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Maternal Diet Is Associated with Human Milk
Oligosaccharide Profile

Marta Selma-Royo, Sonia González, Miguel Gueimonde, Melinda Chang, Annalee Fürst,
Cecilia Martínez-Costa, Lars Bode, and Maria Carmen Collado*

Scope: Human milk oligosaccharides (HMOs) are complex glycans that are
abundant in human milk. The potential impact of a maternal diet on individual
HMOs and the association with secretor status is unknown. Thus, this study
is aimed to examine the association between maternal diet and HMO profiles.
Methods and results: This is a cross-sectional study of the MAMI cohort with
101 human milk samples from healthy mothers. HMO profiling is assessed
by quantitative HPLC. Maternal dietary information is recorded through an
FFQ, and perinatal factors including the mode of delivery, antibiotic exposure,
and breastfeeding practices, are collected. A more significant effect of diet on
HMO profiles is observed in secretor mothers than in non-secretor mothers.
(Poly)phenols and fibers, both soluble and insoluble, and several insoluble
polysaccharides, pectin, and MUFA are associated with the secretor HMO
profiles.
Conclusions: Maternal diet is associated with the composition and diversity
of HMO in a secretor status-dependent manner. The relationship between
maternal diet and bioactive compounds, including HMOs, which are present
in human milk, needs further research due its potential impact on infant
development and health outcomes.
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1. Introduction

Human milk is the optimal nutrition
for infants during early life[1,2] and it
contains macro- and micronutrients and
also, several bioactive components, such
as soluble immune factors, peptides,
fatty acids, hormones, and stem cells.[3,4]

These components, together with milk
microbiota work synergistically to pro-
mote infant development through by im-
pacting thematuration of the gut and im-
mune system.[5–7]

Breastfeeding has been associated
with a lower prevalence of several
diseases, including necrotizing entero-
colitis, obesity, and allergies,[8–10] than
formula feeding, although a large vari-
ability among studies exists. Breastmilk
microbiota and human milk oligosac-
charides (HMOs)[11] have been identified
as potential players in the mechanisms
behind these observations through the
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interaction with the immune system during the neonatal
period.[5,12] HMOs are complex glycans present in high concen-
trations in human milk representing the third largest solid com-
ponent in human milk (5–15 g L−1) after lactose and milk.[13]

More than a hundred of structures have been identified[13,14] and
some maternal factors, such as genetics[15,16] and the stage of
lactation,[17] determine HMO concentration and patterns.[18–21]

However, the effect of other factors has been underexplored and
to the best of our knowledge, only a few studies based on di-
etary interventions have explored the effect of maternal diets[11]

and probiotics supplementation[22] on the HMO patterns. No
information is available on the relationship between the HMO
composition and maternal diet in observational studies. Previ-
ous data have reported an association between maternal diet and
the breast milk microbial communities[23] as well as with, both
maternal[24] and infant gut microbiota,[25] with potential impact
on health outcomes related to growth trajectories. However, the
mechanisms that drive this effect have still not been studied.
HMOs and breast milkmicrobiota have a close relationship since
they aid the growth of several beneficial bacteria that could used
them to produce bioactive compounds, such as short-chain fatty
acids (SCFAs). The linkage of diets and HMOs is therefore key
to understand how maternal diet could affect neonatal microbial
colonization and thus, infant and adult health.
The aim of this study was to analyze the relationship between

maternal diet and HMO profile in mature breast milk. The ex-
ploration of the relationship between maternal diet and HMO
patterns could provide valuable knowledge for the development
of future strategies targeting the milk composition.

2. Results

2.1. Clinical and Nutritional Profiles and Secretor Status

In this cross-sectional study, the maternal secretor status phe-
notype was determined based on the presence or near absence
(<100 nmol mL−1) of 2’FL and LNFP-1 as secretors (n = 76/101,
75%) and nonsecretors (n = 25/101, 25%), respectively. These is
in line with the evidence showing that the prevalence of non-
secretor status in a Caucasian population is approximately 20–
30%.[15,26] All the gestationswere at term (39–40weeks). The vagi-
nal birth rate was 63.4%, and the exclusive breastfeeding rate up
to 1 month after birth was 85% across the population. No signifi-
cant differences were identified among maternal clinical charac-
teristics according to secretor status phenotype (Table 1) neither
in macronutrients, dietary fiber nor (poly)phenol intakes.

2.2. HMO Profile Is Determined by Maternal Secretor Status
Phenotype

As expected, HMO concentrations were dependent on maternal
secretor status (Figure 1, Figure S1, Table S1, Supporting Infor-
mation). The PCoA showed the distribution of themothers based
on their HMO profiles according to their secretor status (Fig-
ure 1A), indicating the variance in the HMO content related to
secretor status. Higher total HMO concentrations (p < 0.001)

and higher HMO-bound fucose (p < 0.001) were observed in
the milk of secretor mothers compared to nonsecretors mothers
(Figure 1B). Specifically, secretor mothers showed a higher pres-
ence of 2′FL (p < 0.001), DFL (p < 0.001), LNFP I (p < 0.001),
LNFP II (p < 0.001), LNFP III (p < 0.001), LSTc (p < 0.001),
DFLNT (p < 0.001), DFLNH (p < 0.001) as well some sialylated
HMOs including 3′SL (p = 0.010), 6′SL (p < 0.001), and FD-
SLNH (p < 0.001) (Figure 1C, Table S1, Supporting Informa-
tion). Nonsecretor mothers displayed higher concentrations of
3′FL (p < 0.001). No differences in the amount of HMO-bound
sialic acid were found between secretor and nonsecretor moth-
ers. HMO profiles of secretor mothers showed a higher diversity
(p < 0.001) and evenness (p < 0.001) than those found in nonse-
cretor samples (Figure 1D).

2.3. Maternal Nutrient Intakes and HMO Profiles Associations
Are Dependent on Secretor Status

A negative association was found between the total amount
of secretor HMOs and both, diversity (rho = −0.523,
p ≤ 0.001) and evenness (rho = −0.511, p < 0.001) indexes.
Specific HMOs in the milk of secretor women were associated
with specific nutrient patterns, especially insoluble and soluble
fiber, fructose, galactose, hemicellulose, and (poly)phenols,
among others (Figure 2A). A higher concentration of total HMO
was associated with lower maternal intakes of insoluble fiber,
cellulose, hemicellulose, and (poly)phenols. These components
were positively associated with some minor HMOs such as
FLNH and FDSLNH, among others (Figure 2). Polyphenols
were positive correlated to DFLNH (rho = 0.34, p = 0.003) and
FLNH (rho = 0.28, p = 0.016), FDSLNH (rho = 0.25, p = 0.034)
and DSLNH (rho = 0.24, p = 0.040). In addition, higher in-
takes of fructose and galactose were associated with higher 2′FL
(rho= 0.30, p= 0.010, and rho= 0.24, p= 0.040; respectively) and
lower 3′FL (rho = −0.24, p = 0.036, and rho = −0.29, p = 0.015).
To explore the effect of nutrient intake in the individual

concentrations of each HMO detected in milk samples, multi-
ple linear regressions were used. As Table S2, Supporting In-
formation shows, nutrient intake was related to the concen-
tration of several secretor HMOs in 1-month milk samples
accounting for a considerable variability in HMO concentra-
tions (Table S2, Supporting Information). Generally, fiber and
(poly)phenols were the dietary components with significant con-
tributions to secretor HMO concentrations. The regressionmod-
els thus revealed that each gram of insoluble fiber consump-
tion led to an increase of 0.65 nmol mL−1 of FNLH in mother´s
milk.
In nonsecretor women, lower intakes of MUFA were asso-

ciated with higher concentrations of LNFPIII (rho = −0.41,
p = 0.047) LNH (rho = −0.49, p = 0.015), FLNH (rho = −0.42,
p = 0.042), and FDSLNH (rho = −0.42, p = 0.042). Furthermore,
dietary starch consumption was negative correlated to DFLNT
(rho=−0.42, p= 0.043) and LNFPII (rho=−0.49, p= 0.016) (Fig-
ure 2B). The multiple linear regressions indicated that fewer of
individual HMOs were modulated by maternal nutrients intake
in nonsecretor than in secretor mothers (Table S3, Supporting
Information).
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Table 1. Clinical and nutritional characteristics of the population.

Total Secretor Non-secretor p-value

(n = 101) (n = 76) (n = 25)

Maternal data

Maternal age [years] 34.78 ± 3.90 34.8 ± 4# 34.72 ± 3.5 0.996

Pre-pregnancy BMI [kg m−2] 22.6 (20.8–25.5) 22.6 (20.8–25.4) 22.8 (20.8–26.4) 0.750

REE [kcal per day] 1593 (1508–1708) 1591 (1519–1706) 1617 (1471–1812) 0.997

Gestational age [weeks] 40 (39–40) 40 (39–40) 40 (39–40) 0.763

Gestational weight gain [kg] 12 (9.5–14.25) 12 (10–14) 12 (9.0–15.5) 0.708

Intrapartum antibiotic 40 (39.6%) 29 (38.2%) 11 (44%) 0.386

Antibiotics during pregnancy 30 (29.7%) 22 (28.9%) 8 (32%) 0.478

Delivery mode

Vaginal 64 (63.4%) 49 (64.4%) 15 (60%) 0.431

C-section 37 (37.6%) 27 (35.6%) 10 (40%)

Infant birth weight [g] 3300 (3022–3570) 3308 (3021–3565) 3280 (2990–3670) 0.953

Gender

Female 55 (54.5%) 38 (50%) 17 (68%) 0.090

Male 46 (45.5%) 38 (50%) 8 (32%)

Exclusive breastfeeding 86 (85.15%) 65 (85.5%) 21 (84%) >0.999

Dietary dataa)

Energy [kcal per day] 2587 (2207–2988) 2505 (2204–2951) 2782 (2318–3105) 0.294

Total protein [g] 121.5 (93.3–138.6) 114.2 (95.6–136.7) 129.7 (108.5–152.7) 0.090

Animal source 66.2 (52.9–85.2) 63.9 (50.6–81.3) 76.0 (58.2–91.93) 0.061

Vegetable source 45.7 (39.4–56.8) 45.7 (39.7–55.3) 48.3 (36.5–58.5) 0.776

Total lipids [g] 114.4 (97.8–136.6) 113.6 (94.4–136.2) 123.4 (107.8–144.6) 0.130

SFA 32.0 (28.0–40.2) 31.6 (27.8–37.2) 34.7 (29.6–43.2) 0.169

MUFA 54.6 (46.9–64.0) 54.5 (46.9–63.7) 55.73 (47.3–66.2) 0.601

PUFA 19.0 (15.2–24.1) 18.4 (15.5–23.5) 21.0 (16.1–27.5) 0.227

Total carbohydrates [g] 258.2 (200.5–296.7) 257.5 (01.4–295.5) 270.3 (198.1–327.9) 0.601

Polysaccharides [g] 132.1(105.2–158.0) 132.1 (104.7–150.1) 131.0 (104.9–172.2) 0.504

Glucose [g] 9.1 (6.6–12.2) 9.1 (6.6–12.8) 8.5 (6.9–11.7) 0.701

Lactose [g] 10.1 (5.8–20.1) 10.1 (6.5–20.1) 10.1 (2.9–20.2) 0.973

Fructose [g] 9.4 (7.0–12.5) 9.4 (6.7–13.4) 9.1 (7.3–12.0) 0.744

Galactose [g] 0.25 (0.16–0.39) 0.26 (0.16–0.4) 0.2 (0.1–0.34) 0.165

Dietary fiber [g] 34.8(28.6–42.7) 33.7 (27.8–41.7) 37.3 (30.4–46.4) 0.173

Insoluble fiber [g] 21.42 (16.67–27.8) 20.87 (16.31–26.19) 23.45 (17.7–32.1) 0.219

Soluble fiber [g] 3.92 (3.23–5.34) 3.63 (3.19–5.34) 4.53 (3.26–5.45) 0.334

(Poly)phenols [mg] 1684.7 (1303.6–2033.6) 682.6 (1289.5–1981.1) 1713.0 (1328.2–2283.4) 0.725

Categorical variables are presented as positive cases (percentage of total population) and significant difference between them tested by Fisher’s exact test. Differences in
quantitative variables between groups were assessed by Mann–Whitney U test and p < 0.05 was considered as significant. #, two samples with missing data; REE, resting
energy expenditure. a)n = 4 participants were removed from the dietary data analysis for over reporting (considered as an energy intake higher than 2.6 time than the average
resting energy expenditure [REE] rate of the population calculated according Hronek et al.[27]

2.4. Secretor HMO Clusters Were Determined by Maternal Diet

Effect size analysis of each nutrient on the overall structure of
HMO content in secretor milk revealed that different types of
carbohydrates and (poly)phenols were the main sources driving
theHMOprofile (Figure 3A). Accordingly, the secretorHMOpro-
files were associated with (poly)phenols (R2 = 0.18, p = 0.001)
and fibers, both soluble (R2 = 0.10, p = 0.028) and insoluble fiber
(R2 = 0.15, p = 0.003), and several insoluble polysaccharides, in-
cluding insoluble cellulose (R2 = 0.16, p = 0.005), hemicellulose
(R2 = 0.14, p = 0.005), and pectin (R2 = 0.13, p = 0.015).

The secretor HMO profile was also grouped into distinct clus-
ters by the k-means method (Figure 3B). Cluster I was character-
ized by higher concentrations of LNH, FLNH, DSLNH, and FD-
SLNH (Figure S2, Supporting Information), Cluster II by higher
concentrations of 3′FL and DFLNT, and Cluster III by a higher
presence of LNFP I. Significant differences among clusters were
identified in terms of HMO diversity (p < 0.001) and evenness
(p < 0.001). Cluster I showed higher diversity and evenness than
Cluster III (p < 0.001), but it showed no difference in diversity
and evenness with Cluster II (p = 0.904 and p = 0.895, diversity
and evenness, respectively) (Figure 3C). It was also found that
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Figure 1. Secretor phenotypes impact the HMO profile composition and diversity. A) Principal component analysis (PCA) of the mothers according
to secretor status based on the HMO content. B) Differences in sialylated (Sia), fucosylated (Fuc), and total HMO (SUM) quantification according to
maternal secretor status. C, D) Differences in the quantification of each measured HMO (C) and diversity/evenness richness (D) according to secretor
status. Statistical differences are marked as following: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

mothers with a Cluster I HMO profile had a higher percentage
of insoluble fiber in their daily diets than those in Cluster II (p =
0.007) and Cluster III (p = 0.007) (Figure 3D). Cluster I was char-
acterized by mothers whose diet had a lower percentage of SFA
than those inCluster II (p= 0.021) andCluster III (p= 0.058). The
ordination plot of the mothers based on their HMO production
revealed that Cluster III was linked to the consumption of SFA
and animal proteins, while Cluster I was linked to (poly)phenols,
fibers and hemicellulose, cellulose, and pectin (Figure 3E). These

linkages indicate the relationship between the dietary consump-
tion and the mothers’ HMO profiles.

2.5. Maternal Diets Had a Modest Impact on the HMO Profiles
of Non-Secretor Mothers

The effect of maternal diets on the overall structure of the HMO
pattern of the nonsecretor mothers was less than that observed
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Figure 2. Specific maternal nutrients intakes were related to HMO concentrations in both secretor (A) and nonsecretor mothers (B). Heatmaps of
Spearman correlations between HMO and dietary components intake during pregnancy. Significant correlations (p < 0.05) are marked by an asterisk
(∗) and q-values < 0.2. a-. Blue squares represent negative correlations, whereas red squares show positive correlations.

Figure 3. Maternal diet during pregnancy impacts the HMO profile in secretor mothers. A) Polar plots visualizing the amount of variance of HMO
profiles that could be explained by the nutrients analyzed using envFit function. The height of the bars reflects the amount of variance (R2) explained
by each covariate. Covariates are colored according to nutrient category. Asterisks indicate significant covariates (p < 0.05). B) Principal component
analysis (PCA) showing the differences in the clusters of HMO. C, D) Boxplot indicating the differences in diversity and evenness (C) and the differences
in maternal nutrient intake (in percentage of daily energy) according to clusters (D). E) Two dimensional nonmetric multidimensional scaling (NMDS)
plot of HMO with the significant variables that impact the HMO profile.
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Figure 3. Continued

Figure 3. Continued

in secretor mothers (Figure 4A). Only MUFA intake appeared
relevant in the HMO compositions of these mothers, but with no
significant effect (R2 = 0.17, p = 0.116). In nonsecretor mothers,
MUFA intake was negatively associated with both diversity
(rho = −0.44, p = 0.033) and evenness (rho = −0.47, p = 0.022)
in the HMO profiles. In the same line, a negative association was
observed between the total HMO with diversity (rho = −0.64,
p = 0.001) and evenness (rho = −0.64, p = 0.001) in secretor
mothers.
Then, the different patterns of HMO profiles in nonsecre-

tor mothers were investigated, and two clusters were identified
(Figure 4B). The Cluster I was defined by samples with higher
concentrations of sialylated HMO, including 6’SL (p = 0.007),
DSLNT (p< 0.001), LSTc (p= 0.001), and LNT (p< 0.001). Cluster
II showed higher concentrations of 3′FL (p < 0.001) and LNFP II
(p = 0.003) (Figure S3, Supporting Information). No differences
in terms of HMO diversity or evenness were found among clus-

ters in nonsecretormothers. NonsecretorHMO clusters were not
associated with maternal nutrient intakes. Only MUFA intake
showed a tendency to differ between both clusters (p = 0.074).

3. Discussion

Limited evidence on the impact of maternal diets on HMOs is
available. This study reported the impact of maternal diet on
the HMO profile which is dependent on the secretor pheno-
type. Differences in HMO profile were dependent on maternal
secretor status and the specific nutrients intakes, such us fruc-
tose/galactose, fiber, and (poly)phenols. This study suggests that
HMO profile may be modulated through maternal dietary inter-
ventions being this relevant for maternal-infant health outcomes
related to infant microbiota development and immune system
maturation.
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Figure 4. Maternal diet during pregnancy showed a narrow impact in the HMO profile of nonsecretor mothers. A) Principal component analysis (PCA)
showing the differences in the clusters of HMO. B) Polar plots visualizing the amount of variance of HMO profiles that could be explained by the as
nutrients analyzed using envFit function. The height of the bars reflects the amount of variance (R2) explained by each covariate. Covariates are colored
to according to nutrients category. C) Boxplot indicating the differences in diversity and evenness according to HMO clusters.
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Humanmilk is an extremely complex fluid consisting of awide
range of bioactive components, such as nutrients, hormones,
cytokines, immunoglobulins, and microbes.[3,28–30] These ele-
ments contribute to infant growth during the first months of life
through several routes. They not only serve as a nutrient sources
but play a role in other physiological processes, including im-
mune system maturation[31] and gut microbial colonization[32]

with potential impact for infant health.[31,33,34]

HMOs are a diverse family of unconjugated glycans that
are the third most abundant solid component in the human
milk.[14] They have been considered as a prebiotic source for
beneficial bacteria in the infant gut, and could promote infant
development.[35] Beyond the effect of some maternal genetic fea-
tures, such as FUT2 and FUT3 gene, little is known about the
potential factors that modulate the HMO profile. The results of
this study, which are in agreement with previous studies,[36,37]

showed that clustering the human milk samples according to
maternal secretor status greatly explains the variability in HMO
profiles.[20,21] Even though, the results regarding the differences
in each of the HMO showed some discrepancies probably due to
the differences in study designs and intrinsic characteristics of
the populations.[15,20] Longitudinal studies have also shown that
HMO content varies during the lactation period. Most studies
have found that HMOs concentrations are higher at early stages
of lactation and decrease later.[37,38] HMOs, along with other milk
components, such as lipids and proteins, would be dependent on
the lactation period.[39,40]

Other studies have reported minor effects of maternal age,
pregestational BMI, delivery mode, and parity[15,37,38,41] on both,
human milk microbiota and HMO content. It has been hy-
pothesized that hormonal, metabolic and immune signals re-
lated to these conditions could influence the mother’s abil-
ity to produce the specific HMOs.[41] This study did not find
any association between maternal BMI and HMO profiles or
HMO clusters. Some authors have suggested that obesity and
hyperglycemia are linked to HMO biosynthesis[42,43] through the
hexosamine pathway.[43] However, due to our limited number of
obesity cases (n = 4 with BMI >30 kg m−2), we could not test
these observations.
Differences in HMO profile have been described according

to season and geographical location,[15,44,45] which likely indicate
differences in dietary patterns. Davis et al[45] found that in the
dry season, which is characterized by higher energy intake, a
higher total amount of HMO was produced in the African Gam-
bia population. Similarly, Azad et al[15] also found geographi-
cally and seasonal patterns in HMO profiles, but they related
these observations to changes in environmental factors more
than diet. Although data on the effect of maternal diets on HMO
profiles are very scarce, previous studies have shown that the
nutritional content of the human milk varied depending on the
maternal intake.[46–48] There is evidence of a link between pro-
biotic consumption and the variations of some HMO concentra-
tions in the colostrum[22] as well as of the presence of diet-derived
monosaccharides on HMO structure.[49,50] Quin et al.’s found[50]

that diet had a greater impact on HMO content in secretor moth-
ers than in nonsecretor mothers which is in agreement with
this study. They also reported that ingestedmonosaccharides and
fruit-derived fibers were positively correlated with galactose and
fucose present in HMOs. Additionally, they positively related sev-

eral sulfonated/phosphorylated HMOs to monounsaturated and
polyunsaturated fats and observed the opposite trend in SFA
intake.[50] Lower sialylated HMO concentrations have been con-
sistently linked to high fat diets (contributing >40% total en-
ergy) in the scarce number of studies that has been performed.[11]

Higher concentrations of 3′SL and 6′SL have been observed in
obese women than in lean women.[37] Even this study did not
have a case-control design, and thus, there was not a high-fat
diet group in the analysis; a negative relationship between 3’SL
and MUFA in secretor mothers and between MUFA and total
sialylated HMO (data not shown) was found, which could sup-
port the hypothesis of the association between lipids and sialy-
lated HMO. As mentioned, in agreement with Quin et al., we
found that the associations betweenmaternal diets and theHMO
profiles were found more relevant in secretor mothers compared
to nonsecretor mothers. However, this result needs to be con-
firmed in other populations since it could be influenced by the
lower sample size in the nonsecretor group.
The results of this study revealed a potential link between di-

etary (poly)phenols and HMO profiles. (Poly)phenols are ubiqui-
tous plant-derived bioactive compounds with the ability to drive
the composition and activity of the intestinal microbiota. Knowl-
edge of the connection between the consumption of these com-
pounds and HMO production in human milk is poor. Nonethe-
less, some hypotheses could be developed to explain this asso-
ciation. Considering that fruit consumption, one of the main
sources of dietary (poly)phenols and fiber, has been associated
with higher concentrations of galactose and fucose,[50] it seems
plausible that (poly)phenols may be indirectly related to HMOs.
This association is in line with the high direct correlations re-
ported between fucose-containing sulfated polysaccharides and
(poly)phenols in vegetable products.[51] It has been also reported
that dietary (poly)phenol is associated with higher intestinal
levels of certain microorganisms belonging to the Bacteroides
genus with the capacity to increase fucose levels in the intesti-
nal lumen.[52]

The potential clinical relevance of these results has yet to
be determined. A previous study demonstrated that the shifts
in HMO composition may shape the functionality of milk mi-
crobiome which could have important consequences for infant
colonization.[11,53–55] Indeed, we previously described the impact
of maternal diets on thematernal[24] and infant gutmicrobiota[25]

and on human milk microbiota,[23] but the mechanisms behind
these observations were unclear. In contrast, the results of the
current study indicate a possible link between thematernal nutri-
tion and the mother-infant microbiome. While HMOs have been
shown to modulate the infant microbial communities,[56] act
as substrates for specific bacterial populations,[57,58] and reduce
pathogen adhesion,[59] theymay indirectly act by other routes due
to their immunomodulatory properties and their capacity to par-
ticipate in gut barrier maturation.[60] The results of this study
highlight the close link between maternal diet–HMO and sug-
gest a potential mechanism by which maternal diet could impact
the infant gut microbiome by shaping HMO in breast milk.

4. Conclusions

Maternal diet is associated with the composition and diversity
of HMO human milk in a secretor status-dependent manner.
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Dietary fiber, (poly)phenols, and MUFA were the most relevant
nutrients for affecting concentrations of HMOs. These findings
suggest a complex interaction among different maternal factors
and HMOs. This knowledge could support the design of specific
dietary interventions that modulate HMO composition to impact
infant development and health.

5. Experimental Section
Study Participants and Study Design: A total of 101 healthy mothers

from the MAternal MIcrobes (MAMI) cohort were included in this cross-
sectional study at 15–30 days postpartum according to the full availability
of biological samples and clinical and dietary data (Figure S0, Supporting
Information). As described elsewhere,[61] theMAMI cohort was a prospec-
tive and observational mother-infant cohort in the Spanish Mediterranean
area.

Maternal clinical and anthropometric data were collected from the
clinical records including maternal age, body mass index (BMI), and
pregnancy-related data including weight gain during pregnancy, antibi-
otic intake, delivery mode, and intrapartum antibiotic. The project was
approved by the Ethical Committee of the Hospital Clínico Universitario
Valencia, Spain. The study was registered on the ClinicalTrials.gov platform,
with registration number NCT03552939.

Human Milk Sample Collection: Human milk samples were collected
from participants at 1 month after delivery according to a previously de-
scribed protocol.[61] Briefly, the women were asked to clean their nipples
and the surrounding breast skin. The first drops were discarded to avoid
possible skin contamination, and the milk sample was collected in a ster-
ile tube using a sterile pump and stored in sterile bottles to normalize the
milk collection protocol. Morning collection was recommended. Human
milk samples were sent to a biobank and then aliquoted and stored at
−80 °C for further analysis.

Maternal Nutritional Assessment and Dietary Intake: Dietary records
were collected during the first week after birth using a 140-item food
frequency questionnaire (FFQ) that was completed through personal in-
terviews by trained personnel.[23] The FFQ questionnaire covered usual
foods during pregnancy and their frequency of consumption (daily, weekly,
monthly), the number of times the participant consumed a particular food
item, the median portion (in household measures-grams and milliliters),
and the size of each participant’s portion. The global intake of energy and
macro- and micronutrients were estimated from the food composition ta-
bles developed by the Centro de Enseñanza Superior de Nutrición Hu-
mana y Dietética (CESNID),[62] and the different series of fatty acids were
obtained through the information compiled by the United States Depart-
ment of Agriculture (USDA).[63] Also, data for the estimation of the dif-
ferent types of fiber was completed from the research work developed by
Marlett et al.,[63] and the phenolic content from Phenol Explorer database.

The FFQ data was validated previously in the dataset[23] by use of a
randomly selected subsample (n = 20) through the use of a 3-d recall food
record questionnaire for the intake of dietary nutrients.

Human Milk Oligosaccharide (HMO) Profile: HMO analysis was per-
formed by HPLC after fluorescent derivatization (Vanquish Quaternary
HPLC–fluorescent detection, Thermo Fisher Scientific) as previously out-
lined in detail by Seferovic et al.[11] To ensure that analyte loss during the
extraction procedure was accounted for, raffinose was added to the hu-
man milk samples at the beginning of sample processing. Human milk
containing the internal standard was directly applied to solid phase ex-
traction. Oligosaccharides were extracted by high-throughput solid phase
extraction over C18 (Hypercarb-96, 25 mg bed weight, thermo scientific)
and Carbograph microcolumns (Hypersep-96 C18, 25 mg bed weight,
thermos scientific) using a controlled vacuum manifold. Use of high-
throughput microcolumns was validated in multiple different ways: i) es-
tablishing parallelism in serial dilutions, ii) spiking milk with individual
HMO standards to determine recovery, and iii) comparison with direct in-
sample derivatization. Oligosaccharides were fluorescently labeled with

2-aminobenzamide (2AB, Sigma) in a 96-well thermocycler at 65 °C for ex-
actly 2 h. The reaction was stopped abruptly by reducing the thermocycler
temperature to 4 °C. The amount of 2AB was titrated to be in excess to ac-
count for the high and variable amount of lactose and other glycans inmilk
samples. Unreacted 2AB was removed by high-throughput solid phase
extraction over silica microcolumns [(Hypersep silica, 25 mg bed weight,
thermos scientific). Labeled oligosaccharides were analyzed by HPLC
(Dionex Ultimate 3000, Dionex, now Thermo) on an amide-80 column
(15 cm length, 2mm inner diameter, 3 μmparticle size; Tosoh Bioscience)]
with a 50-mmol L−1 ammonium formate–acetonitrile buffer system.
Separation was performed at 25 °C and monitored with a fluorescence
detector at 360 nm excitation and 425 nm emissions. Peak annotation
was based on standard retention times of commercially available HMO
standards and a synthetic HMO library and offline mass spectrometric
analysis on a Thermo LCQ Duo Ion trap mass spectrometer equipped
with a Nano-ESI-source. Absolute concentrations were calculated based
on HMO standard response curves for each of the annotated HMO and
corrected for internal standard recovery. (Oligosaccharide detection limit:
≈20 pmol, dynamic range between 20 and 5000 pmol; milk samples were
diluted accordingly). The identified HMOs were: 2′-fucosyllactose (2′FL),
3-fucosyllactose (3FL), 3′-sialyllactose (3′SL), 6′-sialyllactose (6′SL), difu-
cosyllactose (DFL), difucosyl-lacto-N-hexaose (DFLNH), difucosyl-lacto-
N-tetraose (DFLNT), disialyl-lacto-N-hexaose (DSLNH), disialyl-lacto-N-
tetraose (DSLNT), fucosyl-disialyl-lacto-N-hexaose (FDSLNH), fucosyl-
lacto-N-hexaose (FLNH), lacto-N-fucopentaose (LNFP)I, LNFPII, LNF-
PIII, lactose-N-hexaose (LNH), lacto-N-neotetraose (LNnT), lacto-N-
tetraose (LNT), sialyl-lacto-N-tetraose b (LSTb), and sialyl-lacto-N-
tetraose c (LSTc). HMOs were also, classified in sialylated and fuco-
sylated according to their chemical composition. HMO Simpson’s di-
versity and evenness indexes were calculated based on relative HMO
abundances.

Statistical Analysis: All statistical analysis was performed using RStu-
dio v.4.1.0[64] and SPSS Statistics for Windows v. 27.0.[65] Depending on
the data normality, either the Mann–Whitney U test or a t-test was used
for parametric and nonparametric data depending on the data normality
to compare the characteristics of the population according to secretor sta-
tus.

Spearman correlations between specific HMOs and dietary compo-
nents were performed in RStudio through a ggplots package[66] and adjust-
ment for multiple testing by FDR method (referred as q-value in the text)
were also calculated. Linear regressions were performed independently for
each HMO adjusting by total energy intake in SPPS v.27.0. The follow-
ing explanatory variables were included: carbohydrates (galactose, lactose,
glucose, starch, insoluble, and soluble fiber), lipids (saturated (SFA), mo-
nounsaturated (MUFA) and polyunsaturated (PUFA) fatty acids), proteins
(animal and vegetable), and (poly)phenols). The variables were included
in the model using a forward stepwise mode.

For clustering analysis, mothers were grouped based on their HMO
profiles using auto-scaled abundance of HMOs present in each sample.
Optimal number of clusters was estimated with the NbClust package[67]

using the Euclidean distance and the K-means method. Clusters were
visualized using principal component analysis (PCA) with Factoextra
package.[68] The comparison of the HMO concentrations among clusters
was assessed by the Kruskal Wallis test with a Dunn’s posthoc test and
false discovery rate correction for multiple comparisons. The results were
plotted using a ggplots2 package.[69]

The effect of the size and significance of each individual nutrient on
the overall HMO pattern was determined using the envit function of the
vegan package[70] on the ordination performed using the nonmetric mul-
tidimensional scaling (NMDS) analysis based on the Euclidean distance
on the standardized HMO concentrations.
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the author.
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