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Introduction: Understanding the variations of oligosaccharide in breast milk contribute to better study how human milk oligosaccharides (HMOs) play a role in health-promoting benefits in infants.

Methods: Six abundant HMOs, 2’-fucosyllactose (2’-FL), 3-fucosyllactose (3-FL), Lacto-N-tetraose (LNT), Lacto-N-neotetraose (LNnT), 3’-sialyllactose (3’-SL) and 6’-sialyllactose (6’-SL), in breast milk collected at 0–5 days, 10–15 days, 40–45 days, 200–240 days, and 300–400 days postpartum from six locations across China were analyzed using high-performance anion-exchange chromatography-pulsed amperometric detector.

Results: The concentration of individual HMO fluctuated dynamically during lactational stages. The median ranges of 2’-FL, 3-FL, LNT, LNnT, 3’-SL, and 6’-SL across the five lactational stages were 935–2865 mg/L, 206–1325 mg/L, 300–1473 mg/L, 32–317 mg/L, 106–228 mg/L, and 20–616 mg/L, respectively. The prominent variation was observed in the content of 6’-SL, which demonstrates a pattern of initial increase followed by a subsequent decrease. Among the five lactational stages, the transitional milk has the highest concentration, which was 31 times greater than the concentration in mature milk at 300–400 days postpartum, where the content is the lowest. Geographical location also influenced the content of HMOs. LNT and LNnT were the highest in mature milk of mothers from Lanzhou among the six sites at 40–240 days postpartum. Breast milks were categorized into two groups base on the abundance of 2’-FL (high and low). There was no significant difference in the proportions of high and low 2’-FL phenotypes among the six sites, and the percentages of high and low 2’-FL phenotypes were 79% and 21%, respectively, across all sites in China.

Discussion: This study provided a comprehensive dataset on 6 HMOs concentrations in Chinese breast milk during the extended postpartum period across a wide geographic range and stratified by high and low 2’-FL phenotypes.
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1. Introduction

WHO recommend exclusive breastfeeding for the first 0–6 months and continued breastfeeding up to 2 years and beyond with appropriate complementary foods (1). Breast milk is associated with a lower incidence of diarrhea, obesity and infectious disease in infants by the combined action of macronutrients, micronutrients, and bioactive components (2–5). Human milk oligosaccharides (HMOs) are the third-largest solid component of human milk after lactose and fat (6). At least 150 HMOs have been identified in human milk using advanced detection technology (4). Fucosylated HMOs represent 45–83% of total HMO content, acetylated HMOs represent 6–35% of total HMO content, and sialylated HMOs represent 6–21% of the total HMO content (7–13). 2′-fucosyllactose (2′-FL), 3-fucosyllactose (3-FL), Lacto-N-tetraose (LNT), Lacto-N-neotetraose (LNnT), 3′-sialyllactose (3′-SL), and 6′-sialyllactose (6′-SL) are representative of the three major categories of HMOs and are among the most abundant and extensively studied individual structures. An increasing number of preclinical studies revealed that HMOs have health-promoting benefits, including the selective proliferation of intestinal microbiota such as Bifidobacterium and Lactobacillus (14–17), inhibiting pathogen binding to receptors on intestinal epithelial cells by mimicking structural features of histo-blood group antigens (HBGAs) (18–20), modulating immune function by binding to pattern recognition receptors, cytokine receptors, and other types of receptors (21–23), and promoting brain and cognitive development by participating in the formation of gangliosides and polysialic acid chains in the brain through a long-term potentiation effect mediated by the vagus nerve and/or systemic distribution via the circulation (24, 25).

Multiple previous studies have indicated a wide range of HMO variation in breastmilk. For example, fucosylated HMOs in breastmilk ranges from 0.02 to 6 g/L (4). Lactational stage and maternal phenotype may contribute to variations in HMO content and composition. The HMO content is highest in colostrum, about 20–25 g/L, and tends to decrease over the course of lactation to about 5–15 g/L in mature milk (6, 9, 12, 26, 27). Maternal HMO phenotype is determined in part by two alleles of the secretor (Se) and Lewis (Le) genes. The presence of α1-2-fucosyltransferase (FUT2) in secretor-positive mothers can link fucose to the core structure through α1-2 linkage, resulting in HMOs with an α1-2 linkage structure in expressed breast milk, such as 2′-FL and Lacto-N-fucopentaose I (LNFP I). Lewis-positive mothers have α1-3-fucosyltransferase (FUT3) that can link fucose to the core structure through α1–3/4 linkage, resulting in HMOs with α1–3/4 linkage such as 3-FL and Lacto-N-fucopentaose II (LNFP II) are abundantly present in breast milk (28–30). In a study by Lefebvre et al. (31), the proportion of Se+ and Se− mothers in Germany was 88%: 12% and the proportion of Le+ and Le− mothers was 94%: 6%.

In addition to lactational stage and maternal phenotype, other evidence has shown that the concentration of HMOs varies by geographical location. An international cohort study demonstrated that the average concentration of LNT in breast milk collected in European (Spanish and Swedish) and African (Ethiopian, Ghanaian, and Kenyan) was higher than in a South American (Peruvian) population (13). Breast milk from a cohort in Spain was shown to have a higher mean concentration of 6′-SL relative to a cohort from Sweden. Even within the same country, study subjects from California expressed higher levels of Lacto-N-fucopentaose III (LNFP III) relative to a comparable study cohort from Washington (13). Geographic variation in the proportion of secretors and non-secretors has also been observed. A recent study reported that the percentage of secretor-positive mothers from South America was higher than in Africa (32). These data indicate that there are differences in HMO concentration even within the same geographical region, and together with the variation in the frequency of maternal phenotypes between populations, suggest the need for a large-scale multicenter study to determine the range and variation in HMO concentration in breast milk.

Currently, several important HMOs including 2′-FL, 3-FL, LNT, LNnT, 3′-SL and 6′-SL are safe for use in infant formula according to the European Food Safety Authority and the Food and Drug Administration, and are available in large-scale commercial production (33–36). Hence a comprehensive dataset on HMOs profile in Chinese breast milk is useful to fortify Chinese infant formula products with HMOs. Several previous studies have reported on the content of HMOs in Chinese breast milk (10, 26, 28, 37–40). The MING study reported the content of 10 HMOs in 446 breast milk samples from 0–240 days postpartum in three cities in China (10). In a study by Ma L et al., the concentration of HMOs in 140 breast milk samples over 30–240 days postpartum was reported (26). In a large cross-sectional study conducted in eight provinces of China (n = 6,481), Ren et al. (39). randomly analyzed 481 breast milk samples to determine the concentrations of 24 HMOs and the distribution of the Lewis phenotype. Additionally, this study investigated the relationship between various clinical data of mothers and infants and the levels of HMOs. Our previous study investigated the variation in HMO concentration in breast milk collected from one city over a prolonged breastfeeding period (37). However, to the best of our knowledge, there is limited data available on HMO concentration over a prolonged period of lactation in Chinese populations. In addition, the HMO profile of milk from mothers with different Se phenotypes has not been determined in China with a larger-size number of participants. Hence, the primary aim of this study was to conduct a comprehensive study of the abundance of six of the major HMOs, representative oligosaccharides for each of the three categories, in breast milk collected from different regions of China over a prolonged breastfeeding period. In this study, we analyzed HMOs in 2,616 breast milk samples from 1,758 healthy mothers at 0–13 months postpartum collected across six representative sites in China using high-performance anion-exchange chromatography-pulsed amperometric detector (HPAEC-PAD). This study expanded our knowledge of HMO concentration in Chinese breast milk and analyzed HMO composition in high 2′-FL and low 2′-FL phenotypic subgroups. This data is useful as a scientific basis for HMO fortification of infant formula and ongoing evaluation of HMO composition in China.



2. Materials and methods


2.1. Study design and participants

The results presented in this study are a part of the Maternal Nutrition and Infant Investigation (MUAI) study aimed to explore the relationship between nutrient levels in breast milk and infant growth outcomes. The purpose of this study was to investigate geographic variation in HMOs concentrations and the frequency of the secretor phenotype across multiple geographic locations in China. Breast milks were collected from mothers in six cities, including Northeast (Changchun), Northwest (Lanzhou), Southwest (Chengdu), East (Tianjin), South (Guangzhou), and a metropolitan city (Shanghai). Five stages of lactation were chosen to explore the content of HMOs in colostrum’s period (0–5 days postpartum), transitional milk’s period (10–15 days postpartum), mature milk’s period (40–45 days postpartum), the period during complementary food introduced (6–8 months postpartum) and one year after delivery (11–13 months postpartum). The recruitment and exclusion criteria for mother-infant pairs were consistent with our previously published literature (37). Healthy mother-infant pairs meeting the following criteria were recruited: mothers aged between 20 and 35 years old, living in the local area for more than 2 years, and single childbirth. The baby’s gestational age is between 37–42 weeks and Apgar score over 8. All subjects gave their informed consent for inclusion before they participated in this study. This study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the Ethics Committee of Tianjin hospital of ITCWM Nankai hospital. This study was registered in the China Clinical Trial Center (ChiCTR1800015387).



2.2. Breast milk sample collection

The volumes of breast milk samples collected at 0–5 days, 10–15 days, 40–45 days, 200–240 days, and 300–400 days postpartum were 8–10 mL, 10–15 mL, 50–100 mL, 50–100 mL, and 50–100 mL, respectively. Samples from lactating mothers were collected by extracting total milk from one side of the breast using either a manual or an electric breast pump between 8: 00–11: 00 AM on the designated collection day. After collecting the breast milk, it was gently inverted 10 times before transferring the specified volume into a foil-wrapped tubes. The remaining milk was then returned to the lactating mother. The breast milk samples in foil-wrapped tubes were delivered to the local laboratory in each city as soon as possible at 4°C. Upon arrival at the local laboratory, the samples underwent a 20-min incubation in a water bath set at 25°C, followed by a 2-min vortexing process to ensure complete homogenization. This step ensured that the top layer of breast milk was free from any solid or semi-solid greasy components, and there were no small particle attachments on the inner surfaces of the tubes. The breast milk samples were then divided into 1.2 mL sub-packages and the resulting aliquoted samples were subsequently stored at a constant temperature of −80°C. All subpackaged samples were transported every 6 months through a cold-chain transportation at-80°C to a central laboratory in Shanghai. The analysis of HMOs was carried out at the central laboratory.



2.3. HMOs analysis

The determination of 6 HMOs in breast milk samples was conducted using a well-established method, employing high-performance anion exchange chromatography with a pulsed amperometric detector (HPAEC-PAD), as previously described (37). For colostrum and transitional milk samples, 0.1 milliliter of breast milk was mixed with 1.9 milliliters of laboratory water. For breast milk collected at 40–400 days postpartum, 0.2 milliliter of breast milk was mixed with 1.8 milliliters of laboratory water. Filter through a 0.22 μm nylon filter into an autosampler vial, aiming to remove a fraction of the high-molecular-weight proteins and fats to reduce the load on the chromatography column. The HPAEC-PAD analyses were performed on a Thermo Fisher HPAEC ICS 5000 series instrument (Thermo, USA), utilizing a CarboPacTM PA1 Analytical column (4 × 150 mm, Thermo) connected to a CarboPacTM PA1 Guard column (4 × 50 mm, Thermo). The separation of the 6 types of HMOs was achieved using elution gradients at a flow rate of 1.0 mL/min and a temperature of 25°C. For the separation of 2′-FL, 3-FL, LNT, and LNnT, the elution gradients were as follows: 0.00–12.00 min, 60 mM NaOH; 12.00–20.00 min, 60–155 mM NaOH; 20.00–30.00 min, 155 mM NaOH; 30.01–43.00 min, 125 mM NaOH/18 mM NaOAc; 43.01–48.00 min, 100 mM NaOH/240 mM NaOAc; 48.01–63.00 min, 60 mM NaOH. For the separation of 3′-SL and 6′-SL, the elution gradients were as follows: 0.00–19.00 min, 100 mM NaOH/60 mM NaOAc; 19.01–23.00 min, 100 mM NaOH/240 mM NaOAc; 23.01–30.00 min, 100 mM NaOH/60 mM NaOAc. The quantification of HMOs was performed using the external standard method.



2.4. Statistical analysis

All exploratory and descriptive statistical analyses were performed with SPSS 25.0 (SPSS, Inc., Chicago, IL, USA). The statistical analysis method was selected based on normality plots with tests and homogeneity of variance testing of the data. HMO concentrations were reported as the median (p25, p75) by Weighted Average (Definition 1) since the data presented a non-normal distribution. Statistical analyses were considered significant at p < 0.05 using two-sided tests. The difference in continuous variables according to maternal characteristics was evaluated by the Kruskal Wallis Test, and distributions across groups were compared by Kruskal-Wallis One-way ANOVA (multiple comparisons, all pairwise, adjusted p value using the Bonferroni correction for multiple tests). The difference of categorical variables in maternal characteristics was compared by Chi_square Test, and the proportions across groups were compared by z-test with adjusted p-values (Bonferroni method). The variation of HMO concentrations among lactational stages and geographical sites was explored with Independent Nonparametric Test (Kruskal-Wallis One-way ANOVA, all pairwise, adjusted p value by the Bonferroni correction for multiple tests). The proportions of secretor and non-secretor were compared by Chi-square Test.




3. Results


3.1. Basic characteristics

A total of 1,758 healthy mothers participated in the study, including 244 from Changchun, 299 from Lanzhou, 281 from Chengdu, 229 from Tianjin, 342 from Guangzhou, and 363 from Shanghai. The description of the sample size within each lactational period in each city was presented in Supplementary Figure S1. Overall, the MEAN (SD) age at delivery of the participant mothers was 29.9 (3.5) years. The pre-pregnancy BMI and pre-delivery BMI of the participant mothers was 21.1 (2.9) kg/m2 and 26.6 (3.3) kg/m2, respectively. The weight gain during pregnancy was 14.6 (5.6) kg. The gestational age of the participant mothers was 39.2 (1.6) weeks. The rate of vaginal delivery and primipara was 59 and 71%, respectively. 49% of infants were female. The mean infant birth-weight and birth-length were 3,397.6 (637.9) g and 49.9 (2.1) kg, respectively. The characteristics of participant mothers in each city are listed in Table 1. Except for the maternal age at delivery and the infant’s sex, the characteristics of mothers and infants showed significant differences across cities.



TABLE 1 Characteristics of participant mothers in each city (MEAN ± SD or %).
[image: Table1]



3.2. Concentrations of six HMOs over lactational stage and geographical sites

The median (p25, p75) values of six HMOs in 2,616 breast milk samples collected at 0–13 months postpartum were 2′-FL 1,466 (624, 2,410) mg/L, 3-FL 665 (259, 1,310) mg/L, LNT 555 (299, 1,072) mg/L, LNnT 97 (39, 199) mg/L, 3′-SL 125 (100, 165) mg/L, and 6′-SL 190 (29, 461) mg/L. The median (p25, p75) values of total six HMOs was 3,467 (2,879, 4,672) mg/L.

Our data showed that in general, lactational stage and geographical location influenced the content of HMOs. The variation in all six HMOs over 0–13 months postpartum is shown in Figure 1 and Supplementary Table S1. The six HMOs varied in notable ways. For example, the dominant fucosylated HMO changed from 2′-FL to 3-FL, and the predominant sialylated HMOs changed from 6′-SL to 3′-SL due to differences in concentration over time. The prominent variation was observed in the content of 6′-SL, which demonstrates a pattern of initial increase followed by a subsequent decrease. Among the five lactational stages, the transitional milk has the highest concentration, which was 31 times greater than the concentration in mature milk at 300–400 days postpartum, where the content is the lowest.

[image: Figure 1]

FIGURE 1
 The concentration and variation of six human milk oligosaccharides (HMOs) at 0–13 months postpartum (A–F). 2′-FL, 2′-fucosyllactose; 3-FL, 3-fucosyllactose; LNT, Lacto-N-tetraose; LNnT, Lacto-N-neotetraose; 3′-SL, 3′-sialyllactose; 6′-SL, 6′-sialyllactose. Different superscript letters (a–e) indicated significant differences (adjusted p < 0.05 by the Bonferroni correction for multiple tests) according to an independent nonparametric test (Kruskal–Wallis one-way ANOVA, all pairwise).


Geographical location was associated with differences in the concentrations of HMOs (Figure 2; Supplementary Table S2). The content of 2′-FL in milk collected at 40–45 days postpartum in Lanzhou was about 1.3 times higher than in samples collected in Chengdu. At 40–45 days postpartum, the concentration of 3-FL in breast milk from Changchun was significantly higher compared to Shanghai, with levels of 526 mg/L and 350 mg/L, respectively. The breast milk from Lanzhou showed the significantly highest concentration of LNT and LNnT among the six sites at 40–240 days postpartum. Breast milk from coastal cities (Guangzhou and Shanghai) contained significantly higher concentrations of 3′-SL compared to inland cities (Lanzhou) at 200–400 days postpartum. The concentration of 6′-SL in breast milk from Chengdu is significantly higher compared to that in breast milk from Guangzhou in colostrum, with an increase of 21%.

[image: Figure 2]

FIGURE 2
 Concentration of six human milk oligosaccharides (HMOs) at six geographical sites at 0–13 months postpartum. 2′-FL, 2′-fucosyllactose; 3-FL, 3-fucosyllactose; LNT, Lacto-N-tetraose; LNnT, Lacto-N-neotetraose; 3′-SL, 3′-sialyllactose; 6′-SL, 6′-sialyllactose. Total HMO concentration was calculated as the sum of 2′-FL, 3-FL, LNT, LNnT, 3′-SL, and 6′-SL. CC, Changchun; LZ, Lanzhou; CD, Chengdu; TJ, Tianjin; GZ, Guangzhou; SH, Shanghai. Nonparametric test-Kruskal Wallis one-way ANOVA (multiple comparisons: all pairwise, adj-p).




3.3. The proportion of high and low 2’-FL level subjects

2′-FL was detected in 99.8% (2,611/2,616) of the samples and a clear separation was found in the distribution of 2′-FL levels (Supplementary Figure S2). Milk samples with 2′-FL concentration greater than or equal to 200 mg/L were assigned to the high 2′-FL level group while those with 2′-FL concentration below 200 mg/L were assigned to the low 2′-FL level group. The distribution of high and low 2′-FL subjects in China was determined by testing samples from six geographical regions. The proportion of high and low 2′-FL level subjects at the 6 geographical sites and at each sampling time is shown in Figures 3A–E. The fraction of low 2′-FL level subjects was lower than the proportion of high 2′-FL level subjects at every geographical site. There was no significant difference in the proportion of high and low 2′-FL level subjects among the six regions at all five sampling time points (p = 0.697, 0–5 days postpartum; p = 0.655, 10–15 days postpartum; p = 0.598, 40–45 days postpartum; p = 0.116, 200–240 days postpartum; p = 0.136, 300–400 days postpartum). The percentage of high and low 2′-FL level subjects in China is 79%: 21% (Figure 3F).

[image: Figure 3]

FIGURE 3
 The proportion of high and low 2′-FL level groups among the six regions at 0–5 days postpartum (A), 10–15 days postpartum (B), 40–45 days postpartum (C), 200–240 days postpartum (D), 300–400 days postpartum (E), and 0–400 days postpartum (F).




3.4. Variations in HMO concentration over lactational stage and geographical sites stratified by high and low 2’-FL level

The median (p25, p75) values of six HMOs in the high and low 2′-FL level groups were 2′-FL 1,849 (1,166, 2,656) mg/L and 22 (11, 40) mg/L, 3-FL 458 (217, 1,078) mg/L and 1,401 (826, 2,033) mg/L, LNT 514 (285, 921) mg/L and 882 (403, 1,759) mg/L, LNnT 114 (52, 222) mg/L and 42 (16, 108) mg/L,3′-SL 126 (101, 166) mg/L and 123 (97, 161) mg/L, 6′-SL 187 (29, 460) mg/L and 195 (29, 463) mg/L. The median (p25, p75) values of total six HMOs in the high and low 2′-FL level groups were 3,639 (2,947, 4,917) mg/L and 3,062 (2,566, 3,695) mg/L, respectively.

The proportion of individual HMOs and the variation in each of the six HMOs from 0–13 months postpartum are separated by high and low 2′-FL level categorization and shown in Figure 4. Although the concentration of fucosylated and acetylated HMOs differed significantly between the high and low 2′-FL level groups, the lactational variation of each HMO in both groups were consistent with those before grouping. And the effect of geographical variation on HMO concentration was also consistent with before grouping, except for LNT and LNnT, which were not influenced by geographic factors in the low 2′-FL level group (Tables 2, 3).

[image: Figure 4]

FIGURE 4
 The proportion of single HMOs (A) and the variations of six HMOs from 0–13 months postpartum (B) in the high and low 2′-FL level groups. 2′-FL, 2′-fucosyllactose; 3-FL, 3-fucosyllactose; LNT, Lacto-N-tetraose; LNnT, Lacto-N-neotetraose; 3′-SL, 3′-sialyllactose; 6′-SL, 6′-sialyllactose. Total HMO concentration was calculated as the sum of 2′-FL, 3-FL, LNT, LNnT, 3′-SL, and 6′-SL.




TABLE 2 The concentration of human milk oligosaccharides (HMOs) at six geographical sites over 0–400 days postpartum in high 2’-FL level groups [Median (p25, p75)] (mg/L).
[image: Table2]



TABLE 3 Concentration of human milk oligosaccharides (HMOs) at six geographical sites over 0–400 days postpartum in low 2’-FL level groups [Median (p25, p75)] (mg/L).
[image: Table3]




4. Discussion

In this study, we analyzed the concentration of six major HMOs in 2,616 human milk samples collected from six geographical sites in China, including the northeast, northwest, southwest, east, south, and a metropolitan city, spanning from the initiation of lactation up to 13 months postpartum. Despite the samples being collected from different locations, standardized sample processing techniques and HPAEC-PAD-based analytical methods were uniformly employed. This multicenter study displayed the dynamic change in the concentrations of individual HMOs in breast milk collected from multiple sites and covering the first 13 months of lactation. Our results provide a comparative representation of 6 HMO concentration in the breast milk of Chinese mothers. This data provides a scientific basis for the fortification of this 6 HMOs in infant formula and serves as a reference for comparing HMO content in China.

Our findings contribute additional data on HMO content in colostrum, supplement the available literature on HMO content in breast milk up to one year postpartum, and enhance the comprehensive characterization of HMO content in breast milk within China (Figure 5). Ren et al. (39) reported the concentration of 24 HMOs at three lactational stages (0–6 days, 7–14 days, and 15–340 days postpartum). When comparing the variation trend of individual HMO during lactation as observed by Ren et al., we noticed a difference in the variation trend of 3′-SL. Ren et al. reported a gradual decrease in the concentration of 3′-SL throughout the sampling period. However, our observations revealed a U-shaped pattern in the variation of 3′-SL content across five lactational stages. Specifically, the concentration of 3′-SL in breast milk at 300–400 days postpartum (127 mg/L) was significantly 15% higher than that in breast milk at 200–240 days postpartum (110 mg/L). The study conducted by Zhang et al. (40). reported the content of HMOs in 203 breast milk samples from mothers in 8 cities in China at 15–180 days postpartum. The average concentration of 2′-FL in breast milk at 6 months postpartum was 1,180 mg/L. In our study, we found that the average concentration of 2′-FL in breast milk was 1,032 mg/L at 6–8 months postpartum. And the average concentration of 2′-FL was 961 mg/L at 10–13 months postpartum. Compared with our previous study (37), the number of geographical locations where samples were collected was increased from one to six. The approach accounts for geographic variation and is therefore more representative of the concentrations of HMOs in the breast milk of Chinese mothers. In addition, the variation in 3-FL concentration across the period of lactation was clarified for the first time. This study and our previous study both report that 3-FL increased during lactation, although there was no significant difference between 200–240 days and 300–400 days postpartum. In previous studies, 3-FL was present at 1,421 mg/L and 1,128 mg/L in milk at 200–240 days and 300–400 days postpartum, respectively. However, in this study with an enlarged sample size, the concentrations of 3-FL were 1,230 mg/L and 1,325 mg/L at 200–240 days and 300–400 days postpartum, respectively. 2′-FL was more abundant and 3-FL was less abundant at 0–45 days postpartum compared to other Chinese studies (10, 26, 41). This may be due to the earlier sampling time in this study, as 2′-FL decreased while 3-FL increased during lactation. Other HMOs were within the range reported by multiple previous studies (10, 26, 42, 43).

[image: Figure 5]

FIGURE 5
 Comparison of HMO concentrations in this study and other studies in Chinese populations (A–F). Our previous study (37); Ref 1, reference 1 (41); Ref 2, reference 2 (26); Ref 3, reference 3 (10). 2′-FL, 2′-fucosyllactose; 3-FL, 3-fucosyllactose; LNT, Lacto-N-tetraose; LNnT, Lacto-N-neotetraose; 3′-SL, 3′-sialyllactose; 6′-SL, 6′-sialyllactose. Total HMOs concentration was calculated as the sum of 2′-FL, 3-FL, LNT, LNnT, 3′-SL, and 6′-SL. The data points represent the average value.


In comparing the HMOs content of Chinese breast milk with studies conducted in other countries and regions, Chinese mothers have higher levels of 3-FL in their breast milk collected at 4 months after postpartum. However, the concentration of LNT and LNnT in Chinese breast milk appeared to be lower compared to that observed in other countries and regions (Supplementary Table S3) (26, 27, 44–46). At 4–8 months postpartum, the concentration of 3-FL in this study was 1,230 mg/L, compared to 1,074 mg/L in Europe (46), 1,194 mg/L in the UAE (27), and 1,146 mg/L in Malaysia (26). At 10–13 months postpartum, the concentration of 3-FL in this study was 1,325 mg/L, compared to 1,138 mg/L in Malaysia (26). Additionally, it is worth noting that 3-FL was detected in 99.9% of the samples in this study which means 3-FL was ubiquitously present in the breast milk of Chinese mothers. This indicates that 3-FL in Chinese breast milk might have an important function in the health outcomes of Chinese infants. 3-FL is one of the few HMOs known to increase significantly during the course of lactation (12, 47, 48). This suggests an important physiological role of 3-FL and warrants further investigation. The concentration of LNT in the breast milk was 701 mg/L at 40–45 days postpartum in this study, 876 mg/L at 30 ± 3 days postpartum in Europe (46) and 1,026 mg/L at 28–50 days postpartum in Brazil (44). The concentration of LNnT in this study was 215 mg/L at 10–15 days postpartum and 61 mg/L at 200–240 days postpartum, respectively. In another study conducted in the United Arab Emirates (27), LNnT was found to be 765 mg/L at 5–15 days postpartum and 250 mg/L at 180 days postpartum, respectively. Furthermore, LNnT was more abundant in milk from Brazilian mothers at 28–50 days postpartum (198 mg/L) (44) compared to the Chinese mothers at 40–45 days postpartum (113 mg/L) measured in this study.

The results of this study showed that 79% of Chinese mothers have the secretor phenotype and 21% express a non-secretor phenotype, although high and low 2′-FL level categories were used instead of the terms secretor and non-secretor in this study. Our study is not the first to use a cut off of 200 mg/L 2′-FL to determine secretor type. A study conducted by Wu et al. (43) in China (Guangzhou) reported that a 2′-FL concentration cut off of 200 mg/L separated secretors and non-secretors with 100% accuracy compared to serological tests. Wu et al. (43) reported that 2′-FL concentration in the breast milk of secretor’s mothers was 3,020 mg/L, 2,540 mg/L, 1,960 mg/L, and 1,280 mg/L at 3, 7, 42, and 168 days postpartum, respectively. In our study, 2′-FL concentration in secretor’s breast milks was 3,442 mg/L, 2,516 mg/L, 2,261 mg/L, 1,306 mg/L, and 1,228 mg/L at 0–5, 10–15, 40–45, 200–240, and 300–400 days postpartum, respectively. Our result from six geographical sites is similar to that of other studies conducted in China which reported 77% secretor phenotype in Guangzhou (43), 80% secretor phenotype in Hohhot (28) and 81% secretor phenotype in (Beijing, Xuchang and Suzhou) (38). However, the prevalence of secretor phenotypes among Chinese mothers differs from the prevalence worldwide (7, 12, 27–30, 44, 45, 49–51). For example, secretor phenotype prevalence is 87% in Finland (45), 89% in Brazil (44), 72% in Kenya (49), 74% in UAE (27), 66% in Spain (7) and 64% in Gambia (30). A recent study also reported that The proportion of mothers who are secretors in South Africa is higher compared to other cohorts (32). Our findings provide data on the prevalence of the secretor phenotype among Chinese mothers, and add to the total literature describing the frequency of the secretor phenotype worldwide.

HMO composition may have a significant effect on the function of breast milk. Studies over the past decade have revealed that the function of HMOs is to some extent related to their structure (18, 20, 22, 52, 53), and secretor and non-secretor milk may function differently in some ways. An observational study showed that infants who received secretor milk had a higher relative abundance of Lactobacillus in the gut at 6 months of age compared to non-secretor, while infants who received non-secretor’s milk exhibited higher relative abundances of Bacteroides than secretor (54). An in vitro study showed that secretor milk inhibits the growth of Streptococcus agalactiae by reducing the production of the Streptococcus agalactiae envelope, while non-secretor milk inhibits the growth of Streptococcus agalactiae by changing the morphology of the biofilm (55). Two observational studies indicated that specific milk oligosaccharide structures may associate with the fecal microbiome alteration of either term or preterm infants (56, 57). For term infants, those fed by secretor mother’s milk were reported to have quicker establishment of bifidobacterial-laden microbiota than non-secretor mother’s milk. For premature infants, those fed by non-secretor mother’s milk had higher levels of Proteobacteria and lower levels of Firmicutes than non-secretor mothers. In this study, the concentration of six HMOs was stratified according to high and low 2′-FL level categories within a cohort of Chinese mothers. The individual HMO concentrations measured in this study were comparable to a prior study conducted in China which also reported on HMO concentrations in milk at 3–168 days postpartum in secretor and non-secretor mothers (43). In addition, the proportions of the six HMOs in the high 2′-FL level group were as follows: 51% 2′-FL, 17% 3-FL, 17% LNT, 4% LNnT, 4% 3′-SL and 7% 6′-SL. The proportions of the six HMOs in the low 2′-FL level group were as follows: 1% 2′-FL, 47% 3-FL, 37% LNT, 2% LNnT, 4% 3′-SL and 8% 6′-SL. Thus, milk from the high and low 2′-FL level groups displayed distinct profiles of HMOs.

By using the same sample collection and HMO measurement methods, our data from six geographical sites demonstrated that geographical location has an effect on the concentration of HMOs in the Chinese milks. The effect of geographical location on HMO concentration in China has been previously investigated by Ren et al. (39). Their study reported no significant difference in the total content of 24 HMOs in breast milk from mothers in coastal and inland areas of China. However, in our current study, we analyzed the variations in individual HMO content among six regions at different lactation stages. We observed that breast milk from coastal cities (Guangzhou and Shanghai) exhibited significantly higher concentrations of 3′-SL compared to inland cities (Lanzhou) at 200–400 days postpartum. Global research has documented geographical factors affecting HMO concentration (13, 32). A study conducted by McGuire et al. (13) in 11 global cohorts with 410 breast milk samples confirmed that HMO concentrations and profiles vary geographically. 2′-FL concentration was 3.9 times higher in milk collected in the US (2,740 mg/L) than in milk collected in Ghana (700 mg/L) at 2 weeks-5 months postpartum. Ma et al. (26) analyzed a total of 243 breast milk samples from China (Guangzhou) and Malaysia and reported that the 2′-FL mean (SD) concentration in breast milk of Chinese (Guangzhou) and Malaysian mothers is 704.1 (752.4) mg/L and 1,002.8 (803.4) mg/L, respectively, at 180 days postpartum. 3-FL mean (SD) concentration in the breast milk of Chinese (Guangzhou) and Malaysian mothers is 1,475.8 (789.9) mg/L and 1,146.1 (868.5) mg/L, respectively at 180 days postpartum. In our study, the concentration ranges of 2′-FL and 3-FL were 935–1,123 mg/L and 1,061–1,375 mg/L, respectively, at 200–240 days postpartum. Compared with other studies, variation among different geographical sites within China is smaller than the variation observed between different countries.

We also observed that geographical variations in concentration were not consistent across the 5 sampling times. For example, the breast milk of mothers in Chengdu had higher levels of 6′-SL than Guangzhou at 0–5 days postpartum, however, the breast milk of mothers in Chengdu had lower levels of 6′-SL than Guangzhou at 300–400 days postpartum. The influence of geographic factors is complex as geographic location may include multiple aspects, such as ethnicity, maternal nutrition, and climate. Although China is a large country, the majority of the population in the six geographical sites involved in this study are of Han ethnicity (>90% of recruited subjects). In this case, differences occurred despite similar genetic backgrounds, suggesting that environmental factors may be important. A study conducted by Seferovic et al. (58) observed that compared to a high carbohydrate diet, a high-fat diet decreased the concentrations of sialylated HMOs. Seppo et al. (59) demonstrated that the concentrations of 3-FL and 3′-SL were higher in colostrum from mothers in the probiotic supplementation group, whereas difucosyllacto-N-hexaose, LNT, lacto-N-fucopentaose I, and 6′-SL were lower in mothers who received probiotic supplementation relative to a control group. A published study from our team showed that dietary vitamins, vegetables and metal elements are positively associated with HMO concentration using a mixed effect model with lactational stage and secretor status as the random effect (60). In addition, investigations by Davis et al. (50) revealed that mothers nursing in the dry season produced significantly more total HMOs compared to mothers nursing in the wet season. Therefore, maternal nutrition, and climate need to be further examined in order to explain the effect of geographical location on HMO concentration.

HMOs are a research hotspot of infant nutrition (61–66). Several studies have investigated the safety and tolerability of infant formula with added HMOs, including containing single (61, 64), dual (67, 68), or five types of HMOs (69, 70). Research to date, showed 3-FL increased through lactation, especially in Chinese populations, in which 3-FL is reported to be higher than in other counties. LNT, the most abundant acetylated HMO is globally reported to be at a higher level than LNnT in mature milk (26, 27, 44, 45, 71). The six types of HMOs analyzed in this study are among the first to potentially be added to infant formula in China. The data from Chinese breast milk presented in this study can serve as a reference for adding these HMOs into formula milk in China.

This study has some limitations. First, we were unable to report on the maternal Lewis status of Chinese mothers due to the lack of data on α1-4 linked HMOs. Several studies have classified mothers as Lewis-positive and Lewis-negative according to the amount of Lacto-N-fucopentaose II (LNFP II) in breast milk because LNFP II contains the α1-4 linkage (38, 72, 73). Second, we did not investigate the effect of maternal nutrition on HMO concentration in lactating mothers. Future studies are needed to reveal the relationship between HMO concentration and maternal nutrition.

In conclusion, HMOs are an abundant class of carbohydrates found in human milk and have been linked to developmental outcomes in infants, specifically cognition, the developing immune system, and the gut microbiome. We systematically analyzed the dynamic changes in six abundant HMOs in 2,616 breast milk samples from 1,758 healthy mothers at 0–13 months postpartum collected across six geographical sites in China. The concentrations and proportions of these six HMOs varied dynamically during lactation, but this variation was consistent across multiple geographical sites. We determined that 79% of breast milk was classified as containing high 2′-FL levels and 21% of breastmilk contained low 2′-FL levels in this large Chinese cohort. This analysis of the HMO composition of human milk samples collected from six sites in China provided the most extensive data set reported to date, which is helpful for comparison with HMO data worldwide and will provide a strong foundation of scientific principles to further guide infant formula fortification strategies. Future studies may determine the relationship between changes in HMO composition and maternal and infant health.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

The protocol was approved by the Ethics Committee of Tianjin hospital of ITCWM Nankai hospital. This study was registered in the China Clinical Trial Center (ChiCTR1800015387). The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

SL: Formal analysis, Software, Visualization, Writing – original draft. YM: Conceptualization, Investigation, Validation, Writing – original draft. JW: Data curation, Methodology, Validation, Writing – review & editing. FT: Methodology, Software, Visualization, Writing – review & editing. DH: Writing – original draft. XX: Investigation, Validation, Writing – review & editing. XL: Data curation, Supervision, Writing – review & editing. YZ: Resources, Supervision, Writing – review & editing. SW: Funding acquisition, Project administration, Writing – original draft.



Funding

The authors declare financial support was received for the research, authorship, and/or publication of this article. This research was funded by Abbott Nutrition Research & Development Center, Shanghai, China.



Acknowledgments

The author(s) would like to thank the mothers who kindly provided milk samples and dietary data for the study. Special acknowledgment to Xiaokun Cai for project support and Rachael H. Buck from Abbott Nutrition R&D Columbus for providing valuable suggestions on the study data interpretation and review. Beth J. Reverri from Abbott Nutrition R&D Columbus for providing manuscript review.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2023.1267287/full#supplementary-material



References

 1. WHO, UNICEF. Global strategy for infant and Young child feeding. Geneva: World Health Organization (2003).

 2. Mosca, F, and Giannì, ML. Human milk: composition and health benefits. La Pediatria medica e chirurgica. (2017) 39:155. doi: 10.4081/pmc.2017.155 

 3. Yi, DY, and Kim, SY. Human breast milk composition and function in human health: from nutritional components to microbiome and Micrornas. Nutrients. (2021) 13:3094. doi: 10.3390/nu13093094 

 4. Hill, DR, Chow, JM, and Buck, RH. Multifunctional benefits of prevalent Hmos: implications for infant health. Nutrients. (2021) 13:3364. doi: 10.3390/nu13103364 

 5. Binns, C, Lee, M, and Low, WY. The long-term public health benefits of breastfeeding. Asia Pac J Public Health. (2016) 28:7–14. doi: 10.1177/1010539515624964 

 6. Bode, L. Human milk oligosaccharides: every baby needs a sugar mama. Glycobiology. (2012) 22:1147–62. doi: 10.1093/glycob/cws074 

 7. Kunz, C, Meyer, C, Collado, MC, Geiger, L, García-Mantrana, I, Bertua-Ríos, B , et al. Influence of gestational age, secretor, and Lewis blood group status on the oligosaccharide content of human milk. J Pediatr Gastroenterol Nutr. (2017) 64:789–98. doi: 10.1097/MPG.0000000000001402 

 8. Sprenger, N, Lee, LY, De Castro, CA, Steenhout, P, and Thakkar, SK. Longitudinal change of selected human milk oligosaccharides and association to Infants' growth, an observatory, single center, Longitudinal Cohort Study. PLoS One. (2017) 12:e0171814. doi: 10.1371/journal.pone.0171814 

 9. Coppa, GV, Pierani, P, Zampini, L, Carloni, I, Carlucci, A, and Gabrielli, O. Oligosaccharides in human milk during different phases of lactation. Acta Paediatrica. (1999) 88:89–94. doi: 10.1111/j.1651-2227.1999.tb01307.x.

 10. Austin, S, de Castro, C, Bénet, T, Hou, Y, Sun, H, Thakkar, SK , et al. Temporal change of the content of 10 oligosaccharides in the milk of Chinese urban mothers. Nutrients. (2016) 8:346. doi: 10.3390/nu8060346 

 11. Tonon, KM, Miranda, A, Abrão, A, de Morais, MB, and Morais, TB. Validation and application of a method for the simultaneous absolute quantification of 16 neutral and acidic human milk oligosaccharides by graphitized carbon liquid chromatography – electrospray ionization – mass spectrometry. Food Chem. (2019) 274:691–7. doi: 10.1016/j.foodchem.2018.09.036 

 12. Thurl, S, Munzert, M, Henker, J, Boehm, G, Müller-Werner, B, Jelinek, J , et al. Variation of human milk oligosaccharides in relation to milk groups and Lactational periods. Br J Nutr. (2010) 104:1261–71. doi: 10.1017/S0007114510002072 

 13. McGuire, MK, Meehan, CL, McGuire, MA, and Williams, JE. What's Normal? Oligosaccharide concentrations and profiles in milk produced by healthy women vary geographically. Am J Clin Nutr. (2017) 105:1086–100. doi: 10.3945/ajcn.116.139980 

 14. Asakuma, S, Hatakeyama, E, Urashima, T, Yoshida, E, Katayama, T, Yamamoto, K , et al. Physiology of consumption of human milk oligosaccharides by infant gut-associated Bifidobacteria. J Biol Chem. (2011) 286:34583–92. doi: 10.1074/jbc.M111.248138 

 15. Matsuki, T, Yahagi, K, Mori, H, Matsumoto, H, Hara, T, Tajima, S , et al. A key genetic factor for Fucosyllactose utilization affects infant gut microbiota development. Nat Commun. (2016) 7:11939. doi: 10.1038/ncomms11939

 16. Walsh, C, Lane, JA, van Sinderen, D, and Hickey, RM. Human milk oligosaccharides: shaping the infant gut microbiota and supporting health. J Funct Foods. (2020) 72:104074. doi: 10.1016/j.jff.2020.104074 

 17. Zabel, B, Yde, CC, Roos, P, Marcussen, J, Jensen, HM, Salli, K , et al. Novel genes and metabolite trends in Bifidobacterium Longum Subsp. Infantis bi-26 metabolism of human milk oligosaccharide 2'-Fucosyllactose. Sci Rep. (2019) 9:7983. doi: 10.1038/s41598-019-43780-9 

 18. Hong, P, Ninonuevo, MR, Lee, B, Lebrilla, C, and Bode, L. Human milk oligosaccharides reduce Hiv-1-Gp120 binding to dendritic cell-specific Icam3-grabbing non-integrin (dc-sign). Br J Nutr. (2009) 101:482–6. doi: 10.1017/s0007114508025804 

 19. Tan, M, and Jiang, X. Norovirus-host interaction: multi-selections by human Histo-blood group antigens. Trends Microbiol. (2011) 19:382–8. doi: 10.1016/j.tim.2011.05.007 

 20. Weichert, S, Koromyslova, A, Singh, BK, Hansman, S, Jennewein, S, Schroten, H , et al. Structural basis for norovirus inhibition by human milk oligosaccharides. J Virol. (2016) 90:4843–8. doi: 10.1128/JVI.03223-15 

 21. Kim, EY, Jin, BR, Chung, TW, Bae, SJ, Park, H, Ryu, D , et al. 6-Sialyllactose ameliorates dihydrotestosterone-induced benign prostatic hyperplasia through suppressing Vegf-mediated angiogenesis. BMB Rep. (2019) 52:560–5. doi: 10.5483/BMBRep.2019.52.9.113 

 22. Noll, AJ, Yu, Y, Lasanajak, Y, Duska-McEwen, G, Buck, RH, Smith, DF , et al. Human dc-sign binds specific human milk Glycans. Biochem J. (2016) 473:1343–53. doi: 10.1042/BCJ20160046 

 23. Sodhi, CP, Wipf, P, Yamaguchi, Y, Fulton, WB, Kovler, M, Niño, DF , et al. The human milk oligosaccharides 2'-Fucosyllactose and 6'-Sialyllactose protect against the development of necrotizing enterocolitis by inhibiting toll-like receptor 4 signaling. Pediatr Res. (2021) 89:91–101. doi: 10.1038/s41390-020-0852-3 

 24. Jacobi, SK, Yatsunenko, T, Li, D, Dasgupta, S, Yu, RK, Berg, BM , et al. Dietary isomers of Sialyllactose increase ganglioside sialic acid concentrations in the Corpus callosum and cerebellum and modulate the colonic microbiota of formula-fed piglets. J Nutr. (2016) 146:200–8. doi: 10.3945/jn.115.220152 

 25. Vazquez, E, Barranco, A, Ramirez, M, Gruart, A, Delgado-Garcia, JM, Jimenez, ML , et al. Dietary 2'-Fucosyllactose enhances operant conditioning and long-term potentiation via gut-brain communication through the Vagus nerve in rodents. PLoS One. (2016) 11:e0166070. doi: 10.1371/journal.pone.0166070 

 26. Ma, L, Paul, MJ, Jan, M, Liu, X, Alan, W, and Fong, BY. Lactational changes in the human milk oligosaccharide concentration in Chinese and Malaysian Mothers' milk. Int Dairy J. (2018) 87:1–10. doi: 10.1016/j.idairyj.2018.07.015

 27. McJarrow, P, and Radwan, H. Human milk oligosaccharide, phospholipid, and ganglioside concentrations in breast milk from United Arab Emirates mothers: results from the Misc cohort. Nutrients. (2019) 11:2400. doi: 10.3390/nu11102400 

 28. Elwakiel, M, Hageman, JA, Wang, W, Szeto, IM, van Goudoever, JB, Hettinga, KA , et al. Human milk oligosaccharides in colostrum and mature milk of Chinese mothers: Lewis positive secretor subgroups. J Agric Food Chem. (2018) 66:7036–43. doi: 10.1021/acs.jafc.8b02021 

 29. MT, K, BdM, M, and FVA, AC. Miranda a. maternal and infant factors associated with human milk oligosaccharides concentrations according to secretor and Lewis phenotypes. Nutrients. (2019) 11:1358. doi: 10.3390/nu11061358 

 30. Totten, SM, Zivkovic, AM, Wu, S, Ngyuen, U, Freeman, SL, Ruhaak, LR , et al. Comprehensive profiles of human milk oligosaccharides yield highly sensitive and specific markers for determining secretor status in lactating mothers. J Proteome Res. (2012) 11:6124–33. doi: 10.1021/pr300769g 

 31. Lefebvre, G, Shevlyakova, M, Charpagne, A, Marquis, J, Vogel, M, Kirsten, T , et al. Time of lactation and maternal Fucosyltransferase genetic polymorphisms determine the variability in human milk oligosaccharides. Front Nutr. (2020) 7:574459. doi: 10.3389/fnut.2020.574459

 32. Vinjamuri, A, Davis, JCC, Totten, SM, Wu, LD, Klein, LD, and Martin, M. Human milk oligosaccharide compositions illustrate global variations in early nutrition. J Nutr. (2022) 152:1239–53. doi: 10.1093/jn/nxac027 

 33. EFSA Panel on Nutrition, Novel Foods and Food Allergens (NDA)Turck, D, Bohn, T, Castenmiller, J, de Henauw, S, Hirsch-Ernst, KI , et al. Safety of 3-Fucosyllactose (3-Fl) produced by a derivative strain of Escherichia Coli Bl21 (De3) as a novel food pursuant to regulation (Eu) 2015/2283. EFSA J. (2022) 20:e07329. doi: 10.2903/j.efsa.2022.7329 

 34. EFSA Panel on Nutrition, Novel Foods and Food Allergens (NDA)Turck, D, Bohn, T, Castenmiller, J, de Henauw, S, Hirsch-Ernst, KI , et al. Safety of the extension of use of 2'-Fucosyllactose (2'-Fl) and lacto-N-Neotetraose (Lnnt) as novel foods in food supplements for infants pursuant to regulation (Eu) 2015/2283. EFSA J. (2022) 20:e07257. doi: 10.2903/j.efsa.2022.7257 

 35. Turck, D, Bohn, T, Castenmiller, J, de Henauw, S, Hirsch-Ernst, KI, Maciuk, A , et al. Safety of lacto-N-Tetraose (Lnt) produced by derivative strains of Escherichia Coli Bl21 (De3) as a novel food pursuant to regulation (Eu) 2015/2283. EFSA J. (2022) 20:e07242. doi: 10.2903/j.efsa.2022.7242 

 36. Turck, D, Bohn, T, Castenmiller, J, de Henauw, S, Hirsch-Ernst, KI, Maciuk, A , et al. Safety of 3'-Sialyllactose (3'-Sl) sodium salt produced by derivative strains of Escherichia Coli Bl21 (De3) as a novel food pursuant to regulation (Eu) 2015/2283. EFSA J. (2022) 20:e07331. doi: 10.2903/j.efsa.2022.7331 

 37. Liu, S, Cai, X, Wang, J, Mao, Y, Zou, Y, and Tian, F. Six Oligosaccharides' variation in breast milk: a study in South China from 0 to 400 days postpartum. Nutrients. (2021) 13:4017. doi: 10.3390/nu13114017 

 38. Wang, M, Zhao, Z, Zhao, A, Zhang, J, Wu, W, and Ren, Z. Neutral human milk oligosaccharides are associated with multiple fixed and modifiable maternal and infant characteristics. Nutrients. (2020) 12:826. doi: 10.3390/nu12030826 

 39. Ren, X, and Yan, J. Human milk oligosaccharides are associated with lactation stage and Lewis phenotype in a Chinese population. Nutrients. (2023) 15:1408. doi: 10.3390/nu15061408

 40. Zhang, W, Vervoort, J, Pan, J, Gao, P, Zhu, H, Wang, X , et al. Comparison of twelve human milk oligosaccharides in mature milk from different areas in China in the Chinese human milk project (Chmp) study. Food Chem. (2022) 395:133554. doi: 10.1016/j.foodchem.2022.133554

 41. Huang, X, Zhu, B, Jiang, T, Yang, C, Qiao, W, Hou, J , et al. Improved simple sample pretreatment method for quantitation of major human milk oligosaccharides using ultrahigh pressure liquid chromatography with fluorescence detection. J Agric Food Chem. (2019) 67:12237–44. doi: 10.1021/acs.jafc.9b03445 

 42. Wang, Y, Zhou, X, Gong, P, Chen, Y, and Song, L. Comparative major oligosaccharides and lactose between Chinese human and animal milk. Int Dairy J. (2020) 108:104727. doi: 10.1016/j.idairyj.2020.104727 

 43. Wu, J, Wu, S, Huo, J, Ruan, H, Xu, X, Hao, Z , et al. Systematic characterization and longitudinal study reveal distinguishing features of human milk oligosaccharides in China. Curr Dev Nutr. (2020) 4:nzaa113. doi: 10.1093/cdn/nzaa113 

 44. Ferreira, AL, Alves, R, Figueiredo, A, Alves-Santos, N, Freitas-Costa, N, Batalha, M , et al. Human milk oligosaccharide profile variation throughout postpartum in healthy women in a Brazilian cohort. Nutrients. (2020) 12:790. doi: 10.3390/nu12030790 

 45. Lagström, H, Rautava, S, Ollila, H, Kaljonen, A, Turta, O, Mäkelä, J , et al. Associations between human milk oligosaccharides and growth in infancy and early childhood. Am J Clin Nutr. (2020) 111:769–78. doi: 10.1093/ajcn/nqaa010 

 46. Samuel, TM, Binia, A, de Castro, CA, Thakkar, SK, and Billeaud, C. Impact of maternal characteristics on human milk oligosaccharide composition over the first 4 months of lactation in a cohort of healthy European mothers. Sci Rep. (2019) 9:11767. doi: 10.1038/s41598-019-48337-4

 47. Plows, JF, Berger, PK, Jones, RB, Alderete, TL, Yonemitsu, C, Najera, JA , et al. Longitudinal changes in human milk oligosaccharides (Hmos) over the course of 24 months of lactation. J Nutr. (2021) 151:876–82. doi: 10.1093/jn/nxaa427 

 48. Poulsen, KO, Meng, F, Lanfranchi, E, Young, JF, Stanton, C, Ryan, CA , et al. Dynamic changes in the human milk metabolome over 25 weeks of lactation. Front Nutr. (2022) 9:917659. doi: 10.3389/fnut.2022.917659

 49. Azad, MB, Robertson, B, Atakora, F, Becker, AB, Subbarao, P, Moraes, TJ , et al. Human milk oligosaccharide concentrations are associated with multiple fixed and modifiable maternal characteristics, environmental factors, and feeding practices. J Nutr. (2018) 148:1733–42. doi: 10.1093/jn/nxy175 

 50. Davis, JC, Lewis, ZT, Krishnan, S, Bernstein, RM, Moore, SE, Prentice, AM , et al. Growth and morbidity of Gambian infants are influenced by maternal milk oligosaccharides and infant gut microbiota. Sci Rep. (2017) 7:40466. doi: 10.1038/srep40466

 51. Paganini, D, Uyoga, MA, Kortman, GAM, Boekhorst, J, Schneeberger, S, Karanja, S , et al. Maternal human milk oligosaccharide profile modulates the impact of an intervention with Iron and Galacto-oligosaccharides in Kenyan infants. Nutrients. (2019) 11:2596. doi: 10.3390/nu11112596 

 52. Cheng, L, Kong, C, Wang, W, Groeneveld, A, Nauta, A, Groves, MR , et al. The human milk oligosaccharides 3-Fl, lacto-N-Neotetraose, and Ldft attenuate tumor necrosis factor-Α induced inflammation in fetal intestinal epithelial cells in vitro through shedding or interacting with tumor necrosis factor receptor 1. Mol Nutr Food Res. (2021) 65:e2000425. doi: 10.1002/mnfr.202000425 

 53. Wu, LH, Shi, BZ, Zhao, QL, and Wu, XZ. Fucosylated glycan inhibition of human hepatocellular carcinoma cell migration through binding to chemokine receptors. Glycobiology. (2010) 20:215–23. doi: 10.1093/glycob/cwp168

 54. Bai, Y, Tao, J, Zhou, J, Fan, Q, Liu, M, Hu, Y , et al. Fucosylated human milk oligosaccharides and N-Glycans in the milk of Chinese mothers regulate the gut microbiome of their breast-fed infants during different lactation stages. mSystems. (2018) 3:206. doi: 10.1128/mSystems.00206-18 

 55. Ackerman, DL, Doster, RS, Weitkamp, JH, and Aronoff, DM. Human milk oligosaccharides exhibit antimicrobial and Antibiofilm properties against group B Streptococcus. ACS infectious diseases. (2017) 3:595–605. doi: 10.1021/acsinfecdis.7b00064 

 56. Lewis, ZT, Totten, SM, Smilowitz, JT, Popovic, M, Parker, E, Lemay, DG , et al. Maternal Fucosyltransferase 2 status affects the gut Bifidobacterial communities of breastfed infants. Microbiome. (2015) 3:13. doi: 10.1186/s40168-015-0071-z

 57. Underwood, MA, Gaerlan, S, de Leoz, MLA, Dimapasoc, L, Kalanetra, KM, Lemay, DG , et al. Human milk oligosaccharides in premature infants: absorption, excretion, and influence on the intestinal microbiota. Pediatr Res. (2015) 78:670–7. doi: 10.1038/pr.2015.162 

 58. Seferovic, MD, Mohammad, M, Pace, RM, Engevik, M, Versalovic, J, Bode, L , et al. Maternal diet alters human milk oligosaccharide composition with implications for the milk metagenome. Sci Rep. (2020) 10:22092. doi: 10.1038/s41598-020-79022-6

 59. Seppo, AE, Kukkonen, AK, Kuitunen, M, Savilahti, E, Yonemitsu, C, Bode, L , et al. Association of Maternal Probiotic Supplementation with human milk oligosaccharide composition. JAMA Pediatr. (2019) 173:286–8. doi: 10.1001/jamapediatrics.2018.4835 

 60. Li, X, Mao, Y, and Liu, S. Vitamins, vegetables and metal elements are positively associated with breast milk oligosaccharide composition among mothers in Tianjin, China. Nutrients. (2022) 14:4131. doi: 10.3390/nu14194131 

 61. Goehring, KC, Marriage, BJ, Oliver, JS, Wilder, JA, Barrett, EG, and Buck, RH. Similar to those who are breastfed, infants fed a formula containing 2'-Fucosyllactose have lower inflammatory cytokines in a randomized controlled trial. J Nutr. (2016) 146:2559–66. doi: 10.3945/jn.116.236919 

 62. Leung, TF, Ulfman, LH, Chong, MKC, Hon, KL, Khouw, I, Chan, PKS , et al. A randomized controlled trial of different Young child formulas on upper respiratory and gastrointestinal tract infections in Chinese toddlers. Pediatr Aller Immunol. (2020) 31:745–54. doi: 10.1111/pai.13276 

 63. Puccio, G, Alliet, P, Cajozzo, C, Janssens, E, Corsello, G, Sprenger, N , et al. Effects of infant formula with human milk oligosaccharides on growth and morbidity: a randomized multicenter trial. J Pediatr Gastroenterol Nutr. (2017) 64:624–31. doi: 10.1097/MPG.0000000000001520 

 64. Ramirez-Farias, C, Baggs, GE, and Marriage, BJ. Growth, tolerance, and compliance of infants fed an extensively hydrolyzed infant formula with added 2'-Fl Fucosyllactose (2'-Fl) human milk oligosaccharide. Nutrients. (2021) 13:186. doi: 10.3390/nu13010186 

 65. Storm, HM, Shepard, J, Czerkies, LM, Kineman, B, and Cohen, SS. 2'-Fucosyllactose is well tolerated in a 100% whey, partially hydrolyzed infant formula with Bifidobacterium Lactis: a randomized controlled trial. Global Pediatr Health. (2019) 6:1–10. doi: 10.1177/2333794X19833995

 66. Vandenplas, Y, de Halleux, V, Arciszewska, M, Lach, P, Pokhylko, V, Klymenko, V , et al. A partly fermented infant formula with Postbiotics including 3′-Gl, specific oligosaccharides, 2'-Fl, and milk fat supports adequate growth, is safe and well-tolerated in healthy term infants: a double-blind, randomised, controlled, multi-country trial. Nutrients. (2020) 12:3560. doi: 10.3390/nu12113560 

 67. Gold, MS, Quinn, PJ, Campbell, DE, and Peake, J. Effects of an amino acid-based formula supplemented with two human milk oligosaccharides on growth, tolerability, safety, and gut microbiome in infants with Cow's milk protein allergy. Nutrients. (2022) 14:2297. doi: 10.3390/nu14112297

 68. Román, E, Moreno Villares, JM, Domínguez Ortega, F, Carmona Martínez, A, Picó Sirvent, L, Santana Sandoval, L , et al. Real-world study in infants fed with an infant formula with two human milk oligosaccharides. Nutricion Hospitalaria. (2020) 37:698–706. doi: 10.20960/nh.03084 

 69. Lasekan, J, Choe, Y, Dvoretskiy, S, Devitt, A, Zhang, S, Mackey, A , et al. Growth and gastrointestinal tolerance in healthy term infants fed milk-based infant formula supplemented with five human milk oligosaccharides (Hmos): a randomized multicenter trial. Nutrients. (2022) 14:2625. doi: 10.3390/nu14132625 

 70. Parschat, K, Melsaether, C, Jäpelt, KR, and Jennewein, S. Clinical evaluation of 16-week supplementation with 5hmo-mix in healthy-term human infants to determine tolerability, safety, and effect on growth. Nutrients. (2021) 13:2871. doi: 10.3390/nu13082871

 71. Soyyılmaz, B, Mikš, MH, Röhrig, CH, Matwiejuk, M, Meszaros-Matwiejuk, A, and Vigsnæs, LK. The mean of milk: a review of human milk oligosaccharide concentrations throughout lactation. Nutrients. (2021) 13:2737. doi: 10.3390/nu13082737

 72. Austin, S, De Castro, CA, Sprenger, N, Binia, A, Affolter, M, Garcia-Rodenas, CL , et al. Human milk oligosaccharides in the milk of mothers delivering term versus preterm infants. Nutrients. (2019) 11:1282. doi: 10.3390/nu11061282 

 73. Mank, M, Hauner, H, Heck, AJR, and Stahl, B. Targeted Lc-Esi-Ms(2) characterization of human milk oligosaccharide diversity at 6 to 16 weeks post-partum reveals clear staging effects and distinctive milk groups. Anal Bioanal Chem. (2020) 412:6887–907. doi: 10.1007/s00216-020-02819-x 



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Lactational and geographical variation in the concentration of six oligosaccharides in Chinese breast milk: a multicenter study over 13 months postpartum



		1. Introduction



		2. Materials and methods



		2.1. Study design and participants



		2.2. Breast milk sample collection



		2.3. HMOs analysis



		2.4. Statistical analysis









		3. Results



		3.1. Basic characteristics



		3.2. Concentrations of six HMOs over lactational stage and geographical sites



		3.3. The proportion of high and low 2’-FL level subjects



		3.4. Variations in HMO concentration over lactational stage and geographical sites stratified by high and low 2’-FL level









		4. Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References



















OPS/images/cover.jpg
’ frontiers | Frontiers in Nutrition

Lactational and geographical
variation in the concentration of
six oligosaccharides in Chinese
breast milk: a multicenter study
over 13 months postpartum












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’frontiers ‘ Frontiers in Nutrition






OPS/images/fnut-10-1267287-g005.jpg
>

Concentration (mglL)

Concentration (mgL)

a0

2'-FL

LNT

£

3'-SL

&

e
Py ——
- Rett
- Re2
- e

- This study
- Our provious study.
- Roft
- e
~ Rod

- This sty
- Our provious sudy
- Relt
- R
~ R

o

3-FL

LNnT

up -
- Our provious study
+ Rolt
- R
~ R

o T study
= Our previousstudy
- Rett

~ Tisstudy

= Our previus study
~ Rett

- o2

~ Ren





OPS/images/fnut-10-1267287-t001.jpg
Characteristic Changchun Lanzhou Chengdu Tianjin Guangzhou Shanghai

(n =244) (n =299) (n =281) (n =229) (n =342) (n =363)

Maternal

Age at delivery, years 299430 298443 295433 303432 297437 301430 0.054
Pre-pregnancy BMI, kg/m® 213230 213528 207+25° 2184347 203£25° 212228 <0.001
Pre-delivery BMI, kg/m® 274438° 268430 262128" 273434° 255431" 267£36% <0001
Gestational weight gain, Kg 165455 143£53° 142:46" 146476" 135449° 147455" <0.001
Gestational age, weeks 390£11° 39021 39551.6° 392217 389:14" 396%10° <0.001
Vaginal delivery, % 42%° 59%" 43%° 68% "< 77%¢ 61%" <0001
Primipara, % 95%* 50%" 73% < 77%¢ 64%° 74%< <0001
Infant

Birthweight, g 3380.0£4001% | 32778 £445.1° 3409546247 | 33967 £4908° | 3,542.6 1,004, 33323£3682% 0025
Birth-length, cm 505+17° 490+25¢ 498415 504426 503+23" 494413¢ <0.001
Female infant, % 49% 47% 43% 51% 8% 53% 0.159

“Values within a row in individual cities with different superscript letters were significantly different (adjusted p<0.05).





OPS/images/fnut-10-1267287-g003.jpg
A 0-5 days postpartun B

= Low2FLlevelgrowp == High 2-FL levelgroup

Percentage (%)
Percentage (%)

200-240 days postpartum

o
m

= Lowz'FLievel group == High 2-FL lovelgroup

Percentage (%)

Percentage (%)

10-15 days postpartum

= LowzLi

100%

2

2

2

2

= High2-FLi

300-400 days postpartum

= LowzFLiovol group

100%

2

£

2

2

= High2-FL vl group.

Percentage (%)

m

Percentage (%)

40-45 days postpartum

= Low2:FL leval groun

= High 2-FL lovl group

0-400 days postpartum

= Low2-FLoval group.

= High 2L avel group






OPS/images/fnut-10-1267287-g004.jpg
High 2-FL level group - Lol g - 2L eigon

g oo - Low 2.FL level goup. g - Low 2-FL level goup.
ssLeT% E H
5 g
vsLieT% i H
. £ £
i w H
2w . H
7 w N B &
F 3

N R

LSy s

- 2-£L el group - gh 2L level goup

3 =t s [ p—
g £
5 5
H H
£ §
Low 2'-FL level group 8 £
3 H
esLazew ZFL09% i < y"’.{ o
3-5L4.35% & a"‘&
LNnT 275%
- 2L el g -ign 2L eigon
g wy - Low 2-FL level group § L - Low 2-FL level group
- T ool
H H
i P
: § o
3 Z






OPS/images/fnut-10-1267287-t002.jpg
HMOs Lactational Geographical sites

stages g =
9 Changchun Lanzhou Chengdu Tianjin Guangzhou Shanghai
28312162, | 3296(2552, 357103017, 2,838 (2301,
0-5days 2,895 (2471, 3,447) ¢ 3,263 (2551, 5,222) <0001
3,528) < 3,900) 4572)* 3765)"
2564 (2167, | 2472(2065, | 2,504(2,080, 2432 (1,965,
10-15days 2271 (1,833,2776) 2,446 (1934, 2,922) 0.661
2985) 2,875) 2,900) 3222)
2490 (2,162, 1,958 (1,579, 2,148 (1,644, 2,159 (1,627,
2-FL 40-45days 2,201 (1,678, 2,683) ** 2,313 (1,803, 2,941) ** <0.001
2926)° 2.326)" 2614)" 2764)*
1421923, 1,228 (875,
200-240days 1,153 (905, 1,633) 1,272 (896, 1,742) 1238(935,167) | 1,071(802,1,424) 0,081
1833) 1,556)
1243 916, 1,030 (686, 1,073 (843,
300-400days 1,019 (775, 1,507) % 945 (695, 1,486)* 1,183 (896, 1,607) ** 0.008
1,673)* 1364) 1,385)
176 (117,
0-5days 106B20% | 169015269 | 133100,290° | 198 (132,326)* 148(93,225)  0.004
206 (133,
10-15days 192(125,281)" 266 (188,411)* 209 (146, 284) ** 208" 170 (121, 254)* 209(93,290) " 0.002
375 (230,
3FL 40-45days OO | 338 00482)° | BWEILSEO)S | T 397(289,597) " 298(193,509)° <0001
1,051 (707, 1,180 (891, 1,247 (908,
200-240days 1,047 (757, 1,516)* 91 (607,1277) " 1,148 (811, 1,553) > 0.007
1,312)* 1,469) ** 1,477)*
1,018 (592, 1,132 (808, 1,373 (976, 1,233 (878,
300-400 days 1,355 (964, 1,611)* 1011(712,1,295)" <0001
1,374)" 1,552)* 1,616)* 1,611)
829 (464, 627 (438, 810 (425,
0-5days 1,150 (757, 1,487)* 918 (667,1218) > 538 (256,1,061)" <0.001
1,304) 1,089)" 1,355)
1,230 (818, 1,299 (967, 1,365 (1,074,
10-15days 1,495 (1,166, 2,018) 1,463 (990, 1,670) 1,393 (962, 1,770) 0450
1,691) 1,630) 1,865)
530 (346,
LNT 40-45days 682(471,943)*"  851(580,1,287)* 581 (429,798)" 281)° 617 (449,904) " 583(392,782)"  <0.001
255 (199,
200-240days WS40 | WIQ72H0° | BO@SS | T 287(193,395)°  238(172,350)°  <0.001
207179,
300-400days USUSLAG® | 19BN | 22400t | T 329(226,456)*  277(17,425)" 0002
295 (244,
0-5days 319(262,421)" 350(271,427)" | 400 (294,533)** a16)° 272(194,407)" 499 (364, 615) * <0.001
191 (137,
10-15days 186(133,238)" | 216(146,276)" | 250 (171,364)** 209(140,269)°  305(242,392)*  <0.001
LNnT 282)"
40-45days 133(96,194)  155(115,212)°  130(86,175)"  116(73,165)"  142(85,198) 19(77,165)" 0002
200-240days 50(28,74)" 85(48,126)* 52(28,99)°  59(37,102)**  53(26,103)" 39(25,68)" <0.001
300-400 days 36(13,66)" 62(34,99)* 32(13,72)" 41(20,82)** 57(25,90) ** 30(17,60) <0.001
249 201,
0-5days 216(175,252)* | 195(137,260)" | 204 (167, 244)" s 246(207,324)*  223(168,282)*"  <0.001
10-15days 144 (133, 16) 132(101,158) | 138(124,164)  132(115,160) 140 (123,162) 135.(119,154) 0.368
3-SL 40-45days. 104 (86, 124) ** 109 (97, 131) ** 83(72,99)¢  104(84,119)"  112(95,132)*" 115 (100, 136) * <0.001
113091,
200-240days 17(101,142)° | 100(83,125)° 10988, 135)*" a2y 119.(98,139)* 10(98,132) 0013
300-400 days 124 (101,150) 116(57,150)  134(108,177)  135(100,165)  131(110,160) 133.(110,170) 0099
465 (389,
0-5days BOUIGSH" | 408 (349,543) > | 4TS (20,548 | L 404(299,501)° | 490 (420,560)**  0.004
640 (497,
10-15days 660 (555, 795)* 568 (454,699)** 584 (442, 657)" 763 611(519,783)** 630 (540, 758) ** 0.034
6L
294 (181,
10-45days 290(210,406)°  402(320,491)* | 183 (139,269) o 300(216,374)° 363 (277,484)*  <0.001
200-240days 41(20,59)* 44(28,69)° 28(20,47)" 33(21,52)* 36/(22,54)*" 25(16,53)" 0.001
300-400days 22(11,39) 18(11,28) 15(10,23)°  2103,38)* 26(15,42)* 20(13,40)* 0.001
“Total six 0-5days 5445(5032,5923)% 4936 (4681, | 5497(4978,  5802(5190, 5439 (4871,6794)° 5389 (4,905, <0.001
HMOs 5:566)" 6,096) 6533)° 5919
10-15days 5063(4705,5381)  5182(4742,  5205(4891,  5173(4498, 5128 (4691,5583) 5314 (4,906, 0285
5,729) 5.460) 5612) 5,950)
40-45days 3909 (3600,4308)° 4492 (4,146, 3528(3166, | 3756(3119, 4179(3704,4545)° 3,854 (3338, <0.001
5,025)" 3,736) ¢ 4,191) 4491) ¢
200-240days 2918 (2672,3342)*  3156(2820, 29152617, | 2931(2752 3,095(2748,3358) 2803 (2,622, <0.001
3422)° 3202)" 3,176)* 3,075)"
300-400days  2966(2718,3312) 3016739, | 2813(2506, | 2934(2639, 2,908 (2,689,3,141) 2919 (2,745, 0.081
3,204) 3,133) 3,245) 3.200)

dual cites with different superscript letters were significantly different (adjusted p<0.05 by the Bonferroni correction for multiple tests) according to an
dependent nonparametric test (Kruskal-Wallis one-way ANOVA, all pairwise). 2'-EL, 2-fucosyllactose; 3-FL, 3-fucosyllactose; LN, Lacto-N-tetraose; LN, Lacto-N-neotetraose; 3'-SL,
3"-sialyllactose; 6'-SL, 6'-sialyllactose. Total HMO concentration was calculated as the sum of 2'-FL, 3-FL, LNT, LNnT, 3'-SL, and 6'-SL.






OPS/images/fnut-10-1267287-t003.jpg
HMOs Lactational
stages

0-5days
10-15days
2L 40-45days
200-240days
300-400days
0-5days
10-15days
40-45days
200-240days
300-400days
0-5days
10-15days
40-45days
200-240days
300-400days
0-5days
10-15days
LNAT 40-45days
200-240days
300-400days
0-5days #
10-15days
3sL 40-45days
200-240days
300-400days
0-5days
10-15days
6L 40-45days
200-240days #
300-400days

Total six
HMOs

0-5days

10-15days

10-45days

200-240days

300-400days

Changchun
64(45,79)
37(2.43)
251,32
149,17

8(510°
756 (480, 947)
933 (647, 1,187)

1,299 (826, 1,692)

1,945 (1,514,2.217)

2131 (1,590, 2567)

2,126 (1,670, 245)

2030 (1,115,2331)

1,005 (837, 1.294)

318222, 536)
340271, 541)
234159, 458)
76(56,129)
41(28,81)
14(6,23)
704,15
169 (147, 242)
142121, 167)
93(78,115)"
98 (89, 122)
11393,138)"
493 (398, 552)
654 (558, 763)
305 (251,428)
10(20,73)
16(9,33)

3,953 (3211,4852)

3,723 (3,140,4255) "

2979 (2466, 3,175) **

2,388 (2,114,2,909)"

2,591 (21193, 3.068)

Lanzhou
5146,75)
40(30,42)
37(33,43)*

1410,18)
128,200

518 (385, 818)

1013 (819, 1,408)
1,305 (841, 1,618)
2,195 (1,468, 2,454)
2041 (1,540,2,628)
2115 (1,415, 2,644)
2037 (1,947,2,700)

1,446 (957, 1.769)

508 (354, 806)

459 (285, 785)

208 (134, 400)
75(51,142)
56(36,115)
207,41

15(6,27)

167 (108, 250)

156 (130, 198)

1899, 146)*

90 (74,108)*

104 (87,120)*

427 (285, 576)

630 (537, 765)

425 (296, 551)°
43(33,86)
29(18,58)

3534 (3,128,4,334)

4269 (3,693,
4,858)

3444 2773,
3832)°

2,936 (2:403,
3234

2,860 (2629, 3,190)

Geographical sites

Chengdu

59(45,74)

40(35,46)

29(22,35)
109,16
14(10,26)*
728 (394,1,114)
944 (547,1,605)
1170 (774, 1,692) **
1,991 (1,264, 2,165)
1,996 (1,483, 2,405)
2,488 (1,495, 3,150)
)

2,298 (1,499, 2,
803 (583,1216)
417 (246,543)
344 (242,617)
219(120,373)
73 (41,238)
44(28,67)
18(11,38)
7(6,22)
218(172,251)
159 (147,172)
95(72,108)"
99(88, 145)**
137 (107, 145)
588 (404, 721)
66 (544, 738)
228(150,274)
29(20,37)
1913,29)
4261 (3,676, 4,846)

4125 (4,002,
4816)*
2,506 (2,143,
2,990)"

2,670 (2,057,
86)"

2,542 (2152, 3.136)

Tianjin
69 (54,94)
38(28,50)
304,41
16(12,22)°
16(11,22)*
714(577,962)
813 (649, 1,073)

1,090 (854, 1,460) =

2,163 (1,387, 2,474)
2,050 (1,687, 2361)
2,052 (1,443,2557)
2241 (1,808, 2622)
977 (800, 1.366)
383 (176, 606)
336(253,599)
273 (205,372)
101 (60, 152)
62(39,100)
2013,33)
14(7,27)
240 (220,301)
142 (116,169)
99(76,125)
100 (84, 116)*
126 (90, 143)
452 (397, 507)
602 (474, 742)
267(163,382)
29(10,45)
17(7,27)
3,882 (3,579, 4.191)

4,095 (3,
4568)

2,639 (2:412,3,089)"

28072317,
3,097

2,687 (2451,3.072)

Guangzhou
6447, 86)
39.36,47)
14(5,20)¢
152,20
120,13

944 (674, 1,302)
758 (661,998)

1641 (1,192, 1,907)*

2336 (1814,2,743)

1,896 (1,270, 2,403)

2021 (1,067, 2,434)

299 (1,712,2759)
1,104 (805, 1,314)
443 (280, 648)
671(353,785)
211 (153,269)
115.(70, 164)
49(29,88)
19(12,40)
20(10,34)
216(197,295)
141(124,175)
1191,135)
10390, 126)
144 (127,170)*
431(312,561)
568 (512,734)
299 219,363)
44(34,64)
21015,30)

3,678 (3,416,4,.264)

3,912 (3,598, 4.428)

3271 (2,968, 3,480)*

2,938 (2733, 3,418)*

2789 (2236,3.216)

Shanghai
38(21,90)
40(30,53)

23(20,29)™
86,12°
764,10
721 @21, 1,138)
1,064 (561, 1,115)
1,075 (782, 1,462)
1,930 (1,627, 2,558)
2367 (1,892,2.757)
2065 (1,764,2332)
3121 2,124,3,852)
1,184 (883, 1.962)

345154, 842)

363 (185,495)

236 (164, 396)
88 (62,261)
56(34,82)

10(4,18)
1G,18)

215(203,222)

145 (134,163)

113 (104,128)

117101, 150)*

140 (114,179)

530 (376, 607)

566 (509, 772)

325212,451)
28(14,40)
19(12,34)

3,960 (3,682, 4,052)

4,643 (4,108, 5,880)*

2,846 (2,503,
3,295

2738 (2,180,
3062

2,884 (25527, 3.179)

p value

0.467
0962
<0.001
0012
0.001
0.190
0,630
0.035
0181
0450
0790
0072
0.064

0177

0.462
0.001
0.043
0.001
0454
0.869
0.001
0015
0241
0535

0.039

<0001

0.005

0540

“Values within a row in individual cities with different superscript ltters were significantly different (adjusted p <0.05 by the Bonferroni correction for multiple tests) according to an
independent nonparametric test (Kruskal-Wallis one-way ANOVA, all pairwise). 2'-FL 2"-fucosyllactose; 3-FL 3-fucosyllactose; LT, Lacto-N-tetraose; LN, Lacto-N-neotetraose; 3-SL,
3'sialyllactose; 6'-SL, 6”-sialyllactose. Total HMO concentration was calculated as the sum of 2'-FL, 3-FL, LNT, LN, 3'-SL, and 6’-SL.





OPS/images/fnut-10-1267287-g001.jpg
g
3
E
5
£
H
H
g
H
5
3

Concentration (mglL)

5000-

4000

3000-

2000-

1000-

Concentration (mglL)

2500

2000

3-FL

2500-

2000-

1500-

1000-

500

Concentration (mg/L)

400
a )
300 £
s
20 3
2
8
100 g
8

1000






OPS/images/fnut-10-1267287-g002.jpg
i i H s H
3| 1 — H l i i
l__l_., _._.u i T [;
i [ d H i g d
I 1 ;H i _ L
T 171 3 ___.u __..‘ ] i i
g i 9 H 9 H
I ._ t i t 1
L] ) _-m.“ ] T
| 1 E| ¢ l i ;
LI ., .m.‘u i ] 4«
JUfl 3
L L ~._,u i T w
» 1 1 3 :
| | ¥ |
n Trq __.; i i vu
gy ‘wnyedisod skep G1-01 ‘wnyedisod skep 0¥Z-002






