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ABSTRACT
Bacteria in human milk could directly seed the infant intestinal microbiota, while information about
how milk microbiota develops during lactation and how geographic location, gestational hyperten-
sive status, and maternal age influence this process is limited. Here, we collected human milk
samples from mothers of term infants at the first day, 2 weeks, and 6 weeks postpartum from 117
longitudinally followed-up mothers (age: 28.7 ± 3.6 y) recruited from three cities in China. We found
that milk microbial diversity and richness were the highest in colostrum but gradually decreased
over lactation. Microbial composition changed across lactation and exhibited more discrete com-
positional patterns in 2-week and 6-week milk samples compared with colostrum samples. At
phylum level, the abundance of Proteobacteria increased during lactation, while Firmicutes showed
the opposite trend. At genus level, Staphylococcus, Streptococcus, Acinetobacter, Pseudomonas, and
Lactobacillus were predominant in colostrum samples and showed distinct variations across lacta-
tion. Maternal geographic location was significantly associated with the milk microbiota develop-
ment and the abundance of predominant genus. In addition, milk from mothers with gestational
prehypertension had a different and less diverse microbial community at genus level in early
lactation times, and contained less Lactobacillus in the 2-week milk samples than those from
normotensive mothers. Findings of our study outlined the human milk microbial diversity and
community development over lactation, and underscored the importance of maternal geographic
locations and gestational hypertensive status on milk microbiota, which might have important
implications in the establishment of the infant intestinal microbiota via breastfeeding.
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Introduction

Despite previously considered sterile, breast milk
is now suggested as a source of bacteria and able to
seed the neonatal gut microbiota.1 The early
microbial colonization of the infant’s gut plays an
essential role in gut maturation, and metabolic and
immunologic programming, which has important
consequences for early life and long-term health.2

Breastfeeding has a beneficial impact on the estab-
lishment of the newborn intestinal microbiome,
compared with non-breast-fed infants.3 Breast-fed
neonates are likely to harbor more beneficial bac-
terial populations such as Bifidobacterium and
Lactobacillus, and less potentially pathogenic
populations such as Clostridium, as compared
with formula-fed neonates.3,4 In early life, this
beneficial impact of breastfeeding is associated

with reduced diarrhea-related gut microbiota dys-
biosis, and reduced incidence and severity of infec-
tions and metabolic diseases in later life.3–5

Maternal geographic location, diet, age, and stage of
lactation are known to influence the nutrients, bioac-
tive compounds, and immunological factors con-
tained in breast milk.6–10 The cytokine content
differs in milk depending on the gestational health
status, with breast milk from hypertensive mothers
having higher levels of pro-inflammatory cytokines
than that from normotensivemothers.11We hypothe-
sized that physiological differences and potential
inflammatory triggers that influence human milk
composition might also have an impact on bacteria
growth. Some studies have investigated the association
between maternal geographic location, health status,
and breast milk microbiota.12–15 However, cross-
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sectional design, small sample size, pooled sample
collection from different lactation stages, and contro-
versial results are likely to limit the interpretation of
the previous findings.

Therefore, we aimed to characterize the human
milk microbial diversity and community develop-
ment during lactation, and examine the associations
of maternal geographic location, diet, age, and gesta-
tional hypertensive status with milk microbiota in
a longitudinally followed-up study.

Results

We collected 117, 113, and 104 milk samples from
mothers of term infants at the first day, 2 weeks,

and 6 weeks postpartum, respectively (Figure 1).
Baseline characteristics and dietary intakes are
shown in Table 1. Among all the mothers included
in the present study, 34.2% were diagnosed as
gestational prehypertension and 27.4% were aged
more than 30 years old. After quality filtering and
length trimming, 14,968,717 16 S rRNA sequences
(total sample n = 334) were analyzed, with an
average of 44,816 ± 9,684 sequences per sample.

Human milk microbial diversity and community
across lactation time

Human milk microbial diversity (estimated by
Shannon index) and richness (estimated by Chao

Figure 1. Flow chart of human milk samples collection and measurements during lactation.

Table 1. Characteristics of maternal demographic and metabolic variables.
All (n = 117) Beijing (n = 39) Hangzhou (n = 40) Lanzhou (n = 38) p value†

Baseline variables
Age (years) 28.7 ± 3.6 29.5 ± 2.2‡ 29.4 ± 4.3 27.1 ± 3.6 0.005
Height (cm) 162 ± 4.5 164.1 ± 3.3‡ 160.2 ± 5.3 162.1 ± 3.8 <0.001
Weight (kg) 68.2 ± 11.4 70.7 ± 8.6 64.8 ± 14.3 69.3 ± 9.7 0.06
BMI (kg/m2) 25.9 ± 4.1 26.2 ± 2.9 26.4 ± 5.3 26.4 ± 3.5 0.41
SBP (mm Hg) 115.3 ± 12.5 115.1 ± 7.2 116.9 ± 17.1 114.0 ± 11.0 0.05
DBP (mm Hg) 73.2 ± 9.5 70.1 ± 7.6 74.5 ± 11.2 74.9 ± 8.7 0.60

Baseline dietary intakes
Total energy (kcal) 1734.2 ± 255.2 1759.8 ± 306.9 1657.4 ± 178.2 1788.8 ± 252.8 0.06
Fat (g) 54.8 ± 11.2 60.5 ± 13.8‡ 50.7 ± 8.0 53.3 ± 8.5 <0.001
Carbohydrate (g) 237.1 ± 45.9 224.9 ± 46.7§ 233.1 ± 44.7 254.0 ± 42.4 0.02
Protein (g) 67.2 ± 17.2 75.6 ± 21.5‡§ 60.5 ± 10.5 65.7 ± 14.6 <0.001
Grains (g) 267.4 ± 53.7 249.3 ± 55.9‡ 277.6 ± 54.8 275.4 ± 46.5 0.03
Vegetables (g) 105.3 ± 80.5 94.4 ± 63.3§ 67.3 ± 42.1 156.5 ± 99.8¶ <0.001
Fruits (g) 107.3 ± 124.6 136.1 ± 140.3‡ 34.6 ± 66.8 154.3 ± 122.1¶ <0.001
Soybean products (g) 15.3 ± 22.5 23.5 ± 29.9‡ 3.5 ± 7.9 19.3 ± 19.0¶ <0.001
Dairy products (g) 97.7 ± 114.5 67.5 ± 117.3‡ 53.1 ± 74.9 175.5 ± 108.4¶ <0.001
Eggs and meat (g) 180.1 ± 76.7 212.5 ± 88.8‡§ 164.1 ± 66.6 132.9 ± 48.2 <0.001
Oils (g) 28.9 ± 6.2 27.9 ± 5.7 30.9 ± 6.2 27.7 ± 6.2 0.04

Dropout rate in 2 weeks 3.4% 5.1% 2.5% 2.6% 0.99
Dropout rate in 6 weeks 11.1% 23.1% 7.5% 2.6% 0.50

*Plus-minus values are means ± SD.
†p values for differences among the three geographic locations were calculated by analysis of variance. When the difference among the regions was
significant (p < 0.05), all pairwise comparisons tested for significance with the use of Turkey’s Studentized range test.

‡The value for the consumption in Beijing is significantly different from the value in Hangzhou (p < 0.05).
§ The value for the consumption in Beijing is significantly different from the value in Lanzhou (p < 0.05).
¶ The value for the consumption in Lanzhou is significantly different from the value in Hangzhou (p < 0.05).
BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure.
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index) were the highest in colostrum, and then
decreased across lactation time (both p for time
<0.001) (Figure 2(a,b)). The overall microbial
community in human milk also differed across
the three time points at both phylum and genus
levels (both PERMANOVA p for time <0.001)
(Figure 2(c,d)). Clustering of colostrum showed

a different bacterial composition in comparison
with transitional and mature milk samples. At
phylum level, Proteobacteria and Firmicutes were
dominant in milk samples throughout the lacta-
tion period (Figure 3(a)). Firmicutes was domi-
nant in the colostrum samples (52.6%), and then
declined to 32.6% in transitional milk samples, and

Figure 2. Human milk microbial α diversity at genus level and overall microbial composition during lactation. Microbial diversity
calculated by Shannon index (a) and richness calculated by Chao index (b) during lactation. PCoA score plots based on Bray–Curtis
distance at phylum (c) and genus (d) levels.

Figure 3. Human milk microbial composition during lactation. (a) at phylum level and (b) at genus level.
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to 31.2% in the mature milk samples (p for time
<0.001). In contrast, the relative abundance of
Proteobacteria increased from 28.6% in colostrum
samples to 52.7% in transitional milk samples, and
then to 58.6% in mature milk samples (p for time
<0.001). At genus level, Staphylococcus,
Streptococcus, Lactobacillus, Acinetobacter, and
Pseudomonas were identified as “predominant
colonizers” with relative abundances being more
than 5% in colostrum samples, and then showed
significantly distinct fluctuation across lactation
time (Figure 3(b)).

Milk microbial diversity and richness, and
maternal factors

Milk microbial diversity and richness across the lac-
tation time were affected by maternal geographic
location (p for interaction <0.001 for diversity and
0.02 for richness). The milk microbial diversity and
richness were significantly different among the three

geographic locations in colostrum and mature milk
samples (Figure 4(a)). Although gestational hyper-
tensive status was not associated with milk microbial
diversity and richness change during lactation time
(p for interaction = 0.63 for diversity and 0.91 for
richness), lower diversity and richness were observed
in milk samples from mothers with gestational pre-
hypertension at each time pointcompared with those
from normotensive mothers (Figure 4(b)). We did
not find any association between maternal age and
milk microbial diversity and richness change over
the lactation period (p for interaction = 0.35 for
diversity and 0.79 for richness). The milk microbial
diversity and richness also did not differ between
samples from mothers aged ≤30 and >30 at each
lactation time point (Figure 4(c)).

Milk microbial community and maternal factors

The association betweenmaternal factors and overall
milk microbial community at genus level through

Figure 4. Influence of maternal prenatal factors on human milk microbial α diversity and overall microbial composition at genus
level during lactation. (a) geographic location, (b) maternal blood pressure, and (c) maternal age on microbial diversity and richness.
(d) geographic location, (e) maternal blood pressure, and (f) maternal age on overall microbial composition at genus level. * p < .05.
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lactation is shown in Figure 4(d–f). The maternal
geographic location was significantly associated with
overall milk microbial community development
across lactation time (PERMANOVA p for interac-
tion <0.001, Figure 4(d)). At each lactation time,
different overall milk microbial communities were
observed in milk samples from the three cities
(PERMANOVA p < .001, = 0.003, and <0.001 at
the first day, 2 weeks, and 6 weeks postpartum,
respectively, Figure S1A-C). The “predominant colo-
nizers” Staphylococcus, Streptococcus, Lactobacillus,
and Acinetobacter development were also influenced
bymaternal geographic location (all p for interaction
<0.05) (Figure 5(a–d)). The major difference of these
“predominant colonizers” among three cities was
observed in mature milk samples.

Given the large differences in maternal diet among
geographic locations, we assessed the possible influ-
ence of maternal dietary intakes on the milk micro-
biota in colostrum samples. We found no statistically
significant association between dietary factors and
human milk microbiota composition at genus level
(Table S1). We also did not find significant correla-
tions between dietary factors and the five “predomi-
nant colonizers” after FDR correction (Table S2).

Although the gestational hypertensive status
was not statistically significantly associated with
the development of breast milk microbial commu-
nity over lactation time (PERMANOVA p for
interaction = 0.09) (Figure 4(e)), separation of
milk microbial communities was observed in
colostrum and transitional milk samples from nor-
motensive mothers and mothers with gestational

prehypertension (PERMANOVA p = .06 for colos-
trum and 0.02 for transitional milk) (Figure S1D
and E). Additionally, we found that the abundance
of Lactobacillus was lower in colostrum (p = .09)
and transitional (p = .004) milk samples from
mothers with gestational prehypertension com-
pared to normotensive mothers (Figure 5(h)).
However, maternal age seemed to have no statis-
tically significant influence on milk microbial
community development nor early “predominant
colonizers” during lactation (Figure 4(f), Figure
S1G-I, and Figure S2).

Discussion

Our longitudinal study provided a new insight into
human milk microbiota development throughout
the lactation period, and emphasized the impor-
tance of maternal geographic location and gesta-
tional hypertensive status on human milk
microbial diversity and community.

Similar to the nutrients and bioactive compo-
nents in breast milk, the human milk microbial
diversity and richness gradually decreased through
lactation.16–18 This trend was also in line with
previous cross-sectional studies indicating that
the milk microbial diversity was higher in colos-
trum samples than that in transitional and mature
milk samples.19,20 Higher milk microbial diversity
and richness observed in colostrum samples might
be due to the fact that colostrum had more diverse
nutrients and bioactive properties, which could

Figure 5. Influence of geographic location and gestational hypertensive status on “predominant colonizers” over lactation at genus
level. Geographic location on Staphylococcus (a), Streptococcus (b), Lactobacillus (c), Acinetobacter (d), and Pseudomonas (e).
Gestational hypertensive status on Staphylococcus (f), Streptococcus (g), Lactobacillus (h), Acinetobacter (i), and Pseudomonas (j).
The p values at the lower or higher left are for the interaction term of time and maternal factor. * p < .05 after FDR correction.
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feed the microbes.21 During lactation, milk micro-
bial diversity and richness were associated with
geographic location and gestational hypertensive
status, with lower level being observed in samples
from mothers with gestational prehypertension
relative to those from normotensive mothers.
Recent evidence has shown that breast milk micro-
biota can directly seed the infant gut microbiota,
the bacterial diversity and composition changes of
which were associated with the proportion of daily
breast milk consumption in a dose-dependent
manner even after the introduction of solid
foods.1 Therefore, breast milk with lower micro-
bial diversity might result in lower gut microbiota
diversity in infants through breastfeeding. Low
infant gut microbial diversity has been reported
to be correlated with the risk of necrotizing enter-
ocolitis in early infancy and asthma risk at 7 y of
age.22,23

At the phylum level, Firmicutes and Proteobacteria
were dominant in the colostrum samples and fol-
lowed by Actinobacteria and Bacteroidetes, consistent
with previous high-throughput studies performed in
Canada and Switzerland.24,25 We further extended
previous findings by more frequent sampling at the
subsequent 2 weeks and 6 weeks postpartum. In par-
ticular, the relative abundance of Proteobacteria
increased over the lactation period and accounted
for 58.6% in mature milk samples. In contrast, the
abundance of Proteobacteria was found in very low
abundance compared with Firmicutes in the stools of
newborn, infants, or healthy adults.26 This might sug-
gest a selective process by which only specific taxa
colonized the neonatal gut. One possible reasonmight
be that some certain bacteria in humanmilk have little
or limited effects on the offspring but are present for
the mothers' health.27 However, it should be noted
that the abundance of Proteobacteria was quite high
in the stools of newborns (16%) when compared with
the healthy adults (4.5%).26 The neonatal gut is fre-
quently colonized by facultative anaerobes, mainly
Proteobacteria species, in the first week of life due to
the oxygen abundance.26,28 It could be speculated that
the high abundance of Proteobacteria in colostrum
might play as the predominant colonizer in shaping
the neonatal gut microbial environment via breast-
feeding in early life. These facultative anaerobes could
help to make the habitat more suitable for successive
colonization of strict anaerobe by consuming oxygen,

altering the pH, and producing carbon dioxide and
nutrients in neonatal gut.26 Further studies are needed
to address how and to what degree human milk
microbiota colonize the neonatal gut and themechan-
ism of the selective colonization process in the future.

At genus level, Staphylococcus was particularly
high in proportion in the colostrum samples that
was likewise consistent with previous studies,25,29

and followed by a sharp decrease thereafter, which
was in a manner similar to what had been reported
in the infant intestine.30 High proportion of
Staphylococcus was found in the intestine of new-
borns, but their number started to decrease after
the first week of life.30 Staphylococcus and
Lactobacillus have been reported to be more abun-
dant in the intestine of breast-fed neonates when
compared with formula-fed ones,30 suggesting that
breast milk feeding appears to be in favor of colo-
nization of the “predominant colonizers” in the
gut of the neonates. In contrast, the abundance
of Streptococcus remained stable during lactation.
These “predominant colonizers” in the human
milk are mostly lactose utilizers that could produce
lactate. Lactate could be fermented by
Lactobacillus, Propionibacteria, and Veillonella to
produce propionate, while the accumulation of
lactate is likely to confer unfavorable effects.31

The “predominant colonizers” in human milk
might play an essential role in the establishment
and development of a balanced trophic chain in
the neonatal gut via breastfeeding.32 The trophic
functions might contribute to a healthy coloniza-
tion in neonatal gut and might further prevent
disorders such as ulcerative colitis resulting from
intestinal lactate accumulation.31,33 A recent study
has shown that the bacteria from mother’s breast
milk and skin were most prominent in their
infants’ gut in the first month of life, nearly
accounting for 38% of the gut bacteria in primarily
breast-fed infants.1 The early “predominant colo-
nizers” in human milk appear to have an ecologi-
cal advantage over those arriving later and might
improve the intestinal microenvironment through
breastfeeding, paving the way for the succesiveco-
lonization of other microorganisms in the neo-
nates’ gut.

The geographic location is known to influence
the infant gut microbiota composition, which is
associated with health status in the later life.34–36
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In the present study, we found that geographic
location also had an impact on milk microbiota
diversity and taxonomic composition. The differ-
ence was present in the colostrum samples and
maintained in 2-week and 6-week milk samples,
indicating that the impact of geographic location
had a long-term effect on milk microbial commu-
nity development. Microbial community found in
our milk samples were different from those in
samples collected in America or European coun-
tries, also suggesting that maternal geographic
location was able to influence the milk microbial
community.19,29 Additionally, long-term maternal
dietary choices and probiotic supplements have
been suggested to influence human milk
microbiota.19,37 One randomized controlled trial
showed maternal dietary supplementation of cer-
tain probiotic bacteria (L. fermentum and
L. salivarius) was able to modify the milk micro-
biota and could be used as an effective alternative
to antibiotics for the treatment of infectious mas-
titis during lactation.37 In our study, although
maternal diet showed significant differences
among the three cities, we did not observe the
association between dietary intake and milk
microbiota. It should be noted that our
1-day 24 h record might not be able to capture
the long-term dietary intake of the mothers and
we only collected dietary intake information before
lactation. Further studies with more detailed diet-
ary intake information, especially during lactation,
are needed to explore whether and to what degree
the maternal diet could influence the human milk
microbiota development.

Gestational hypertensive status was another
maternal prenatal factor that could influence the
milk microbiota in our study. Notably, the milk
microbial diversity and relative abundance of
Lactobacillus were lower in colostrum and transi-
tional milk samples from mothers with gestational
prehypertension compared to those from normo-
tensive mothers. Lactobacillus has been considered
a beneficial population in human milk and has
been regarded as a hallmark of the gut microbiota
in healthy breast-fed infants as well as
Bifidobacteria.31 Infants fed with breast milk
lower in Lactobacillus might establish a gut micro-
bial community lower in Lactobacillus, which was
associated with a higher risk of gastrointestinal

infections.38,39 In contrast, administration of
Lactobacillus strain from human milk to 6-month
infants could lead to reductions of 27%, 46%, and
30% in the risk of upper respiratory tract infec-
tions, gastrointestinal infections, and total number
of infections, respectively.40 Prehypertension is not
simply a transitional stage between normotensive
and hypertensive status in terms of blood pressure
levels but rather a state in which gut dysbiosis has
already occurred.41 Entero-mammary transloca-
tion of the maternal gut microbiota has been pro-
posed to be one of the pathways to explain the
origin of the milk microbiota.42 Considering the
source of bacteria in milk, it therefore can be
speculated that prehypertension that led to the
dysbiosis of the mother’s gut microbiota could
adversely affect the milk microbiota. Milk micro-
biota from mothers with prehypertension during
pregnancy might act as a potentially unfavorable
inoculum for the gut microbiota in infants via
breastfeeding.41,43-45 Given that the bacteria in
human milk are among the first entering the
infant gut, the aberrant milk microbial composi-
tion might result inan abnormal assembly of the
gut microbiome in infant via breastfeeding and
might lead to unfavorable health consequence in
infants’ early and later life.

The main strengths of our study include large
sample size and longitudinally followed-up study
design. In contrast to previous studies, we col-
lected human milk samples from different lactat-
ing stages, allowing us to observe a more complete
picture of changes in milk microbiota during lac-
tation. Nevertheless, several limitations of this
study should be noted. Negative control was not
used to measure potential reagent or collection
contamination.We cannot fully exclude the possi-
ble contribution from skin-associated bacteria and
other contaminants. However, it provides us a
representative picture of the microbiota that
infants ingest during breastfeeding, which might
be more biologically relevant to infant health in
early life. Other limitations include the lack of
information regarding maternal factors such as
probiotic intakes, delivery mode, and breastfeeding
practices. Breastfeeding practices have been
reported to be a determinant of milk microbiota
composition, probably due to the exposure of
breast to the infant oral cavity which could
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retrogradely impact the milk microbiota.15 Finally,
16S rRNA gene sequencing has limited capacity to
guarantee species identity, further metagenomic
studies are required to identify taxa down to spe-
cies and assess the corresponding function.

In summary, our study outlined the human
milk microbiota development over lactation, and
underscored the importance of maternal geo-
graphic location and gestational hypertensive sta-
tus on milk microbiota development which might
have important relevance in the establishment of
the infant gut microbiota via breastfeeding.
Further studies are needed to address how
human milk microbiota influences infant gut
development as well as long-term health.

Subjects and methods

Subjects

Pregnant women with full-term delivery gestation
(from 37 to 42 weeks of gestation) were recruited
from Women’s Hospital, School of Medicine,
Zhejiang University in Hangzhou City (coastal
city in southeast China), the Second People’s
Hospital of Gansu Province in Lanzhou City
(inland city in northwest China), and Chinese
PLA General Hospital (inland city in the northeast
China). Key inclusion criteria included age range
between 20 and 40 years old, body mass index
before pregnancy <24 (cutoff point according to
the Chinese criteria for overweight), no gestational
diabetes, no blood lipid abnormalities before the
20th gestational week, and gestational systolic
blood pressure <130 mm Hg and diastolic blood
pressure <90 mm Hg before the 20th gestational
week. Gestational prehypertension was defined as
normotensive before the 20th gestational week but
prehypertensive (systolic blood pressure ≥130 mm
Hg or diastolic blood pressure ≥80 mm Hg) after
20th gestational week.46 Participants were
excluded if they were multiparous mothers or
suffering from mastitis or took antibiotics or
apparent change in the living environment and
dietary habits during lactation. Dietary intakes
were calculated by a 1-d 24 h dietary record
prior to colostrum samples collection day. All
women had self-selected diets without being
given any dietary recommendations before sample

collection. The study protocol was approved by
the Ethics Committee of the College of
Biosystem Engineering and Food Science,
Zhejiang University, China. Each woman provided
written informed consent.

Human milk collection and measurements

Human milk samples were collected on the
first day (colostrum), 2 weeks (transitional milk),
and 6 weeks (mature milk) postpartum between
10 am and 11 am before the baby feeding on each
collection day. All the breast milk samples were
collected manually wearing sterile gloves, and ali-
quoted into sterile tubes with a volume of 2 ml to
5 ml, and then stored at −20°C. After being trans-
ported to the laboratory all the human milk sam-
ples were then stored at −80°C until analysis.
Gestational blood pressure was measured twice
(separated by 10–15 minutes) after 5 minutes of
rest with the use of OMRON HEM-7112 device
(OMRON Corp., Tokyo, Japan) which records
blood pressure using an oscillometric technique.
Each measurement was obtained on the right arm
of participants in a seated position, using an
appropriate-sized cuff at the level of the heart.
Traditional blood lipid fractions and blood glu-
cose were measured by automatic biochemical
analyzer (Siemens Corp., Erlangen, Germany).

Breast milk microbial DNA extraction, 16S rRNA
gene sequencing, and bioinformatics

Before analysis, the human milk samples were
thawed and centrifuged at 14,000 rpm for
15 mins at 4°C to separate cells and fat from
whey. Thereafter, total DNA was isolated from
the pellets by using the MP FastDNA® Spin Kit
(MP Biomedicals, Solon, OH, USA) according to
manufacturer’s protocols. The final DNA concen-
tration and purification were determined by
NanoDrop 2000 UV-vis spectrophotometer
(Thermo Scientific, Wilmington, USA), and DNA
quality was checked by 1% agarose gel electro-
phoresis. The V3-V4 hypervariable regions of the
bacteria 16S rRNA gene were amplified with bar-
code index primers 338F (5'-
ACTCCTACGGGAGGCAGCAG-3') and 806R
(5'-GGACTACHVGGGTWTCTAAT-3'). The
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purified amplicons were pooled in equimolar con-
centration and further paired-end sequencing was
performed using an Illumina Miseq instrument
(Illumina, San Diego, California, USA) as previous
published paper.47 The raw reads were deposited
into the NCBI Sequence Read Archive database
(Accession Number: PRJNA495111).

Overlapping paired-end reads from the original
DNA fragments were merged using FLASH.48 Reads
were assigned to each sample according to the unique
barcode of each sample and quality-filtered using
QIIME. The operational taxonomic unit was clus-
tered with 97% similarity cutoff using UPARSE
Pipeline, and chimeric sequences were identified and
removed using UCHIME and Silva (SSU123) 16S
rRNA database.49,50 Taxonomic ranks were assigned
to each sequence using Ribosomal Database Project.
In order to calculate α diversity at the genus level, two
metrics were applied with Shannon index and Chao
index to estimate microbial community diversity and
richness, respectively.

Statistical analysis

Linear mixed regression was performed to assess the
changing trends of Shannon index and Chao index
over lactation time. Principal coordinate analysis
(PCoA) based on Bray–Curtis distance and permu-
tational multivariate analysis of variance
(PERMANOVA) were performed to compare the
overall microbiota composition across lactation
time. In the analysis of individual gut microbial
taxon through lactation time, data were arcsine
square root transformed and analyzed by the linear
mixed model.51 When examining the influence of
maternal prenatal factors (including geographic
location, gestational hypertensive status, and mater-
nal age) on the changing trend of α diversity, overall
microbial composition, and individual gut microbial
taxa, we included the maternal factors and its inter-
action term with time in the model. The interaction
term provides a test of the hypothesis that the chan-
ging trend of α diversity, overall microbial composi-
tion, and individual gut microbial taxa over time
does not differ by the maternal factor. At each
lactation time, whether microbial α diversity or
individual genera was influenced by maternal pre-
natal factors was assessed using Mann–Whitney
U test (for hypertensive status and age) or

Kruskal–Wallis test (for maternal geographic loca-
tion), while the influence of maternal prenatal fac-
tors on overall microbial composition was examined
by PERMANOVA. We also assessed the association
between dietary intake and overall microbial com-
position in colostrum using PERMANOVA and
assessed the correlation between dietary intake and
individual genera using Spearman’s rank or
Pearson’s correlation coefficients depending on the
distribution of data. Benjamini-Hochberg’s false dis-
covery rate (FDR) method was used to correct mul-
tiple comparisons for all analyses of individual gut
microbial taxa. All the statistical analyses were per-
formed in R version 3.5. The main R packages used
were ”ape” and ”vegan” for PCoA and
PERMANOVA, and “lmerTest” for linear mixed
regression.
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