Quantitative Insights Into Microbial Ecology 2 (v.
2018.2) (40). The resulting ASVs were taxonomically classified
using the SILVA 16S rRNA reference database (v. 128). The
decontam package (41) allowed for the identification of uni-
versal contaminants, with the corresponding ASV subsequently
removed. Additional filtering removed nonbacterial (mitochon-
dria and chloroplasts) and ambiguous sequences (“unassigned”
taxonomy at the domain level). Finally, because features present
in only 1 sample are not statistically informative, removing
them increased our power to declare differences significant (42).
After filtering, a total of 2,229,832 sequences were retained
(median = 20,525 per sample; range: 1041–60,479), representing
997 ASVs (Supplemental Figure 1). Data were rarefied to 1041
sequences per sample for diversity metrics only.

Sample size justification

Insufficient information was available to estimate a clinically
meaningful difference in the milk microbiome. Rather, we aimed
to enroll at least 50 women with equal numbers in each infant diet
group based on sample sizes of earlier studies (15, 16, 24).

Statistical analyses

We conducted an intention-to-treat analysis (31) between April
1, 2018, and September 22, 2020, using R (v. 3.4.4 and 3.5.3)
(30). The effect of pump supplies on aerobic bacterial counts
was tested by linear mixed-effects regression. A log(x + 1)
transformation was applied to bacterial counts to account for
data skew and zeros in the data (43). The sample variance
was estimated using the Satterthwaite approximation to account
for unequal variance (44). Models included infant diet and
randomly assigned pumping order as fixed effects, participant
as a random effect, and all possible 2- and 3-way interaction
terms among the type of pumping supplies, infant diet group,
and randomly assigned pumping order. The effect of pump
supplies on dichotomous outcomes (>104 CFU/mL total aerobic
bacteria or presence of viable gram-negative bacteria) was tested
by logistic mixed-effects regression with the same adjustments,
excluding interactions. Linear mixed-effects regression with the
same adjustments was also used to test the effect of pump supplies
on α diversity metrics. A log transformation was applied to
Faith’s phylogenetic diversity index and the observed ASV to
account for data skew. The effect of pump supplies on β diversity



Pumping supplies alter the pumped milk microbiome 1963

20 Excluded
9  Did not meet inclusion criteria
7  Declined or unable to participate
4 Did not respond to request to schedule

72 Women assessed for eligibility

Stratum 1:
HM only

27  Randomly assigned 

Stratum 2:
HM+CF

25  Randomly assigned 

13  Included in ITT  
analyses

14  Included in ITT 
analyses

13  Included in ITT 
analyses

12  Included in ITT 
analyses

13 Randomized to
STER SUPP first

14  Randomly assigned to 
OWN SUPP first

13 Randomly assigned to
STER SUPP first

12  Randomly assigned to 
OWN SUPP first

13 Provided milk   
from first pumping    
session (STER SUPP)

13 Provided milk   
from first pumping    
session (OWN SUPP)

1 Provided milk   
from first pumping    
session (STER SUPP)

13 Provided milk   
from first pumping    
session (STER SUPP)

12 Provided milk   
from first pumping    
session (OWN SUPP)

13 Provided milk   
from second pumping    
session (OWN SUPP)

13 Provided milk   
from second pumping    
session (STER SUPP)

1 Provided milk   
from second pumping    
session (OWN SUPP)

13 Provided milk   
from second pumping    
session (OWN SUPP)

12 Provided milk   
from second pumping    
session (STER SUPP)

FIGURE 1 Participant flow diagram. Each woman contributed 2 milk samples, one from each collection method. One participant pumped in the opposite
order of her randomly assigned assignment. All samples were analyzed by intention-to-treat analysis. HM, human milk; HM + CF, human milk and
complementary foods; ITT, intention to-treat; OWN SUPP, personal electric breast pump and milk collection kits; STER SUPP, hospital-grade pump and
new, sterile collection kits.

was tested by permutational ANOVA (PERMANOVA) with
999 permutations on weighted UniFrac distances adjusted for
infant diet and randomly assigned pumping order. Differentially
abundant phyla and genera were identified using DESeq2
(v. 1.22.2), which uses a negative binomial distribution (45).
Spearman correlations were calculated between bacterial counts
and relative abundances of bacterial phyla. Results are reported as
least squares (LS) means and standard errors, adjusted odds ratios
(aORs) with 95% CI, or observed means and standard deviations
as indicated. Results were considered significant at P < 0.05,
except for DESeq2 results, which were considered significant at
P < 0.05 after being adjusted with the false discovery method for
multiple comparisons (46).

In post hoc analyses, the association between whether milk
yielded viable gram-negative bacteria and relative abundances
of Proteobacteria a16S sequences was tested by PERMANOVA
with 999 permutations on Euclidean distances. A volcano

plot was used to visualize the fold change of all genera of
Proteobacteria that differed significantly between samples that
yielded viable gram-negative bacteria and those that did not.

Results
The MiLC trial was conducted from June to October 2017.

Fifty-two women were randomly assigned to treatment order,
with equal numbers allocated to pumping with STER SUPP and
OWN SUPP first (Figure 1). Each woman served as her control,
resulting in 104 paired milk samples. Analyses were conducted as
intention to treat. Participants were on average 34 ± 4.0 y old and
6.5 ± 4.2 mo postpartum (Table 1). Maternal age and race were
similar between groups. As anticipated, mothers in the HM-only
group were fewer months postpartum than those in the HM + CF
group.
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TABLE 1 Participant characteristics according to infant diet and randomly assigned pumping order for the 52 participants of the MiLC trial1

HM only HM + CF

Participant characteristic
All participants

(N = 52)
STER SUPP First

(n = 13)
OWN SUPP First

(n = 14)
STER SUPP First

(n = 13)
OWN SUPP First

(n = 12)

Maternal age, y 34 ± 4.0 32 ± 4.0 32 ± 4.5 35 ± 4.1 34 ± 3.3
Caucasian 45 (86) 11 (85) 13 (93) 11 (85) 10 (83)
Time postpartum, mo 6.5 ± 4.2 3.6 ± 1.3 3.0 ± 1.7 11 ± 3.8 8.7 ± 2.3

1Values are means ± SDs for continuous variables or n (%) for categorical variables. CF, complementary foods; HM, human milk; OWN SUPP First, randomly assigned to
use own pumping supplies first; STER SUPP First, randomly assigned to use sterile pumping supplies first.

Effects of OWN SUPP on viable total aerobic and
gram-negative bacteria in milk

Although STER SUPP yielded more culturable bacteria in
milk than OWN SUPP for 28.8% of women, pumping with OWN
SUPP significantly increased the average levels of culturable
bacteria in milk samples (Figure 2, Supplemental Tables 1 and
2). On average, milk collected with STER SUPP yielded 1.5
× 103 ± 4.8 × 102 CFU/mL total aerobic bacteria and rarely
grew gram-negative bacteria. In contrast, milk collected with
OWN SUPP yielded 5.11 ± 2.15 times more total CFU/mL
and 82.5 ± 61.8 times more gram-negative CFU/mL than milk
collected with STER SUPP (P ≤ 0.0003, ratios of LS means from
linear mixed regression) (Figure 2B).

The effect of pumping supplies on average total aerobic and
gram-negative bacteria was unaffected by infant diet group or
randomly assigned pumping order, as indicated by the lack of
significant 2- and 3-way interactions as well as lack of significant
main effects of infant diet group and randomly assigned pumping
order in linear mixed-effects regression models. The only
exception was among women in the HM-only stratum and
randomly assigned to pumping with OWN SUPP first, for which
no effect of the pumping supplies was observed for total aerobic
bacterial counts (Figure 2C).

Pumping supplies significantly affected the proportion of
milk samples with high bacterial loads. Fifteen percent of milk
samples collected with STER SUPP yielded >104 total aerobic
CFU/mL compared with 42% of milk samples collected using
OWN SUPP (aOR: 6.6; 95% CI, 1.7, 25; P = 0.006).

In addition, pumping supplies significantly affected the
proportion of milk samples that were culture positive for gram-
negative bacteria. Only 5.8% of milk samples collected with
STER SUPP yielded gram-negative bacteria compared with 50%
of milk samples collected with OWN SUPP (aOR: 19; 95% CI,
4.1, 88; P < 0.001).

Effects of OWN SUPP on 16S rRNA bacterial sequences

On average, pumping with OWN SUPP decreased the
phylogenetic diversity of 16S sequences, although the effect was
stronger for some subsets of women. Overall, compared with
milk collected using STER SUPP, that collected with OWN SUPP
had 32 ± 8.7% lower phylogenetic diversity (Faith’s phylogenetic
diversity index, P = 0.0005, Figure 3A, Supplemental Table
3). This trend ranged from 13% to 48% and was strongest
among women randomly assigned to pumping with OWN SUPP
first (37–48%; P ≤ 0.05, Supplemental Table 3). The bacterial
richness and Shannon diversity index did not differ between

pump and infant diet groups or randomly assigned pumping order
(Supplemental Tables 4–5).

Pumping with OWN SUPP also altered the community
structure of milk (R2 = 0.024, P = 0.03, adjusted for infant
diet and randomly assigned pumping order determined by
PERMANOVA). Principal components analysis showed clear
clustering patterns by the pump group but not by randomly
assigned pumping order (Supplemental Figure 2). These
clustering patterns coincided with large differences in the milk
microbiota composition. Milk collected with STER SUPP was
dominated by Staphylococcus and Streptococcus (Figure 3A,
Supplemental Table 6) and contained 6.7 ± 10.0% Proteobac-
teria (median: 3.0%; range: 0–52.9%). In contrast, Acinetobacter
was the third most abundant genera in milk collected with OWN
SUPP, which contained 13.5 ± 21.0% Proteobacteria (median:
21.3%; range: 0–99.5%). Differential abundance testing revealed
milk collected with OWN SUPP contained significantly more
Acinetobacter, Stenotrophomonas, Rhizobium, Pseudomonas,
and Brevundimonas (all genera of Proteobacteria). Although the
specific taxa identified as differentially abundant in milk differed
somewhat according to the infant diet group and randomly
assigned pumping order, Proteobacteria were overrepresented
in milk collected using OWN SUPP across these groups
(Supplemental Figure 3).

Correlations between 16S sequences and cultured bacteria
in milk

Given these findings, we examined the correlations between
16S sequences and cultured bacteria in milk. In post hoc
analyses, results for these correlations were discordant between
milk samples collected with STER SUPP and those collected
with OWN SUPP. Specifically, there was a positive correlation
between total aerobic bacterial counts and relative abundance
of Firmicutes for milk collected with STER SUPP (Spearman
r = 0.49, P < 0.001; Supplemental Figure 4). This correlation,
however, was negative for milk collected with OWN SUPP
(Spearman r = –0.40, P = 0.003). In addition, no correlation was
observed between gram-negative bacterial counts and relative
abundance of proteobacterial 16S sequences for milk collected
with STER SUPP (Spearman r = –0.05, P = 0.70), but a strong
positive correlation was observed for milk collected with OWN
SUPP (Spearman r = 0.67, P < 0.001) (Figure 4A). These
findings were strongest among women in the HM-only feeding
group and were unaffected by randomly assigned pumping order
(Supplemental Table 4).
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FIGURE 2 Effect of OWN SUPP on cultured bacteria in pumped human milk (n = 104), among all samples (A, B) and according to infant diet and randomly
assigned pumping order (C). LS means and SEM from linear mixed-effects regression are shown. ∗Difference compared with STER SUPP (P ≤ 0.04). All
other comparisons were not significant (P ≥ 0.20). HM, human milk; HM + CF, human milk and complementary foods; OWN SUPP, personal electric breast
pump and milk collection kits; OWN SUPP First, randomly assigned to use own pumping supplies first; STER SUPP, hospital-grade pump and new, sterile
collection kits; STER SUPP First, randomly assigned to use sterile pumping supplies first.

The differences in correlation coefficients appeared to be
driven by whether milk samples were culture positive for gram-
negative bacteria, regardless of pump supplies used for collection.
Principal components analysis (PCA) of proteobacterial 16S
sequences showed clear clustering patterns by viable gram-
negative bacteria status (R2 = 0.18, P < 0.001, determined by
PERMANOVA; Figure 4B). These clustering patterns coincided
with large differences in the relative abundances of several genera
of Proteobacteria (Figure 4C). Notably, the average relative
abundance of Acinetobacter was 4.28-log2 fold higher in milk
samples that yielded viable gram-negative bacteria than those that
did not [false discovery rate (FDR)-adjusted P = 0.004].

Discussion
Our in-home, randomized, crossover trial demonstrated that

typical pumping supplies altered the microbiome of pumped
human milk, but infant diet and pumping order did not. We
provide experimental evidence that viable bacteria, bacterial 16S
DNA sequences, and the phylogenetic diversity of milk differed
by pumping supplies for most women. We also showed that
counts of gram-negative bacteria were correlated with relative

abundances of Acinetobacter. This evidence may have important
implications for the GI microbiome of infants consuming pumped
human milk. It is broadly relevant because most women pump to
meet human milk–feeding recommendations and goals (4), and
milk banks rely on donations from women who pump at home
(47, 48). Our results may inform the development of evidence-
based guidelines for pump hygiene practices at home.

MiLC results are in line with previous studies showing that 61–
74% of milk collected at home yielded >104 CFU/mL total aero-
bic bacteria (9, 49) and would therefore exceed recommendations
for feeding to preterm infants without pasteurization (47). The
source of these bacteria in previous studies was uncertain because
collection and handling practices vary greatly among women
(5–7, 25). Thus, it remained unclear whether elevated levels
of bacteria were a function of collection method or handling
practices. Using paired analyses with each woman serving as
her own control, we demonstrated that pumping supplies were
a significant source of exogenous bacteria. These findings are
further supported by our observed differences in correlations
between cultured bacteria and 16S sequences, which are likely
driven by differences in concentrations of viable bacteria on the
pumping supply surfaces.
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FIGURE 3 Effect of OWN SUPP on the genus-level composition of 16S ribosomal RNA sequences (n = 104), according to infant diet and randomly
assigned pumping order (A–C). Asterisks denote differentially abundant genera. Circles scaled by Faith’s phylogenetic diversity index. †P < 0.05 compared
with STER SUPP using mixed-effects regression. OWN SUPP, personal electric breast pump and milk collection kits; PD, phylogenetic diversity; RPO,
randomly assigned pumping order; STER SUPP, hospital-grade pump and new, sterile collection kits; Unid., unidentified.

Our findings improve the scientific premise for the conclusion
that women’s own pumping supplies were a significant source
of exogenous bacteria as suggested by others (26, 29). However,
more work is needed to understand the effects of specific hygiene
practices on the bacterial composition of pumped human milk.
Fifteen women in our study had more culturable total aerobic
bacteria in their milk collected with STER SUPP compared with
OWN SUPP. Thus, it is plausible that differences in the personal
hygiene practices and/or practices used to clean pump parts could
have contributed to bacterial composition of pumped milk. These
possibilities warrant further research.

The health impact of elevated levels of culturable bacteria in
pumped human milk remains unclear for healthy infants. The
amount of culturable bacteria in pumped milk has long been
of concern for preterm infants, as they often rely on pumped
milk and are especially vulnerable to bacterial infection (50,
51). In contrast, the practice of feeding pumped milk to healthy,
term infants has increased dramatically since the early 2000s (4,
52, 53). Thus, only limited research exists on the effects of the
bacterial load of milk on these infants. Although others have also
found milk expressed at home yielded relatively high amounts
of viable gram-negative bacteria (9–11, 54), prior evidence
was observational. Conversely, our randomized crossover design
allowed for causal inference that pumping with OWN SUPP
enriched human milk with total culturable and gram-negative
bacteria.

The findings of our clinical trial add to previous observational
evidence that gram-negative bacteria may be added to human
milk during pumping (9–11). Others have shown that this may
pose a risk for vulnerable infants (8, 55–60). Specifically, in our
study, pumped milk that contained viable gram-negative bacteria
also had significantly higher abundances of Acinetobacter 16S
sequences than pumped milk that yielded no viable gram-
negative bacteria. This may have important clinical implications
because Acinetobacter species have been linked to illness in

preterm infants (61–63). We recently reported on the genomes
of several Acinetobacter bereziniaeisolated from milk collected
during this study (64). Importantly, these isolates encoded
known pathogenicity determinants, including hemolysins and
lipopolysaccharide. They also encoded a ceramidase, which may
have an impact on natural antimicrobial lipids in milk. Although
more work is required to determine the impact of these bacteria
on milk and in the GI tract, A. bereziniae are considered emerging
pathogens that have been implicated in nosocomial infections
(65, 66).

The presence of exogenous gram-negative bacteria, includ-
ing Acinetobacter, does not necessarily warrant concern. The
mothers in our trial reported that they and their infants were
healthy. Acinetobacter were one of the most abundant microbes
in the feces of healthy 7-d-old infants (67). The presence of
Acinetobacter has also been associated with a reduction in
allergy in 6-mo-old infants, suggesting these bacteria may play
an important immunomodulatory role (68). Thus, the function
and importance of exogenous gram-negative bacteria in human
milk, including Acinetobacter, remain an open question that
could have different answers depending on the health of the
infant consuming it. More genome-derived information on the
metabolic potential of exogenous gram-negative bacteria added
to human milk, including Acinetobacter, will be essential to
future efforts aimed at understanding the potential duality of their
effects on infant health.

Strengths and limitations

The main strength of the MiLC trial was our randomized,
crossover design in which women served as their own controls.
This allowed for causal inference of the effects of women’s
pumping supplies on the microbiome of their pumped milk that
were not obvious in a larger recent study that did not control for
milk collection practice (19).
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FIGURE 4 Correlations between culturable gram-negative bacteria and 16S microbiome. (A) There was no Spearman correlation between Gram-Neg
bacterial counts and percent relative abundances of Proteobacteria 16S in STER SUPP (P = 0.7) but a strong correlation for OWN SUPP (P < 0.001). (B)
PCA ordination of Proteobacteria 16S sequences; samples with culturable Gram-Neg bacteria had a different 16S community than samples without culturable
Gram-Neg bacteria (permutational ANOVA P < 0.001). (C) The volcano plot shows the log2 fold change (x-axis) of Proteobacteria asegenera that differed
significantly (FDR-adjusted P value y-axis) between samples yielding culturable gram-negative bacteria and those that did not, regardless of pumping supplies
used for collection. FDR, false discovery rate; Gram-Neg, gram-negative bacteria; OWN SUPP, personal electric breast pump and milk collection kits; PCA,
Principal component analysis; PC1, Principal component 1; PC2, Principal component 2; STER SUPP, hospital-grade pump and new, sterile collection kits.

More specifically, our experimental approach and milk collec-
tion protocol controlled for interindividual and diurnal variability,
which increased statistical power. Our analyses of milk collected
with STER SUPP were consistent with previous studies that
had stringent milk collection protocols and showed milk to
be dominated by Staphylococcus and Streptococcus (15, 16,
24, 69). Moreover, randomization was stratified by infant diet,
which increased the generalizability of our findings to women
with a range of infant feeding practices. The study design we
employed allowed us to demonstrate the importance of milk
collection practices for accurately characterizing the human milk
microbiome and thus has implications for others seeking to study
the impact of pumped human milk on infant health.

The fact that the MiLC trial employed both culture-dependent
and culture-independent, next-generation sequencing is also
important. Although there was a correlation between culturable
bacteria and DNA sequences that demonstrated the impact of

collection practice on the microbiome of pumped human milk,
we found that culture conditions were insufficient to capture
the diversity of bacteria in milk. This is important because the
influence of the human milk microbiome on infant health is
an active area of research (70). The role of bacterial viability
warrants additional investigation.

The main limitation of our study was our inability to determine
the viability of some organisms detected via 16S but not via
culturing. In addition, the use of short 16S amplicons (∼300 bp)
to analyze the composition of milk restricted bacterial identifi-
cation to the genus level; strain-level information is needed to
unambiguously identify pathogens (71). To this end, we recently
employed additional culturing coupled with genome sequencing
to further characterize 4 isolates of Acinetobacter bereziniae from
a single sample of milk collected with OWN SUPP (64). More
work is clearly needed to characterize opportunistic pathogens
in pumped human milk. Finally, we chose not to clean the
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participants’ breasts before collection. Although this decision
precluded direct comparison with some other studies of the
human milk microbiome (15, 16, 72), our design provides an ac-
curate and appropriate characterization of microbiota ingested by
infants.

Conclusions
Through paired analyses and a randomized, crossover design

clinical trial, we provide the strongest level of evidence to date
that pumping supplies can drastically change the microbiome of
pumped human milk. On average, milk collected with women’s
own pumping supplies resulted in elevated levels of viable
total aerobic and gram-negative bacteria and proteobacterial
DNA compared with sterile control. More research is needed
to understand the implications, if any, of our findings on infant
health. These results, if replicated by others in a broader
population, may have implications for several stakeholders,
including policymakers, women who rely on pumping their milk
to meet their breastfeeding goals, and milk banks that rely on
donations from women who pump at home. Questions could
include the frequency and degree of pumping, as well as what
interventions could reduce the impact of pumping on the human
milk microbiome.
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