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Abstract: Breastfeeding is critical for adequate neonatal microbial and immune system development
affecting neonate health outcomes in the short and long term. There is a great interest in ascertaining
which are the maternal factors contributing to the milk microbiota and the potential relevance for
the developing infant. Thus, our study aimed to characterize the effect of mixed and exclusive
breastfeeding practices on the milk microbiota and to determine the impact of pre-pregnancy body
mass index (BMI) and weight gain over pregnancy on its composition. Breast milk samples from
136 healthy women were collected within the first month post-partum and milk microbiota profiling
was analyzed by 16S rRNA gene sequencing. Information on breastfeeding habits and maternal-infant
clinical data were recorded. Breastfeeding practices (exclusive vs. mixed), maternal pre-gestational
BMI, and weight gain over pregnancy contributed to the milk microbiota variation. Pre-gestational
normal-weight women with exclusive breastfeeding habits harbored a significantly higher abundance
of Bifidobacterium genus, and also, higher alpha-diversity compared to the rest of the women. Our
results confirm the importance of controlling weight during pregnancy and breastfeeding practices
in terms of milk microbiota. Further studies to clarify the potential impact of these maternal factors
on milk and infant development and health will be necessary.
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1. Introduction

Breast milk is the best and the primary food for infants since it covers the infant’s
needs during a critical period of human development and health programming. Beyond
nutritional aspects, it contains a diverse array of biologically active components which
guide the adequate infant’s growth and development [1]. The World Health Organiza-
tion [2] recommends exclusive breastfeeding during the child’s first six months to achieve
optimal development and growth. Apart from several nutrients, human milk provides
numerous types of bioactive compounds which support infant growth [3] and drives the
development of the neonatal microbiota [4] and intestinal maturation [5].

Growing evidence suggests that breast milk microbiota would be influenced by dif-
ferent perinatal factors such as delivery mode, antibiotic treatment, diet, and maternal
psychosocial status [6–9]. However, other studies did not report the effects of some of
these variables on human milk [10–12]. Indeed, recent evidence has shown breastfeeding
practices and milk collection methods would influence breast milk microbiota composi-
tion [9]. Results regarding the potential impact of maternal body mass index (BMI) and
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weight gain over pregnancy on breast milk microbiota are also still contradictory [13–16].
Similarly, while other studies found differences in milk microbiota according to lactation
period [13,17] and feeding method [9], others reported a stable composition over time [18].
Therefore, it would be essential to provide evidence on the possible factors that shape the
composition of breast milk microbiota. Thus, our study aimed to characterize the impact of
the breastfeeding practices together with maternal age, pre-pregnancy BMI, and weight
gain over pregnancy on the breast milk microbiota in a cross-sectional study.

2. Materials and Methods
2.1. Study Design and Mother-Infant Pairs

Healthy mother-infant pairs (n = 136) were included in the study (Supplementary
Material, Figure S1). The participants gave their consent after receiving information, both
oral and written. The participants were enrolled during the MAMI (Maternal Microbes,
Valencia, Spain) birth cohort [19]. The protocol was approved by the Hospital Ethics
Committees (Hospital Clínico Universitario de Valencia, Valencia, Spain). The study was
also registered on the ClinicalTrial.gov platform (NCT03552939).

Clinical and anthropometric parameters including gestational age, maternal age,
delivery mode, intrapartum antibiotic exposition, pre-gestational BMI, weight gain over
pregnancy, and breastfeeding practices (exclusive breastfeeding, EBF, or mixed feeding,
MF, a combination of breast milk and other milk) were collected. Regarding maternal age,
participants were categorized into three age groups as following: <30 years, 30–35 years,
and >35 years, corresponding approximately to the quartiles (Q1 = 32 and Q3 = 37 years).

Mothers were classified according to their pre-gestational BMI [20] as normal weight
(NW) and overweight (OW) according to the WHO criteria [20]: NW (18.5–24.9 kg/m2) and
OW (≥25.0 kg/m2). Additionally, mothers were also classified according to their weight
gain over pregnancy according to their pre-gestational BMI following the recommendations
of the Institute of Medicine [21] in normal weight gain (NWG) and excessive weight gain
(EWG). Briefly, a NWG was considered as follows: 11.5–16.0 kg for NW mothers and
7.0–11.5 kg for OW mothers. Weight gain above the upper values of the recommended
ranges was considered as EWG.

2.2. Breast Milk Samples and DNA Extraction

Breast milk samples were compiled within 30 days post-partum (n = 136). Breast milk
collection was performed following a standardized protocol. Briefly, milk was collected
using a sterile pumper in sterile bottles upon the cleaning of breast skin with 0.5% chlorhex-
idine solution. Milk samples were kept at −20 ◦C until its transport to the laboratory,
where they were stored at −80 ◦C until further analysis.

Total DNA was extracted from 1.5–2.0 mL breast milk using the Master-Pure DNA Ex-
traction Kit (Epicentre, Madison, WI, USA) as previously described [22]. DNA purification
was performed by MagSi-NGS Plus kit (amsbio, Abingdon, UK) and was quantified using
the Qubit 2.0 Fluorometer (Life Technology, Carlsbad, CA, USA). Controls during DNA
extraction and PCR amplification were also included and sequenced.

2.3. Total Bacterial Load by qPCR

Total bacterial load was determined by qPCR amplification as described elsewhere [22].
Primers 789R (5′-GCGTGGACTACCAGGGTATCT) and 515F (5′-GTGCCAGCMGCCG
CGGTAA) were use at annealing temperature of 62 ◦C [23,24]. Each reaction mixture of
10 µL was composed of SYBR® Green PCR Master Mix (Roche), 0.25 µL of each of the
specific primers in a LightCycler® 480 real-Time PCR System (Roche Technologies, Basel,
Switzerland), at a concentration of 10 µM, and 1 µL of template DNA. All amplifications
were performed in duplicates. Standard curves for the targeted bacterial-amplicon were
generated using Ct values and the calculated gene copies numbers were determined based
on the fragment amplification length.



Nutrients 2021, 13, 1518 3 of 15

2.4. S rRNA Amplicon Sequencing and Bioinformatics

Breast milk microbiota composition was assessed by the sequencing of the V3–V4
variable region of the 16S rRNA gene following Illumina protocols as described by García-
Mantrana et al. [25] on a MiSeq-Illumina platform (FISABIO sequencing service, Valencia,
Spain). Briefly, Nextera XT Index Kit (Illumina, CA, USA) was used for the multiplexing
step and libraries were sequenced using a 2 × 300 pb paired-end run (MiSeq Reagent
kit v3).

Trimmomatic software [26] was used to search and remove the residual adaptors, and
DADA2 pipeline v.1.16 [27] was performed for quality filtering, sequence joining, and
chimera removal. Taxonomic assignment was achieved using the Silva v132 database [28]
including the species-level classification. Additional filters were performed included those
samples with less than 1000 reads and those amplicon sequence variants (ASV) with a
relative abundance of less than 0.01% and those present in less than three times in at least
20% of the samples. Besides this, the decontam package [29] in the RStudio environment
was used to identify possible contaminants and those were removed from the final analysis
(n = 48 ASV). Sequence data have been deposited in the National Center for Biotechnology
Information (NCBI) under the project accession number BioProject ID PRJNA614975.

2.5. Statistical Analysis

The following software was used for analysis: Calypso online platform (V8.84) [30],
SPSS V.27 [31] (IBM Corp. Released 2020; IBM SPSS Statistics for Windows, Version
27.0. Armonk, NY: IBM Corp); and Graphpad Prism v. 5.04 (GraphPad Software, San
Diego, CA, USA, www.graphpad.com accessed on 1 April 2021). Redundancy analysis
(RDA) was applied to study the statistical effect of breastfeeding practices on breast milk
microbiota. The differences between the groups were visualized by the discriminant of
principal components analysis (DAPC) at the amplicon sequence variant (ASV) level and
the Adonis test was achieved based on the Bray-Curtis distance.

T-test and Mann-Whitney analysis were used depending on data normality assessed
by Kolmogorov-Smirnov and Shapiro-Wilk test (Graphpad Prism V5.04). Spearman corre-
lations between relative abundances of bacterial and maternal age were using RStudio [32].
Multivariable Poisson regression models adjusted by covariables were run in SPSS v.27
to assess differential abundance at the genus levels (dependent variable), variable that
consists of count data, according to pre-gestational BMI, weight gain, and breastfeeding
practices (independent variable). The covariables that were used to adjust each model are
specified in the description of their results.

3. Results
3.1. Subjects and Clinical Data

Maternal-infant characteristics are shown in Table 1. The average maternal age was
34.44 years. The median maternal pre-gestational BMI and weight gain over pregnancy
were 22.84 kg/m2 and 12.0 kg, respectively. In the study cohort, 62.5% of deliveries were
vaginal and 81.6% of the mothers followed the EBF practices during the first month of life.

We found significant differences in the total breastfeeding duration being significantly
(p < 0.001) shorter in women with MF at 1 month (9.41 months vs. 3.76 months of duration,
EBF and MF, respectively). In our cohort, 81.6% followed the EBF practices during the first
month of life.

www.graphpad.com
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Table 1. Characteristics of volunteers included in the analysis (n = 136).

All
Exclusive

Breastfeeding
(n = 111)

Mixed Feeding
(n = 25) p

Maternal characteristics

Maternal age (years) 34.44 ± 3.79 34.39 ± 3.84 34.68 ± 3.61 0.728
Gestational age (weeks) 40 (39,40) 40 (39–41) 39 (39,40) 0.005

Pre-gestational BMI (Kg/m2) * 22.84 (21.01–25.39) 22.62 (20.96–25.42) 23.01 (21.29–25.60) 0.386
Normal weight (NW) 97 (71.3) 79 (71.2) 18 (72.0)

0.985Over weight (OW) 38 (27.9) 31 (27.9) 7 (28.0)
Weight gain (kg) over pregnancy ‡ 12 (9.5–15) 12 (10–15) 10 (7.8–14) 0.874

Low weight gain (LWG) 43 (31.6) 35 (31.5) 8 (32.0)
0.876Normal weight gain (NWG) 60 (44.1) 48 (43.2) 12 (48.0)

Excessive weight gain (EWG) 32 (23.5) 27 (24.3) 5 (20.0)
Intrapartum antibiotic exposure (%) 54 (39.7) 46 (41.4) 8 (32.0) 0.383

Antibiotic during pregnancy (%) 42 (30.9) 34 (30.6) 8 (32.0) 0.915
Antibiotic treatment during 1 month (%) 11 (8.1) 8 (7.2) 3 (12.0) 0.435

Infant characteristics

Gender: Female (%) 76 (55.9) 59 (53.2) 17 (68.0) 0.177
Birth mode: vaginal birth (%) 85 (62.5) 68 (61.3) 17 (68.0) 0.530

Height at birth (cm) 49.86 ± 2.10 50.12 ± 2.07 48.74 ± 1.89 0.003
Weight at birth (g) 3.32 ± 0.44 3.36 ± 0.42 3.12 ± 0.49 0.013

Antibiotic treatment 1 month (%) 8 (5.9) 7 (6.3) 1 (4.0) 0.658
Total breastfeeding duration (months) 8.37 ± 3.92 9.41 ± 3.24 3.76± 3.32 <0.001

Categorical data results are shown as the number of cases (percentage %). Normally distributed data are shown as mean ± SD and
non-normal data as median (interquartile range = IQR). Normal weight (NW), overweight (OW), according to their pre-gestational BMI [21].
Normal weight gain (NWG), excessive weight gain (EWG) according to the categories from the Institute of Medicine [22]. * One mother
without BMI information (n = 1) was not included. ‡ Low weight gain (LWG) data were not used in the analysis.

3.2. Factors Affecting Breast Milk Microbiota

In general, the breast milk microbial communities were characterized by the domi-
nance of Firmicutes (66.3%) and Proteobacteria (28.8%) phyla, followed by Actinobacteria
(3.7%) and Bacteroidetes (1.18%) (Figure 1A). At the genus level, the taxa with higher
relative abundance were Streptococcus (29.2%) and Staphylococcus (27.8%), followed by
Ralstonia (10.1%) and Acinetobacter (9.6%) (Figure 1B).

A permutational multivariate analysis of variance Adonis, with Bray-Curtis distance
metric, showed the main contributors to the breast milk microbiota variation (Figure 1C).
Breastfeeding practices (p = 0.034) significantly affected the breast milk microbiota.

3.3. Breast Milk Microbiota Was Shaped by Breastfeeding Practices

Breast milk microbiota was significantly different according to breastfeeding practices
(Adonis test R2 = 0.0174, and p < 0.01) at the ASV level. Indeed, breast milk microbiota was
significantly different between those mothers that had or not an EBF in the multivariate
analysis (RDA) (variance = 1.04, F = 1.73, p = 0.009, Figure 2A). Furthermore, distinct
bacterial profiles at genus levels were observed in EBF and MF mothers (Figure 2B). At the
genus level, EBF mothers a higher relative abundance of Bifidobacterium (p = 0.05), Ralstonia
(p = 0.05) and Pseudomonas (p < 0.001) compared with MF mothers, was observed.

Regarding alpha-diversity, significantly higher bacterial richness (measured by Chao1
index) (p < 0.001) and diversity (measured by Shannon index) (p < 0.001) were observed in
milk from EBF mothers compared to those observed in MF (Figure 2C,D).

In the Poisson regression models based on breastfeeding practices (EBF or MF) ad-
justed by covariates, including mode of delivery and antibiotic treatment for one month
and pre-gestational BMI, breastfeeding practices were found to be consistently associated
with some genera relative abundance (Table 2). EBF mothers had a higher prevalence of
Bifidobacterium (9.52 (3.03–29.92)) and Lactobacillus (6.43 (3.42–12.10)) and lower incidence
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of Staphylococcus (0.69 (0.64–0.74)), and Escherichia/Shigella (0.42 (0.31–0.58)) in milk com-
pared to MF mothers (Table 2). EBF mothers displayed a greater incidence of Ralstonia
(incidence rate ratio (IRR): 3.72 (95% CI: 2.94–4.72)) in their milk compared to MF mothers
(Table 2). Furthermore, the total bacterial counts in milk samples obtained by qPCR were
not significantly different between the breastfeeding practices (EBF: 5.64 (4.77–6.17) vs. MF:
5.70 (4.94–6.34) Log10 bacterial gene copies/mL), p = 0.440).
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breastfeeding, MF: Mixed Feeding at one month.

Table 2. Poisson regression model for top 10 genera relative abundance based on breastfeeding
practices one month.

Breastfeeding Practices One Month

Genus Rel.abund (%) IRR 95% CI p

Streptococcus 29.19 EBF vs. MF 0.92 0.85–1.00 0.033
Staphylococcus 27.78 EBF vs. MF 0.69 0.64–0.74 <0.001

Ralstonia 10.11 EBF vs. MF 3.72 2.94–4.72 <0.001
Acinetobacter 9.64 EBF vs. MF 1.26 1.08–1.47 0.003

Gemella 4.20 EBF vs. MF 0.95 0.76–1.20 0.678
Pseudomonas 2.69 EBF vs. MF 9.60 4.53–20.28 <0.001
Lactobacillus 2.57 EBF vs. MF 6.43 3.42-12.10 <0.001

Escherichia/Shigella 1.40 EBF vs. MF 0.42 0.31–0.58 <0.001
Bifidobacterium 1.25 EBF vs. MF 9.52 3.03–29.92 <0.001

Stenotrophomonas 1.23 EBF vs. MF 1.33 0.77–2.28 0.303

Poisson regression models were run for the top 10 genera based on breastfeeding practices, adjusted for the mode
of birth and antibiotic treatment at one month and pre-gestational BMI. p < 0.05 was considered statistically
significant. Incidence rate ratio (IRR). Confidence interval (CI). Exclusive breastfeeding (EBF) and mixed feeding
(MF) at one month.

3.4. Impact of Breastfeeding Practices on Breast Milk Microbiota Composition Was Modulated by
Pre-Gestational BMI and Weight Gain over Pregnancy

We tested the impact of pre-gestational BMI and weight gain over pregnancy in the
whole population. We observed that breast milk microbiota profile and also, alpha-diversity
were influenced by pre-gestational BMI and weight gain. However, a higher relative
abundance of Bifidobacterium (p = 0.029) genus was observed in NW mothers compared to
OW mothers (Figure 3A). Regarding, the total bacterial counts in milk samples obtained by
qPCR showed differences between NW mothers and OW mothers (NW: 6.70 (5.77–7.17) vs.
OW: 6.94 (6.42–7.44) log10 bacterial gene copies/mL), p = 0.031).

In the Poisson regression models, maternal pre-gestational BMI was found to be con-
sistently associated with the relative abundances of some specific genera NW mothers har-
bored a greater incidence of Streptococcus (incidence rate ratio (IRR): 1.21 (95% CI: 1.12–1.30))
in their milk compared to OW mothers (Supplementary Material, Table S1). However, NW
mothers had a higher prevalence of Bifidobacterium (4.67 (2.53–8.64)) and Ralstonia (1.16
(1.03–1.32)) and a lower incidence of Staphylococcus (0.89 (0.83–0.96)) in milk compared to
OW mothers (Supplementary Material, Table S1).
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Figure 3. Breast milk microbiota was affected by breastfeeding practices depending on pre-gestational BMI and weight
gain. (A) The relative abundance of bacteria present in breast milk at genus level according to pre-gestational BMI
(B) Discriminant analysis of principal components (DAPC) of the breast milk microbiota according to the breastfeeding
practices and pre-gestational BMI classification, and (C) the relative abundance of bacteria present in breast milk at genus
level according to breastfeeding practices was modulated by pre-gestational and weight gain over pregnancy. Normal
weight (NW), Overweight (OW). Excessive weight gain (EWG) and normal weight gain (NWG) according to pre-gestational
BMI. Exclusive breastfeeding (EBF) and mixed feeding (MF) (breast milk and formula feeding).

Due to the impact of breastfeeding practices on breast milk microbiota, we explored
the possible potential effect of pre-gestational BMI and weight gain over the pregnancy
in the milk microbiota (Supplementary Material, Table S2). Pre-gestational BMI and
weight gain over pregnancy influenced the breast milk microbiota in a breastfeeding type-
dependent manner. Pre-gestational BMI significantly impacted the breast milk microbiota
composition in women with EBF practices (Adonis Bray–Curtis R2 = 0.0254, p = 0.05)
while this observation was not reported in MF women (Adonis, Bray–Curtis R2 = 0.0537,
p = 0.82). Furthermore, significant differences were observed in the whole microbial
community between breastfeeding practices (EBF vs. MF) in NW mothers (RDA test
variance = 1.47, p = 0.018; and Adonis, Bray–Curtis R2 = 0.022, p = 0.029), whereas no
differences were detected in OW mothers (RDA test variance = 1.56, p = 0.928; Adonis,
Bray–Curtis R2 = 0.0183, p = 0.78) (Supplementary Material, Figure S2). Discriminant
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analysis of principal components (DAPC) showed a distinct cluster of NW mothers with
EBF compared to the other women (Figure 3B). Indeed, distinct bacterial profiles at the
genus level by pre-gestational BMI and breastfeeding practices were observed (Figure
3C and Supplementary Material, Table S3). Higher relative abundance of Bifidobacterium
(p = 0.033) genus were found in EBF_NW mothers compared to the other groups and
significantly lower abundances of Pseudomonas (p < 0.01) was observed in MF_OW mothers
compared to the other groups.

Regarding the effect of weight gain on breast milk microbiota, distinct bacterial pro-
files at the genus level according to weight gain over pregnancy and breastfeeding practices
were observed (Figure 3C and Supplementary Material, Table S3). Significant differences
were observed in the whole microbial community between breastfeeding practices only
in NWG mothers (RDA test variance = 1.3, p = 0.014; and Adonis Bray–Curtis R2 = 0.015,
p = 0.111), whereas no differences were detected in EWG mothers according to breastfeed-
ing practices (RDA test variance = 1.43, p = 0.087; Adonis Bray–Curtis R2 = 0.0189, p = 0.109)
(Supplementary Material, Figure S2). Higher Staphylococcus (p = 0.049) genus and lower
relative abundances of Pseudomonas (p = 0.019) genus were found in MF_NWG mothers
compared to the other groups (Figure 3C and Supplementary Material, Table S3).

In the Poisson regression modeling, NWG mothers displayed a greater incidence
of Streptococcus in their milk compared to EWG mothers (incidence rate ratio (IRR): 1.38
(95% CI: 1.27–1.51)) (Supplementary Material, Table S1). Contrary, mothers classified as
NWG showed a higher incidence of Bifidobacterium (3.20 (1.71–5.98)) and lower incidence
of Ralstonia genus(0.53 (0.46–0.61)) in breast milk samples as the incidences observed in
the EWG mothers which showed a higher relative abundance of Escherichia/Shigella genus
(0.19 (0.14–0.26)) (Supplementary Material, Table S3). Further, the total bacterial counts
displayed no statistically significant differences between NWG and EWG (NWG: 6.79
(5.80–7.25) vs. EWG: 6.69 (5.89–7.34) log10 bacterial gene copies/mL), p = 0.926).

An association between the diversity and richness of breast milk microbiota and breast-
feeding practices modulated by pre-gestational BMI and weight gain over pregnancy was
found. Higher microbial diversity and richness were observed in women from EBF and NW
mothers compared to the other groups (Figure 4A,B). Regarding the effect of these variables
in microbial diversity and richness on weight gain over pregnancy breastfeeding practice
and weight gain over pregnancy (Figure 4C,D), higher microbial diversity and richness
were observed in women from MF and NWG mothers compared to the other groups.

A relationship between the diversity and richness of breast milk microbiota, pre-
gestational BMI, and weight gain over the pregnancy is presented (Supplementary Material,
Figure S3). Significant higher bacterial richness (p < 0.001) and diversity (p < 0.001) were
observed in NW compared to OW mothers (Supplementary Material, Figure S3). Further,
significantly lower bacterial diversity (p = 0.026) was observed in NWG mothers to EWG
mothers, but this difference was not statistically significant in the case of bacterial richness
(Supplementary Material, Figure S3). Besides this, lower microbial diversity measured
by Shannon index was associated to higher pre-gestational (ρ = −0.05, p = 0.582) and
lower weight gain over pregnancy (ρ = 0.05, p = 0.540), and also, lower microbial richness
was associated to higher pre-gestational BMI (ρ = −0.03, p = 0.753) and weight gain over
pregnancy (ρ = −0.01, p = 0.918).
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Figure 4. Alpha-diversity on the breast milk microbiota is associated with breastfeeding practices modulated by pre-
gestational BMI and weight gain over pregnancy. Alpha diversity indexes: Diversity (Shannon index) and richness (Chao1
index) indexes at ASV of breast milk microbiota according to (A,B) pre-gestational BMI and (C,D) weight gain over
pregnancy. Richness and diversity values were adjusted for the total bacterial load. Whiskers represented 5–95 percentile
intervals. *** p < 0.001. NW: Normal weight, OW: Overweight, EWG: Excessive weight gain, NWG: Normal weight gain.

4. Discussion

Breastfeeding practices, EBF vs. MF, have a key impact on the composition and
diversity of the breast milk microbiota. Likewise, we found that pre-gestational BMI and
weight gain over pregnancy are related to the composition and, especially, the diversity of
breast milk microbiota. Our results confirm the importance of breastfeeding practices and
also, maternal factors that would shape the milk microbial composition.

Breastfeeding, maternal diet, pre-gestational BMI, weight gain over pregnancy, mater-
nal age, genetics, and geographical location have been reported to influence breast milk
microbial composition [8,9,15,17]. We have previously reported the impact of maternal diet
on breast milk microbiota [8] in the same population being the fiber, and that both plant
and animal proteins are the most important contributors.

Nevertheless, the impact of these factors and others, such as breastfeeding type, pollu-
tion exposure, maternal age, parity, and others, on breast milk microbial communities is still
unclear. EBF during the first months of life is important for the growth and development
of the child [33]. Breastfeeding provides prebiotics such as human milk oligosaccharides,
to support the developing infant gut microbiota [34]. As a component of breast milk, the
microbiota associated with mothers’ milk contributes to the initial intestinal microbiota
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colonization of infants, having also a pivotal role in modulating the newborn’s immune
system maturation [35]. Also, EBF contributes to protection against common infections
during infancy [36]. Besides this, EBF was found to partially restore gut microbiota in
cesarean-delivered infants [37]. We noted similar results between our findings concerning
breastfeeding practices in terms of milk microbial composition and previous reports on
the development of the gut microbiota and oral microbiota [38–40]. Among them, the
increased relative abundance of Bifidobacteriaceae and Enterobacteriaceae in infants who
were EBF [39], though, lower gut microbial diversity was observed in infants who were
EBF [38,39]. Regarding infant oral microbiota it was reported to differ between EBF and
formula-fed three-month-old infants, with Lactobacilli being cultured from exclusively and
partially breastfed infants, but not from formula-fed infants [41]. It has been shown that
breastfed neonates had higher microbial diversity than those infant fed with formula at
four months of life and the impact is maintained during the first years of life [42–44], and
also, different trajectories were found between breastfed and partially breastfed on oral
microbiota up to seven years of life [43]. However other studies did not report differences
in oral microbiota between breastfed and formula-fed infants [45].

The differences in breast milk microbiota composition and diversity according to
breastfeeding practices would be partially explained by the impact of the infant oral
microbiota which is influenced by mixed/exclusive breastfeeding practices as described
previously [41,46]. Other potential factors would also include the impact of method of milk
extraction (pumping vs. direct breastfeeding), and breastfeeding mode (direct vs. some
indirect) on breast milk microbiota is relevant for microbial communities [9]. Data showed
differences in composition towards an increase in the presence of potential pathogens on
pumped milk compared to breast milk, as well as lower richness associated with indirect
vs. direct breastfeeding. Moreover, shifts in maternal skin-areola microbiota due to less
infant contact, and also, the potential maternal hormonal or physiological factors due to
the reduction of exclusive feeds within a day, maternal stress among others would also
influence the microbial communities in milk. We could not also exclude the impact of
other environmental factors, such as pollution, siblings, and pets at home, that would
influence both microbiota, mothers, and their infants, that would also contribute to the milk
microbiota shifts. Indeed, our data showed that EBF practices at one month shaped breast
milk microbiota composition and diversity. Higher microbial richness and diversity were
observed in EBF [9,46]. Furthermore, as it was found in our study, mothers who fed their
infants exclusively with human milk had an increased incidence of Acinetobacter in their
milk [46]. Interestingly, we found a higher prevalence of Bifidobacterium and Lactobacillus
genera in breast milk samples from mothers that followed an EBF compared to those
following an MF. These genera are considered as typical components of gut microbiota
from healthy, breastfed infants [35,47], and differences in their relative abundance could
have important implications for infant immune development and the establishment of the
newborn microbiota [47]. Regarding the possible health consequences of these observations,
studies with infants that have had a long EBF showed better health outcomes, including the
reduction of diarrhea-related gut microbiota dysbiosis as well as long-lasting gut microbiota
differences compared to formula-fed infants [48].

Regarding maternal nutritional status, in our study, pre-gestational BMI was asso-
ciated with the relative abundance of some genera as well as with microbial diversity
and richness. Previous studies have reported associations between pre-gestational BMI
and breast milk microbial composition [49]. In accordance with our results, breast milk
from obese mothers has been reported to harbor a less diverse bacterial community com-
pared to that found in NW mothers [13]. Other studies identified a higher incidence of
members from Bacteroidetes phylum and lower incidence of members of Proteobacteria,
a pro-inflammatory phylum, in breast milk at three months post-partum in obese moth-
ers compared to those incidences observed in OW mothers [49]. Furthermore, a higher
relative abundance of Staphylococcus genus has been observed in breast milk microbiota
from women who exhibited an obese pre-pregnancy BMI [49]. In this sense, we found that
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the Staphylococcus genus was also associated with OW mothers while Bifidobacterium was
associated with NW mothers compared to OW. Similarly, another study reported lower
Bifidobacterium relative abundance on the gut microbiota of OW mothers even though they
reported increased levels of Staphylococcus, and Escherichia coli in OW women compared
to those NW women [50]. In our results, the qPCR median values of breast milk at 30
days were around 105–106 bacterial gene copies per mL in agreement with other studies
performed using culture-independent techniques [22]. However, other studies based on
traditional culture methodology reported lower bacterial densities of 103–104 per mL of
breast milk [51]. These observations would be related to the potential presence of free DNA
or inactive bacterial cells in milk. Indeed, our results showed significant differences in the
total bacterial load according to pre-gestational BMI, corroborating the conception that
weight changes shape the breast milk microbiota composition and diversity. In agreement
with our results, Cabrera-Rubio et al. described differences in the proportion of specific
taxonomic groups according to pre-gestational BMI [13]. Our findings clearly suggest that
milk from NW mothers was associated with a higher relative abundance of Streptococcus
and Bifidobacterium genera. Similarly, previous studies have been reported that OW mothers
had lower levels of Bifidobacterium in their milk microbiota [52]. However, while some
studies have reported results in agreement with our findings, others, observed no influence
of pre-gestational BMI on the breast milk microbiota composition and diversity [9]. In this
sense, Li et al. found no differences according to BMI in the most predominant bacterial
families in the breast milk microbiota from East Asian women [53]. Besides this, our results
also suggest that mothers who had an NWG mother displayed a greater incidence of
Streptococcus and Bifidobacterium in their milk compared to EWG mothers. Colonization
with the Bifidobacterium genus has been associated with several positive health outcomes
in observational studies [54] and it has been highlighted as one of the most important
genera for infant microbiota during the first months of life [55]. EWG has been related
to an increased risk of high birth weight babies, large for gestational age, development
of hypertension, preeclampsia, and emergency cesarean deliveries in both NW and OW
women [56]. Despite its relationship with health outcomes, its possible effect on breast
milk microbiota has been underexplored and the available data is still scarce. Besides this,
our results showed that weight gain during pregnancy have an impact on the relative
abundance of some genera as well as on microbial diversity. Breast milk samples from
NWG mothers showed a lower diversity than those from EWG mothers.

Considering the impact of breastfeeding practices on milk microbiota depending on
pre-gestational maternal BMI and weight gain over pregnancy, we found an increase in
the abundance of Bifidobacterium genus in the breast milk of mothers from the EBF_NW
group. Indeed, we found that mothers with EBF and NW were characterized by higher
diversity and richness. These data are in agreement with previous studies [57]. Other
studies reported that pre-gestational BMI maternal and gestational weight gain were each
independently associated with the duration of breastfeeding [58]. These results suggested
that the possible interaction between breastfeeding practices and pre-gestational BMI has
an effect on breast milk microbiota.

In our study, maternal age was associated with the relative abundance of some genera
human milk microbiota. We found a negative correlation between Staphylococcus genera
and maternal age in mothers from the <30 group and 30–35 years group. However, a
positive correlation between maternal age and Streptococcus genus was observed in older
mothers (>35 years) (Supplementary Figure S4). A significant difference in diversity was
observed based on the maternal age group, with older mothers (ages 30–35) having a
higher Shannon diversity index (p < 0.001) in their breast milk microbiota compared to
those from younger mothers (Supplementary Figure S4). However, these results need
to be carefully considered since most of the volunteers in our study were in the range
of 30–40 years (85%). Thus, the characteristics of the analyzed cohort, make this is not
suitable for the assessment of the effect of maternal age on breast milk microbiota. Indeed,
the impact of maternal age was lost when the mothers were grouped according to their
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age. However, our results based on the small number of mothers with the lowest and
highest ages suggest that substantial physiological changes associated with aging could
impact the breast milk microbiota. In accordance with our results, another study observed
that maternal age influenced the diversity of breast milk bacterial profiles, showing that
mothers with ages ≥35 years had a higher Shannon diversity index [59]. Nevertheless,
another study showed that maternal age was not associated with bacterial breast milk [9],
though, Padilha et al. demonstrated that manipulating the human milk microbiota through
prebiotics is possible and that maternal age can affect this response [60]. Our results
and others suggest a possible role of maternal age on breast milk microbiota and thus,
further studies performed in cohorts with higher ranges of ages would be needed to clarify
this effect. Thus, perinatal factors that affect its presence and abundance in breast milk
microbiota could also indirectly impact the infant’s development through the breastfeeding
process. Therefore, further research is needed to clarify the impact of these maternal factors
on the breast milk microbiota.

This study has some limitations, including the limited sample size which reduces the
possibility of detecting other significant associations as well as the lack of obese mothers.
Our study is a part of an observational birth cohort and we identified that 27.9% of our
population was overweight. In general, the maternal pre-gestational BMI was normal
weight, thus further studies aimed to analyze the impact of breastfeeding practices and
microbiota according to different BMI and weight gain are needed. Furthermore, we
also evaluated these relationships in the first postpartum month period, and the results
obtained need to be studied at other time points as well as during lactation. However,
even if associations could be modified over lactation, these relations would be established
in an extremely important period of infant maturation and therefore, they may impact
the child’s development with long-lasting consequences. Moreover, most of the studies
focused on breast milk microbiota have relied on small cohorts and thus their findings
require replication in larger studies. Our study reported data from 136 women but lon-
gitudinal data, as well as a bigger cohort, are needed in parallel to the identification of
the potential impact on infant development and health outcomes. Further, differences in
sample handling protocols, collection procedures and processing data pipelines could also
be the source of variability and act as confounding factors.

Despite all those potential limitations, our results shed light on the effect of some
maternal factors on the composition and diversity of the breast milk microbiota, mainly the
effect of breastfeeding practices, as limited evidence is available. Despite the importance of
breastfeeding for infant growth, factors that modulate the microbial composition of breast
milk have been underexplored. Therefore, efforts should be taken to ascertain the exact
mechanisms by which maternal health and related factors could influence the breast milk
microbiota to open the door to the design of strategies that target the modulation of breast
milk microbiota composition and diversity with consequences in infant health, and in this
way verify if the difference in the composition of the microbiota of breast milk has clinical
relevance.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nu13051518/s1, Figure S1: Flow diagram of study participants. * Low weight gain (LWG)
data were not used in the analysis, Figure S2: Impact of pre-gestational BMI and weight gain over
pregnancy on breast milk microbiota according to breastfeeding practices, Figure S3: Microbial
richness and diversity is associated by pre-gestational BMI and weight gain influence. Diversity
(Shannon index) and richness (Chao1 index) of breast milk microbiota according to pre-gestational
BMI and weight gain categories, Figure S4: Impact of maternal age on breast milk microbiota, Table
S1: Poisson regression model for top 10 genera relative abundance based on pre-gestational BMI and
weight gain over pregnancy, Table S2: Characteristics of population participant based pre-gestational
BMI (n = 135), Table S3: Comparison of breast milk microbiota composition at top 10 genera, by
breastfeeding practices and pre-gestational BMI and Weight gain.
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