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Objectives: To prospectively explore the association of maternal serum 25(OH)D levels with the infant’s gut microbiota in Chinese populations, and to evaluate its potential influence on the dynamic change patterns of offspring’s gut microbiota from 1 to 6 months old.

Methods: Eighty-seven mother-infant dyads (vitamin D insufficient group vs. normal group = 59 vs. 28) were included in this longitudinal study. Two fecal samples were collected for the included infant at home by the parents at 1 month of age (“M1 phase”) and 6 months of age (“M6 phase”). Gut microbiota were profiled by 16S rRNA gene sequencing. We performed mixed effects models on alpha diversity metrics, PERMANOVA tests on beta diversity distances, and linear discriminant analysis (LDA) to identify differently abundant taxa.

Results: We observed significantly lower Pielou’s evenness and Shannon diversity in the vitamin D insufficient group in the M6 phase (p = 0.049 and 0.015, respectively), but not in the M1 phase (p > 0.05), and the dynamic changes in alpha diversity from 1 to 6 months old were significantly different according to maternal vitamin D status (p < 0.05). There were also significant differences in gut microbiota composition between the vitamin D insufficient group and normal group, both in the M1 and M6 phases (LDA score > 2.0, p < 0.05). Moreover, among the predicted metagenome functions, pathways related to amino acid biosynthesis, starch degradation, and purine nucleotides biosynthesis were enriched in the vitamin D insufficient group.

Conclusion: Our findings highlight that maternal vitamin D status plays a pivotal role in shaping the early-life gut microbiota of the next generation.
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1 Introduction

A growing body of evidence suggests that vitamin D during pregnancy is essential for optimal maternal and offspring health (1–3). Maternal vitamin D deficiency or insufficiency was considered as a significant risk factor for adverse maternal-fetal outcomes, including preeclampsia, gestational diabetes mellitus, low birth weight, and preterm births (2).

It is well acknowledged that early life gut microbiota is influenced by various factors during pregnancy, such as maternal antibiotic and probiotic uses, dietary intake, and diseases of pregnancy (4–6). In recent years, the role of vitamin D during pregnancy in the infant’s gut microbiota has been of increasing interest. In vitamin D receptor knockout mice, there were significant communal and functional changes in the gut microbiota compared with wild type mice, the mechanism of which may be related to reduced inflammation, upregulation of innate immunity, etc. (7–9). The latest systematic review research has summarized associations between maternal vitamin D supplementation during pregnancy and infant’s gut microbiota, and revealed that maternal supplementation with vitamin D could impact the gut microbiota composition of offspring (10). However, this systematic review included only eight articles (two animal studies, three randomized clinical trials, and three cohort studies), and the large heterogeneity of the results prevented them from drawing a reliable conclusion.

In addition to vitamin D supplementation, only a few studies focused on vitamin D levels in the blood. In the KOALA birth cohort, Talsness et al. (11) found that maternal plasma vitamin D levels, which were determined at approximately the 36th week of pregnancy, were associated with counts of several limited bacterial taxa of infants at 1 month of age. Cord blood vitamin D was associated with increased Lachnobacterium and decreased Lactococcus in the Vitamin D Antenatal Asthma Reduction Trial (12). Another recent study reported that higher prenatal plasma and cord 25(OH)D levels were significantly associated with lower richness and diversity of the gut microbiota of their offspring at 1 month of age (13). These findings suggest maternal vitamin D levels might influence the infant’s gut microbiota composition and structure. However, questions remain and there are no clear conclusions. Moreover, most of previous studies were conducted in European and American populations, studies on Chinese populations were limited. Due to possible racial differences, studies conducted in Chinese populations are needed.

Therefore, in the present study, we aimed to explore the association of maternal vitamin D levels during pregnancy with the infant gut microbiota in a prospective cohort study in Shenzhen, China. In addition, we would evaluate the potential influence of maternal vitamin D status on the dynamic change patterns of offspring’s gut microbiota from 1 to 6 months old for the first time.



2 Methods


2.1 Participants

The present study was conducted at the Shenzhen Baoan Women’s and Children’s Hospital from November 2020 to December 2021, and was approved by the Ethical Committees of Shenzhen Baoan Women’s and Children’s Hospital (approval number: LLSC 2020-09-02-KS). All participants provided their written informed consents, and all methods were carried out in accordance with relevant guidelines.

Women enrolled in this study were between 20 and 45 years old, in their second trimester, with serum 25(OH)D measured, and living in Shenzhen. Those who would not possibly give birth at the Shenzhen Baoan Women’s and Children’s Hospital were excluded. A total of 87 mother-infant dyads were included in the present study, with all infants born of a singleton pregnancy with full-term (≥37 weeks and <42 weeks of gestation) and normal birth weight (≥2,500 g and ≤4,000 g). Newborns with any obvious congenital abnormality, neurological dysfunction, fetal chromosomal abnormality, or metabolic diseases were excluded. None of the infants received antibiotics or probiotics before the 6-month visit.

Information on maternal and infant characteristics, including maternal age at delivery, pre-pregnancy body mass index (BMI), gestational weight gain, gestational age, delivery mode, gestational diabetes mellitus (GDM), hypertensive disorders of pregnancy (HDP), infant’s sex, birth weight and length were derived from the electronic medical records of the hospital information system. In addition, information on feeding practices (breastfeeding, formula, or mixed), weight, length, and head circumference at 1 month and 6 months of age were also collected from the medical records.



2.2 Maternal serum vitamin D measurement

Maternal 25(OH)D levels were measured in serum samples from the second trimester of pregnancy (median = 17 weeks, range: 15 ~ 19 weeks) in the laboratory of Shenzhen Baoan Women’s and Children’s Hospital using chemiluminescence immunoassay (CLIA) technology. There is no consensus on optimal vitamin D levels during pregnancy. In the present study, 25(OH)D < 30 ng/mL is considered to be vitamin D insufficiency, whereas 25(OH)D ≥ 30 ng/mL is considered normal levels (3, 14).



2.3 Collection of fecal samples

Two fecal samples were collected for the included infants at home by the parents at 1 month of age (median = 30 days, range: 26 ~ 42 days, henceforward referred to as “M1 phase”) and again at 6 months of age (median = 184 days, range: 170 ~ 258 days, henceforward referred to as “M6 phase”). All infants had no fever, diarrhea, or other symptoms during the week prior to sampling. All fecal samples were collected using sterile tubes and temporarily placed in ice boxes and then carried or mailed to the hospital, and finally stored in a −80°C freezer within 24 h until DNA extraction.



2.4 Sequencing and sequence processing

Genomic DNA was extracted from fecal samples using the MoBio PowerSoil DNA isolation kit (MoBio, Carlsbad, CA) according to the manufacturer’s instructions. The concentration and quality were assessed using Qubit (Invitrogen) and verified by agarose gel electrophoresis. The 16S rRNA gene was amplified using 338F/806R primer pair (forward primer: 5′-ACTCCTACGGGAGGCAGCAG-3′, and reverse primers: 5′-GGACTACHVGGGTWTCTAAT-3′), targeting the V3-V4 hypervariable regions. All quantified amplicons were equally pooled and sequenced on the Illumina MiSeq system (Illumina Inc., CA, United States) with the paired-end mode. The raw sequencing data were deposited into the China National GeneBank DataBase (CNGBdb Project ID: CNP0005435).

The 16S rRNA gene sequences were analyzed using QIIME2 software (version 2020.11) with the following steps (15). Firstly, the raw sequencing reads were demultiplexed with a custom Perl script, and then the paired-end sequencing reads were imported into a QIIME2 artifact with the command “qiime tool import.” Secondly, quality filtering was followed, including the removal of Phix and the processing of chimeric sequences with the command “qiime dada2 denoise-paired.” Thirdly, run the command “qiime2 feature-classifier classify-sklearn” against the Greengenes (13_8 revision) database to finish the taxonomic assignment (16). Finally, the indexes of alpha and beta diversity were generated with the command “qiime phylogeny align-to-tree-mafft-fasttree” and “qiime diversity core-metrics-phylogenetic,” respectively, at a sample depth of 10,000 according to the tutorials of QIIME2 (15).



2.5 Statistical analysis

Statistical analysis was performed using R software (version 3.6.1). A p-value < 0.05 was considered statistically significant for all tests.


2.5.1 General characteristics comparison

To compare the differences in general characteristics between the vitamin D insufficient group and normal group, continuous characteristics were analyzed using unpaired t-tests and reported as means ± standard deviation (SD), while categorical data were studied with the chi-square test or Fisher’s exact tests and presented as numbers and percentages.



2.5.2 Alpha and beta diversity

Alpha diversity metrics refer to the diversity within a particular area or ecosystem, summarizing the structure of an ecological community concerning its richness (number of taxonomic groups, e.g., observed feature value), evenness (distribution of abundances of the groups, e.g., Pielou’s evenness index), or both (e.g., Shannon diversity index) (17). Wilcoxon rank sum tests were applied to compare the above mentioned three alpha diversity metrics between the vitamin D insufficient group and normal group. Linear mixed effects models were performed to evaluate the changes in alpha diversity from the M1 to M6 phase, adjusted for maternal pre-pregnancy BMI, gestational weight gain, gestational age, delivery mode, infant’s sex, and feeding practices, with a random effect of subjects.

Beta diversity quantifies differences in the overall taxonomic composition between two samples or ecosystems, commonly using the “distance” to capture the dissimilarity (18). In the present study, Bray-Curtis distance was applied to determine multivariate sample distances and visualized by principal coordinates analysis (PCoA). Permutational Multivariate Analysis of Variance (PERMANOVA) was used to compute the cross-sectional difference of beta diversity between the vitamin D insufficient group and normal group in the M1 and M6 phases. To test for the differential change in beta diversity from the M1 to M6 phase in offspring born to mothers with and without vitamin D insufficiency, a PERMANOVA model was fitted with a two-way interaction between vitamin D status and time. All analyses were adjusted for maternal pre-pregnancy BMI, gestational weight gain, gestational age, delivery mode, infant’s sex, and feeding practices.



2.5.3 Relative abundance analyses

At various taxonomic levels (from phylum to genus level), linear discriminant analysis (LDA) was performed, and the LDA Effect Size (LEfSe) with the logarithmic LDA score threshold set at 2.0 was applied to identify taxonomic biomarkers that characterize the differences between the vitamin D insufficient group and normal group (19).



2.5.4 Abundant pathways and ecological association networks analyses

In addition, pathway analysis for metabolomics data was conducted to predict enriched pathway of differential metabolites. PICRUSt2.0 (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States) in QIIME2 was used to predict microbiome function based on the Greengenes 16S rRNA database and KEGG orthologs (20). The different metabolic functional pathways between the vitamin D insufficient group and normal group were generated using the STAMP (v2.1.3) program (21), followed by Benjamini-Hochberg correction.

What’s more, regarding that gut bacteria usually do not exist independently, but interact with each other and form a dynamic network that may significantly impact human health, determining networks of microbial interactions is important for the functional characterization of a microbial community. Therefore, SPIEC-EASI (SParse InversE Covariance Estimation for Ecological ASsociation Inference), a statistical method for the inference of microbial ecological networks from amplicon sequencing datasets, was used to analyze the microbial ecological network (22).





3 Results


3.1 Cohort characteristics

Eighty-seven infants (vitamin D insufficient group vs. normal group = 59 vs. 28) were included in the present study, with two visits at 1 and 6 months of age, respectively. In general, maternal age at delivery was around 31 years old, and gestational age was around 39.3 weeks, with an average pre-pregnancy BMI of 21 kg/m2 and gestational weight gain of 14.5 kg. About 40 percent of the mothers were diagnosed with GDM, 35 percent of the infants were born by cesarean section, and about 70 percent were breastfed. Table 1 shows the maternal and infant characteristics comparison between the vitamin D insufficient group and normal group. Except for maternal serum vitamin D level, which was significantly lower in the vitamin D insufficient group (22.1 ± 4.5 vs. 33.2 ± 1.5 ng/mL, p < 0.001), there were no significant differences between the two groups, signifying comparable general characteristics.



TABLE 1 Maternal and infant characteristics comparison between the vitamin D insufficient group and normal group (N = 87).
[image: Table1]



3.2 Alpha and beta diversity

In the M1 phase, the differences in alpha diversity indexes between the vitamin D insufficient group and normal group were not significant (all p > 0.05, Figures 1A–C); while in the M6 phase, compared to the normal group, the observed feature value was marginally lower (p = 0.081, Figure 1A), and the Pielou’s evenness and Shannon diversity were significantly lower in the insufficient group (p = 0.049 and p = 0.015, respectively, Figures 1B,C).

[image: Figure 1]

FIGURE 1
 Alpha and beta diversity of infants’ gut microbiota in maternal vitamin D insufficient and normal group. (A) Comparisons of observed feature value; (B) Comparisons of Pielou’s evenness; (C) Comparisons of Shannon diversity; (D) Principal coordinates analysis based on Bray-Curtis distances in the M1 phase; (E) Principal coordinates analysis based on Bray-Curtis distances in the M6 phase; (F) Change in principal coordinates analysis based on Bray-Curtis distances from M1 to M6 phase.


The mixed effect model analyses showed that the changes in observed feature value and Shannon diversity from the M1 to M6 phase were significantly different between the vitamin D insufficient group and normal group (p = 0.015 and p = 0.029, respectively).

We also tested if maternal vitamin D status during pregnancy was associated with the overall community structure and found no difference in Bray-Curtis distances between the two groups in both M1 and M6 phases (R2 = 0.015; p = 0.132, and R2 = 0.012; p = 0.713, respectively, Figures 1D,E). A significant temporal change in beta diversity was observed from the M1 to M6 phase (time: p = 0.032, Figure 1F); however, we found no differential change in beta diversity from the M1 to M6 phase according to maternal vitamin D status (time × maternal vitamin D status interaction: p = 0.768, Figure 1F).



3.3 Relative abundance

Compositionally, the gut microbiota was dominated by members of the three major bacterial phyla Proteobacteria, Firmicutes, and Actinobacteria, accounting for approximately 95% in both the vitamin D insufficient and normal groups (Figure 2A). From the M1 to M6 phase, the relative abundance of phyla Proteobacteria and Firmicutes declined, while the phylum Actinobacteria rose. At the genus level, Bifidobacterium, Clostridium, Streptococcus, and one unclassified genus belonging to the family Enterobacteriaceae were the predominant genus, with genus Bifidobacterium rising and the other three genera declining in the M6 phase (Figure 2B). In addition, it is noteworthy that the relative abundance of the genus Lactobacillus, Ruminococcus, and Blautia also exhibited an upward trend from the M1 to M6 phase.

[image: Figure 2]

FIGURE 2
 Relative proportions of abundant microbes and their differences between the vitamin D insufficient group and normal group. (A) Relative proportions of abundant microbes at the phylum level; (B) Relative proportions of abundant microbes at the genus level; (C) Histogram of LEfSe analysis in the M1 phase; (D) Histogram of LEfSe analysis in the M6 phase. The prefixes “p,” “c,” “o,” “f,” “g” represent the annotated level of phylum, class, order, family and genus.


Using LDA, we identified the genus Campylobacter and all parent taxa within class Epsilonproteobacteria (i.e., family Campylobacteraceae, and order Campylobacterales), class Anaerolineae and its parent phylum Chloroflexi were depleted in the vitamin D insufficient group, while genus Bacteroides and its parent family Bacteroidaceae were enriched in the vitamin D insufficient group in the M1 phase (Figure 2C). In the M6 phase, we found genus Clostridium and Morganella were enriched, while genus Epulopiscium and Proteus were depleted in the vitamin D insufficient group (Figure 2D).



3.4 Abundant pathways

As shown in Figure 3, more pathways were significantly abundant in the vitamin D insufficient group, including PWY-6749 (CMP-legionaminate biosynthesis I), COLANSYN-PWY (colanic acid building blocks biosynthesis), PWY-6572 [chondroitin sulfate degradation I (bacterial)], PWY-6562 (norspermidine biosynthesis), PWY-6263 (superpathway of menaquinol-8 biosynthesis II), and PWY-7323 (superpathway of GDP-mannose-derived O-antigen building blocks biosynthesis) in the M1 phase, and quite a few pathways related to amino acid biosynthesis (HISTSYN-PWY, PWY-3001, BRANCHED-CHAIN-AA-SYN-PWY, TRPSYN-PWY, VALSYN-PWY, ILEUSYN-PWY, PWY-5103, GLUTORN-PWY), PWY-6737 (starch degradation V), and PWY-6123 (inosine-5′-phosphate biosynthesis I) in the M6 phase. In the normal group, we found that 1CMET2-PWY [folate transformations III (E. coli)] was enriched in the M1 phase, while 2-methylcitrate cycle I and II (PWY0-42 and PWY-5747) were enriched in the M6 phase.

[image: Figure 3]

FIGURE 3
 Comparisons of metabolic pathways between the vitamin D insufficient group and normal group in the M1 (A) and M6 (B) phases, respectively.




3.5 Ecological association network

Figure 4 shows the ecological association networks at the genus level in the vitamin D insufficient group and normal group in the M1 and M6 phases, respectively. In the M1 phase, the number of nodes and edges in the insufficient and normal groups looked similar (Figures 4A,B). However, in the M6 phase, the number of edges decreased dramatically, especially in the vitamin D insufficient group, indicating fewer microbial correlations in the vitamin D insufficient group.
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FIGURE 4
 Ecological association network in the vitamin D insufficient group (A,C) and normal group (B,D) groups in the M1 (A,B) and M6 (C,D) phases, respectively. Each node indicates a genus, with larger node indicating higher relative abundance, and edges between nodes represent their predicted interactions. Different colors indicate different modularity classes.





4 Discussion

In the current study, we prospectively examined the influence of maternal vitamin D levels on the gut microbiota of the offspring during 1–6 months of life. We observed significantly lower Pielou’s evenness and Shannon diversity in the vitamin D insufficient group in the M6 phase, and the dynamic changes in alpha diversity from 1 to 6 months old were significantly different according to maternal vitamin D status. In terms of gut microbiota composition, there were significant differences between the vitamin D insufficient group and the normal group at both 1 and 6 months of age of infants. Moreover, among the predicted metagenome functions, pathways related to amino acid biosynthesis, starch degradation, and purine nucleotides biosynthesis were enriched in the vitamin D insufficient group. In addition, ecological network analysis showed an apparent decrease in microbial correlations from M1 to M6 phase, especially in the vitamin D insufficient group.

The role of vitamin D during pregnancy in the infant’s gut microbiota has been of increasing interest recently. Talsness et al. (11) found that maternal plasma vitamin D levels were negatively associated with counts of Bifidobacterium species and positively associated with B. fragilis counts in infants at 1 month of age. On the contrary, in our study, we found that the relative abundance of Bifidobacterium was lower and Bacteroides was higher in the vitamin D insufficient group in the M1 phase. Inconsistent results might be due to the different timing of vitamin D detection [i.e., the third (around 36 weeks) vs. second (15 ~ 19 weeks) trimester in the study of Talsness et al. (11) and our study, respectively] or racial differences (Dutch vs. Chinese). Bifidobacterium, also known as probiotics, is a natural part of the bacterial community in the human body and there is a symbiotic bacteria-host relationship with humans. Bacteroides, commonly found in the human gut, assist in breaking down food and producing valuable nutrients and energy that the body needs. Our study indicated that vitamin D insufficient during pregnancy may reduce the beneficial effect of Bifidobacterium on infants, but has an auspicious influence on the Bacteroides with a beneficial role.

In addition, we also found that the relative abundance of the genus Bifidobacterium, as well as Lactobacillus, Ruminococcus, and Blautia, exhibited an upward trend from M1 to M6 phase. Lactobacillus metabolizes carbohydrates to produce lactic acid, and there is strong evidence associating various Lactobacillus probiotics with several health benefits (23, 24). Ruminococcus obtains nutrients by breaking down cellulose that passes through the host’s digestive system. Blautia is a new functional genus with potential probiotic properties, such as biological transformation, regulating host health, and alleviating metabolic syndrome (25). From 1 month to 6 months old of infants, all these bacteria mentioned above were rising, suggesting that the gut microbiota in infants was developing toward a ever-risingly mature and beneficial direction over time.

Linear discriminant analyses showed that genus Campylobacter and its all parent taxa within class Epsilonproteobacteria were significantly depleted in the vitamin D insufficient group in the M1 phase. Such association was not observed in the M6 phase. Campylobacter, considered to be the most common bacterium that leads to human gastroenteritis, is one of the major causes of diarrhoeal diseases in the world, and it can be fatal among very young children (26). Our finding indicated that maternal vitamin D insufficiency during pregnancy might be a protective factor for infants at 1 month old. However, genus Campylobacter was only detected in a very small number of samples in the present study; therefore, the association between maternal vitamin D status and genus Campylobacter might be spurious. More researches are awaited in the future to confirm our findings.

In the M6 phase, genus Clostridium and Morganella were enriched, while genus Epulopiscium and Proteus were depleted in the vitamin D insufficient group. The identified association between the maternal vitamin D status and the relative abundance of genus Clostridium in offspring is in agreement with a previous finding that Clostridium was enriched in vitamin D receptor knockout mice (7). Besides, Chan et al. (27) found that vitamin D protected against Clostridioides difficile infection in mice by restoring macrophage lysosome acidification. Clostridium can be found in the human gastrointestinal tract, and its pathogenic species produce exotoxins that cause tissue and nerve necrosis, resulting in lesions. Previous studies have shown that colonization by Clostridium in the infant gut in early life was associated with increased risks of wheeze, eczema, and atopic dermatitis (28, 29). These findings suggested that maternal vitamin D insufficiency might be associated with higher levels of Clostridium in the gut of infants, which was linked to an increased risk of allergic diseases. Both Morganella and Proteus are opportunistic pathogens capable of causing major infectious disease problems (30). Epulopiscium is not usually found in the human gastrointestinal tract (31). Since the latter three were detected in only a few samples in our study, we would like not to discuss them here. More studies are needed in the future.

Through functional and pathway analysis, we found a large number of pathways enriched in the vitamin D insufficient group in the M6 phase, including multiple amino acid biosynthesis, starch degradation, and purine nucleotides biosynthesis pathways. Amino acids are the building blocks of proteins, which are of primary importance to the continuing functioning of life. Starch degradation is involved in energy metabolism, and nucleotides biosynthesis plays an essential role in DNA replication and transcription (32). These pathways enriched in the vitamin D insufficient group indicated that this group had more active microbial biosynthesis and more abundant microbial community metabolism. However, we do not know what kind of flora these abundant metabolic activities come from and whether it has a positive or negative impact on infant gut health.

Maternal vitamin D may potentially impact infant gut microbiome structure and composition via the following mechanisms. Ooi et al. (8) demonstrated that 1,25(OH)2D3 (i.e., active form of vitamin D) deficiency and vitamin D receptor knockout can affect the gut microbiome by increasing inflammation, and more gut inflammation provides a conducive environment for pathogens to proliferate at the expense of beneficial bacterial species. Vitamin D may also affect the gut microbiome by upregulating innate immunity, producing antimicrobial peptides through macrophages, maintaining the gut barrier function, and altering calcium and phosphate absorption (9). Since an infant’s gut microbiota inherited from the mother’s to some extent (33), therefore, we supposed that maternal vitamin D influenced maternal gut microbiota, and then be provisioned to fetuses in utero, which decided the first microbial colonizers of the infant’s gut. However, mechanistic links between maternal vitamin D status and gut microbiome in offspring remain to be elucidated.

The Developmental Origins of Health and Disease (DOHaD) theory believes that many diseases may originate from exposures in utero or during childhood. As a result, maternal vitamin D levels during pregnancy, as a modifiable factor, is of great public health significance in the prevention of many diseases, such as allergic diseases, by influencing the maintenance of gut microbiota homeostasis (10). Therefore, vitamin D supplementation is strongly recommended in clinic practice. However, due to the chronicity of vitamin D deficiency and the potential for physiologic adaptations to this condition, a longer supplementation period might be necessary, possibly even commencing prior to pregnancy (34).

Our study, to the best of our knowledge, was the first one to assess the influence of maternal vitamin D status during pregnancy on the gut microbiota in infants in a Chinese population, and newly reported that the dynamic changes of alpha diversity in infant’s gut microbiota from 1 to 6 months old were significantly different according to maternal vitamin D status using a prospective study design. Another advantage of this study was that the basic characteristics of the subjects in the vitamin D insufficient group and the control group were similar and comparable, which reduced the confounding of related factors.

One limitation of this study was the small sample size. However, given the sample size, standard deviation and difference in the present study, we would therefore calculated a statistical power of more than 85%, with a level of statistical significance of 5%; moreover, the basic characteristics were comparable in the two groups, strengthening the statistical power. Future studies require larger sample sizes, longer follow-up periods, and assessment of prenatal vitamin D at multiple time points. Secondly, the associations between maternal vitamin D supplementation during pregnancy and the infant’s gut microbiota were not studied in our research, since the vast majority of the included women were prescribed to receive a routine vitamin D supplementation of 125 IU per day, combined with calcium supplementation. In addition, unmeasured confounding factors such as maternal dietary habits, hygiene practices, and medication use may also affect infant gut microbiota structure and composition.



5 Conclusion

In brief, this study found evidence of an association between maternal vitamin D status with the gut microbiota structure and composition of infants in Shenzhen, China, notably a lower Pielou’s evenness and Shannon diversity, and a higher abundance of Clostridium, which might be linked to an increased risk of allergic diseases. Furthermore, function prediction showed that at 6 months of age, infants born to mothers with vitamin D insufficiency had more active biosynthesis and metabolism. These findings highlight that maternal vitamin D status played a pivotal role in shaping the early-life gut microbiota of the next generation. Therefore, it is of great significance to prevent vitamin D insufficiency in women, and policies or recommendations, such as routine vitamin D supplementation of 400 IU or more per day, and more outdoor activities to get adequate sun exposure during pregnancy, for the prevention of vitamin D insufficiency in China is highly essential.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found here: https://db.cngb.org/, China National GeneBank DataBase.



Ethics statement

The studies involving humans were approved by Ethics Committee of Shenzhen Baoan Women’s and Children’s Hospital. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants’ legal guardians/next of kin.



Author contributions

QS: Conceptualization, Data curation, Formal analysis, Funding acquisition, Methodology, Visualization, Writing – original draft, Writing – review & editing. YL: Investigation, Validation, Writing – review & editing. TZ: Methodology, Visualization, Writing – review & editing. MX: Investigation, Validation, Writing – review & editing. BX: Formal analysis, Methodology, Visualization, Writing – review & editing. MW: Supervision, Writing – review & editing. YZ: Data curation, Funding acquisition, Project administration, Supervision, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was funded by the National Natural Science Foundation of China (grant number 82204050, QS), Shenzhen Science and Technology Program (grant number JCYJ20230807145901003, QS), Research Foundation of Shenzhen Baoan Women’s and Children’s Hospital (grant number BAFY 2021001, QS), and Shenzhen Key Medical Discipline Construction Fund (grant number SZXK028, YZ).



Acknowledgments

We thank all the children and their parents for their participation.



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.



References

 1. Wagner, CL, Hollis, BW, Kotsa, K, Fakhoury, H, and Karras, SN. Vitamin D administration during pregnancy as prevention for pregnancy, neonatal and postnatal complications. Rev Endocr Metab Disord. (2017) 18:307–22. doi: 10.1007/s11154-017-9414-3 

 2. Agarwal, S, Kovilam, O, and Agrawal, DK. Vitamin D and its impact on maternal-fetal outcomes in pregnancy: a critical review. Crit Rev Food Sci Nutr. (2018) 58:755–69. doi: 10.1080/10408398.2016.1220915 

 3. Mansur, JL, Oliveri, B, Giacoia, E, Fusaro, D, and Costanzo, PR. Vitamin D: before, during and after pregnancy: effect on neonates and children. Nutrients. (2022) 14:1900. doi: 10.3390/nu14091900 

 4. Grech, A, Collins, CE, Holmes, A, Lal, R, Duncanson, K, Taylor, R , et al. Maternal exposures and the infant gut microbiome: a systematic review with meta-analysis. Gut Microbes. (2021) 13:1–30. doi: 10.1080/19490976.2021.1897210 

 5. Kim, H, Sitarik, AR, Woodcroft, K, Johnson, CC, and Zoratti, E. Birth mode, breastfeeding, pet exposure, and antibiotic use: associations with the gut microbiome and sensitization in children. Curr Allergy Asthma Rep. (2019) 19:22. doi: 10.1007/s11882-019-0851-9 

 6. Song, Q, Zhou, T, Chen, S, Liao, Y, Huang, H, Xiao, B , et al. Association of Gestational Diabetes with the dynamic changes of gut microbiota in offspring from 1 to 6 months of age. J Clin Endocrinol Metab. (2023) 108:2315–23. doi: 10.1210/clinem/dgad107 

 7. Jin, D, Wu, S, Zhang, Y-G, Lu, R, Xia, Y, Dong, H , et al. Lack of vitamin D receptor causes Dysbiosis and changes the functions of the murine intestinal microbiome. Clin Ther. (2015) 37:996–1009.e7. doi: 10.1016/j.clinthera.2015.04.004 

 8. Ooi, JH, Li, Y, Rogers, CJ, and Cantorna, MT. Vitamin D regulates the gut microbiome and protects mice from dextran sodium sulfate-induced colitis. J Nutr. (2013) 143:1679–86. doi: 10.3945/jn.113.180794 

 9. Waterhouse, M, Hope, B, Krause, L, Morrison, M, Protani, MM, Zakrzewski, M , et al. Vitamin D and the gut microbiome: a systematic review of in vivo studies. Eur J Nutr. (2019) 58:2895–910. doi: 10.1007/s00394-018-1842-7 

 10. Molani-Gol, R, and Rafraf, M. Maternal vitamin D in pregnancy and infant’s gut microbiota: a systematic review. Front Pediatr. (2023) 11:1248517. doi: 10.3389/fped.2023.1248517 

 11. Talsness, CE, Penders, J, Jansen, EHJM, Damoiseaux, J, Thijs, C, and Mommers, M. Influence of vitamin D on key bacterial taxa in infant microbiota in the KOALA birth cohort study. PLoS One. (2017) 12:e0188011. doi: 10.1371/journal.pone.0188011 

 12. Sordillo, JE, Zhou, Y, McGeachie, MJ, Ziniti, J, Lange, N, Laranjo, N , et al. Factors influencing the infant gut microbiome at age 3-6 months: findings from the ethnically diverse vitamin D antenatal asthma reduction trial (VDAART). J Allergy Clin Immunol. (2017) 139:482–491.e14. doi: 10.1016/j.jaci.2016.08.045 

 13. Kassem, Z, Sitarik, A, Levin, AM, Lynch, SV, Havstad, S, Fujimura, K , et al. Maternal and cord blood vitamin D level and the infant gut microbiota in a birth cohort study. Matern Heal Neonatol Perinatol. (2020) 6:5. doi: 10.1186/s40748-020-00119-x 

 14. Holick, MF
. Vitamin D status: measurement, interpretation, and clinical application. Ann Epidemiol. (2009) 19:73–8. doi: 10.1016/j.annepidem.2007.12.001 

 15. Bolyen, E, Rideout, JR, Dillon, MR, Bokulich, NA, Abnet, CC, Al-Ghalith, GA , et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat Biotechnol. (2019) 37:852–7. doi: 10.1038/s41587-019-0209-9 

 16. DeSantis, TZ, Hugenholtz, P, Larsen, N, Rojas, M, Brodie, EL, Keller, K , et al. Greengenes, a chimera-checked 16S rRNA gene database and workbench compatible with ARB. Appl Environ Microbiol. (2006) 72:5069–72. doi: 10.1128/AEM.03006-05 

 17. Willis, AD
. Rarefaction, alpha diversity, and statistics. Front Microbiol. (2019) 10:2407. doi: 10.3389/fmicb.2019.02407 

 18. By IMPACTT investigators
. Beta-diversity distance matrices for microbiome sample size and power calculations - how to obtain good estimates. Comput Struct Biotechnol J. (2022) 20:2259–67. doi: 10.1016/j.csbj.2022.04.032 

 19. Segata, N, Izard, J, Waldron, L, Gevers, D, Miropolsky, L, Garrett, WS , et al. Metagenomic biomarker discovery and explanation. Genome Biol. (2011) 12:R60. doi: 10.1186/gb-2011-12-6-r60 

 20. Douglas, GM, Maffei, VJ, Zaneveld, JR, Yurgel, SN, Brown, JR, Taylor, CM , et al. PICRUSt2 for prediction of metagenome functions. Nat Biotechnol. (2020) 38:685–8. doi: 10.1038/s41587-020-0548-6 

 21. Parks, DH, and Beiko, RG In: KE Nelson
, editor. STAMP: Statistical analysis of metagenomic profiles BT - encyclopedia of metagenomics: Genes, genomes and metagenomes: Basics, methods, databases and tools. Boston, MA: Springer US (2015). 641–5.


 22. Kurtz, ZD, Müller, CL, Miraldi, ER, Littman, DR, Blaser, MJ, and Bonneau, RA. Sparse and compositionally robust inference of microbial ecological networks. PLoS Comput Biol. (2015) 11:e1004226. doi: 10.1371/journal.pcbi.1004226 

 23. Sun, Z, Harris, HMB, McCann, A, Guo, C, Argimón, S, Zhang, W , et al. Expanding the biotechnology potential of lactobacilli through comparative genomics of 213 strains and associated genera. Nat Commun. (2015) 6:8322. doi: 10.1038/ncomms9322 

 24. Dempsey, E, and Corr, SC. Lactobacillus spp. for gastrointestinal health: current and future perspectives. Front Immunol. (2022) 13:840245. doi: 10.3389/fimmu.2022.840245 

 25. Liu, X, Mao, B, Gu, J, Wu, J, Cui, S, Wang, G , et al. Blautia-a new functional genus with potential probiotic properties? Gut Microbes. (2021) 13:1–21. doi: 10.1080/19490976.2021.1875796 

 26. Campylobacter
. (2020). Available at: https://www.who.int/news-room/fact-sheets/detail/campylobacter (Accessed April 28, 2024).


 27. Chan, H, Li, Q, Wang, X, Liu, WY, Hu, W, Zeng, J , et al. Vitamin D(3) and carbamazepine protect against Clostridioides difficile infection in mice by restoring macrophage lysosome acidification. Autophagy. (2022) 18:2050–67. doi: 10.1080/15548627.2021.2016004 

 28. van Nimwegen, FA, Penders, J, Stobberingh, EE, Postma, DS, Koppelman, GH, Kerkhof, M , et al. Mode and place of delivery, gastrointestinal microbiota, and their influence on asthma and atopy. J Allergy Clin Immunol. (2011) 128:948–955.e3. doi: 10.1016/j.jaci.2011.07.027 

 29. Penders, J, Gerhold, K, Stobberingh, EE, Thijs, C, Zimmermann, K, Lau, S , et al. Establishment of the intestinal microbiota and its role for atopic dermatitis in early childhood. J Allergy Clin Immunol. (2013) 132:601–607.e8. doi: 10.1016/j.jaci.2013.05.043 

 30. O’Hara, CM, Brenner, FW, and Miller, JM. Classification, identification, and clinical significance of Proteus, Providencia, and Morganella. Clin Microbiol Rev. (2000) 13:534–46. doi: 10.1128/CMR.13.4.534 

 31. Angert, ER
. Epulopiscium spp. Trends Microbiol. (2022) 30:97–8. doi: 10.1016/j.tim.2021.11.004 

 32. Patterson, D, Bleskan, J, Gardiner, K, and Bowersox, J. Human phosphoribosylformylglycineamide amidotransferase (FGARAT): regional mapping, complete coding sequence, isolation of a functional genomic clone, and DNA sequence analysis. Gene. (1999) 239:381–91. doi: 10.1016/s0378-1119(99)00378-9 

 33. Milani, C, Duranti, S, Bottacini, F, Casey, E, Turroni, F, Mahony, J , et al. The first microbial colonizers of the human gut: composition, activities, and health implications of the infant gut microbiota. Microbiol Mol Biol Rev. (2017) 81:e00036–17. doi: 10.1128/MMBR.00036-17 

 34. Aparicio, A, Gold, DR, Weiss, ST, Litonjua, AA, Lee-Sarwar, K, and Liu, Y-Y. Association of Vitamin D Level and Maternal gut Microbiome during pregnancy: findings from a randomized controlled trial of antenatal vitamin D supplementation. Nutrients. (2023) 15:2059. doi: 10.3390/nu15092059 


Copyright
 © 2024 Song, Li, Zhou, Xiao, Xiao, Wang and Zhu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnut-11-1428356-t001.jpg
Vitamin D status

Insufficient group Normal group
(N=59) (N=28)

Maternal characteristics
Ageat delivery, year 316435 312441 0679
Pre-pregnancy BMI, kg/m® 21130 214240 0724
Gestational weight gain, kg 144243 14637 0.844
Gestational age, week 393511 393208 0713
Serum vitamin D level, ng/mL 21545 32£15 <0.001
Seasonal distribution of vitamin D measurement 0.920

Spring (March-May) 1(169) 0

Summer season (June-August) 30(50.85) 13.(46.43)

Autumn (September-November) 23(38.98) 13 (46.43)

‘Winter season (December-January) 5(847) 2(7.14)
Delivery mode 0.991

Vaginal 38 (64.41) 18 (64.29)

Cesarean 21(35.59) 10(35.71)
GDM 24 (40.68) 11(39.29) 0.902
HDP 6(10.17) 1(357) 0.421

Infant characteristics

Sex, male/female 32127 1513 0.954
Birth weight, kg 32404 32205 0.939
Birth length, cm 49913 500£19 0.969
Feeding practices 0.104

Breastfeeding 40 (67.80) 20(71.43)

Mixed 18 (30.51) 5(17.36)

Formula 1(1.69) 3(1071)
Days at collection of gut sample at 1 month 303529 3L1£29 0.263
Weight at 1month, kg 43505 44207 0590
Length at 1month, cm 54919 550422 0.899
Head circumference at 1 month, cm 368£1.0 71213 0316
Days at collection of gut sample at 6months 1864123 1922122 0.063
Weight at 6months, kg 8007 8010 0.991
Length at 6months, cm 684523 684221 0.974
Head circumference at 6 months, cm 32212 434510 0.408

Data are shown as means (SD) or n(%). Significant differences in maternal and infant characteristcs between the two groups are highlighted in bold. BMI, body mass index; GDM, gestational
iabetes mellitus; HDP, hypertensive disorders of pregnancy.






OPS/images/fnut-11-1428356-g003.jpg
A
E==INormal E=1 Insufficient

95% confidence intervals

PWY-67490 ——i ! 0.013
COLANSYN-PWY ey _— 0025
PWY-6185 57 |—— 0026 g
PWY-65725 [—C— 0.028
PWY-6339 5= | ————————oon §
PWY-6562E ——y 0037 ¢
PwY-6263 o 0038 5
1CMET2-PWY —_—— 0.039 3
PWY-5181 P —_— 0040
[NE I ———. —_—— 0.049
00 05 -0.15 -0.10 -0.05 0.'00 0.05 0.10 015
Mean proportian (%) Difference in mean proportions (%)
B
E=INormal E=J Insufficient 95% confidence intervals
PWY-6897 —y —_—— 4.71e-4
PWY-6737 ey —— 3.16e3
HISTSYN-PWY ey =l 3.68e3
PWY-3001 —0—i : 43003
PWY-5747 | —— 8.47e-3
PYRIDNUCSYN-PWY Py ——i1 0.012
RHAMCAT-PWY Py —— 0.014
BRANCHED-CHAIN-AA-SYN-PWY ey —_—— ! 0.016
TRPSYN-PWY —' 0.017
VALSYN-PWY e, — : 0019
ILEUSYN-PWY Py —_— 0.019
PWY-6915| ° 0.021
PWY-7003E=7 I—o—— 0023
PWY0-a2 I—o— 0.024
PWY0-781 FVFd —o— 0.030
PYRIDNUCSAL-PWY ey —o—i 0.030
KETOGLUCONMET-PWY :»—o— 0.033
PWY-5103 ey —— 0.037
PWY-6123 —0— 0.038
‘THREOCAT-PWY B0 —— 0.040
GLUTORN-PWY ey —_— 0.044
L |
0.0 08 -020 -0.15 —0.10 -0.05 0.00 005 0.0 015

Mean proportion (%)

Difference in mean proportions (%)

p-value (corrected)





OPS/images/fnut-11-1428356-g004.jpg
A Insufficient, M1 B Normal, M1






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Maternal vitamin D status during pregnancy and infant’s gut microbiota: a prospective cohort study



		1 Introduction



		2 Methods



		2.1 Participants



		2.2 Maternal serum vitamin D measurement



		2.3 Collection of fecal samples



		2.4 Sequencing and sequence processing



		2.5 Statistical analysis



		2.5.1 General characteristics comparison



		2.5.2 Alpha and beta diversity



		2.5.3 Relative abundance analyses



		2.5.4 Abundant pathways and ecological association networks analyses















		3 Results



		3.1 Cohort characteristics



		3.2 Alpha and beta diversity



		3.3 Relative abundance



		3.4 Abundant pathways



		3.5 Ecological association network









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fnut-11-1428356-g001.jpg
S0 =oom . =00 =066 =0
’ F) o T u|. » " » ’

E]
= 0.6 ¥
: ¥ é == B
H H
L ; ! ;
3 ol 30 é;
t :
e 1
0.2 v
ticiest BB Morma ticiess BB Yomal ]
D E F
. A Norm!
0.3 A 0.4°
ik .
1. E
.
®





OPS/images/fnut-11-1428356-g002.jpg
100

Relative Abundance (%)

Relative Abundance (%)

4
" e [T O . N P—

PSRRI P — ool [ o

oot [l vomcicose [l rcmacon o o vra o enstncuin

[
B Normal B Insufficient

p_Chioronex
—Anaerolineae

Cam,

?:Cam tera

¢ Epsilon roteobacterl
ampylobacterales

o 1
LDA SCORE (log 10)

D
EEmNormal I Insufficient

__Clostridium
)__Morganella

g__Epulopiscibm

e = [ 1 2 2
LDA SCORE (log 10)





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

Maternal vitamin D status during
pregnancy and infant’'s gut
microbiota: a prospective cohort
study












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
¥ frontiers Frontiers in Nutrition






