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Abstract: The aim of the study was to investigate the association between maternal dietary iron intake during
pregnancy and the gut microbiota characteristics of both the mother and neonate in a well-characterized cohort.
A total of 95 mother-neonate dyads were included in our study, with basic information collected through
questionnaires. A semi-quantitative Food Frequency Questionnaire (FFQ) was used to assess maternal dietary
intake during pregnancy, and maternal dietary iron intake was categorized into <20 mg/d and >20 mg/d
groups. Fecal samples were collected from the mother in the third trimester and the neonate, allowing for
assessment of the community profile and diversity of gut microbiota via 165 rRNA amplicon sequencing. Then,
a comparison between different maternal dietary iron intake groups was conducted, adjusting for delivery
mode (VD, vaginal delivery; CS, cesarean section) and other potential confounding factors. No significant
differences in community profile and diversity were observed for the maternal gut microbiota in different
dietary iron intake groups. In neonate fecal samples, the Shannon (p = 0.044) and Simpson (p = 0.010) diversity
indices of the gut microbiota were higher in the maternal dietary iron intake >20 mg/d group, while Simpson
diversity presented the same tendency in vaginal delivery (p = 0.041) after stratification. The relative abundance
of the core genus Bifidobacterium showed a significant difference between groups (4.69 [1.19-12.77] vs. 13.98
[3.44-27.28]; p = 0.044). The abundance of Lactobacillus was different in the >20 mg/d group under both delivery
modes (VD: beta=2.9, w =4.13; CS: beta = 2.77, w = 3.8). Our findings suggest that adequate dietary iron intake
during pregnancy may promote beneficial bacterial colonization and increase the biodiversity of the neonate
gut microbiota.

Keywords: dietary iron; pregnancy; mother; Neonate; gut microbiota

1. Introduction

Iron is an essential micronutrient for humans and microbiota, exerting direct effects on microbial
growth, modulating the host immune system, and participating in various biochemical processes
essential for sustaining life [1,2]. In the human body, the intricate interaction between host iron
acquisition and the gut microbiota plays a crucial role in shaping the metabolism of both the host and
microbiota. The microbiome ecology influences iron absorption, while iron uptake, deficiency, or
overload in the host will affect the community, diversity, and function of the microbiota, thus
disrupting the micro-ecological balance [3].

Recent evidence has suggested that maternal dietary iron intake during pregnancy may impact
the development of the maternal and infant gut microbiota [4,5]. High maternal dietary iron intake
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or supplementation during pregnancy has been linked with alterations in the infant gut microbiota
composition, potentially increasing the relative abundance of pathogenic bacteria and decreasing that
of beneficial bacteria [4,6], thus increasing the risk of infections, allergies, and metabolic disorders in
the infant. In addition, as a vital micronutrient, iron is closely related to the metabolism of the gut
microbiota. A study in rats has shown that iron deficiency decreased the concentrations of cecal
butyrate (87%) and propionate (72%), as well as strongly modifying dominant species including
Lactobacilli and Enterobacteriaceae [7]. Iron depletion and repletion strongly impact the composition
and function of the gut microbiota, while in humans the relationship between maternal dietary iron
intake and the characteristics of the mother and neonate gut microbiota remains poorly understood.

Therefore, in this study, we aim to investigate the association between maternal dietary iron
intake during pregnancy and the gut microbiota characteristics of the mother and neonate in a well-
characterized cohort. Our findings are expected to contribute to a better understanding of the role of
maternal iron status in shaping the gut microbiota in the neonate, and may inform future dietary
recommendations for pregnant women.

2. Materials and Methods

2.1. Study design and participant enrollment

The study was based on a birth cohort from January 2018 to June 2019, and the mothers were
enrolled in a randomized controlled trial in Northwest China. Detailed information of the cohort has
been described elsewhere [8,9]. A total of 518 women were enrolled and 246 maternal fecal samples
in the third trimester of pregnancy were collected. After delivery, fecal samples were collected from
220 mother-neonate dyads and, after combining this data with complete maternal dietary records,
95 mother—neonate dyads were included in our study. The flowchart of participant enrollment is
shown in Figurel.

The inclusion criteria for the present study included: (1) Women with full-term singleton fetus;
(2) women with detailed dietary record during pregnancy; (3) women without diagnosed gestational
complications; (4) matched information and fecal samples of the mother-neonate dyads. The
exclusion criteria of the study were (1) Unable to complete the questionnaire or sample collection as
required; (2) poor quality of the sample.

A detailed explanation of the study was provided to the women when recruited, and written
consent was obtained from all participants. The study was approved by the Institutional Review
Board (IRB) of Xi’an Jiaotong University Health Science Center (No. 2018-293).


https://doi.org/10.20944/preprints202310.1242.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 October 2023 doi:10.20944/preprints202310.1242.v1

A total of 518 pregnant women were enrolled
between January 2018 and September 2019

o| Data missing in baseline
information (n=11)

v

507 pregnant women were included

A

Maternal fecal samples of the third
trimester pregnancy (n=246)

A 4

Maternal dietary record
during pregnancy (n=215)

y

Neonatal fecal samples
(n=95)

A 4

Mother-neonate dyads samples with
complete dietary record during
pregnancy (n=95)

Figure 1. The flowchart of participant enrollment.

2.2. Basic information collection

A face-to-face questionnaire survey was used to collect information from the mothers during
their antenatal care (ANC) visits. In the initial ANC visit, data about the maternal socio-demographic
characteristics and reproductive history of the mother were collected. In each following ANC visit,
details regarding the pregnancy were also documented, including environmental exposures,
psychological disorders, disease and treatment, and nutritional supplements during pregnancy [8].
Birth outcomes were retrieved from the hospital information system.

2.3. Assessment of maternal dietary iron intake during pregnancy

A 107-item semi-quantitative food frequency questionnaire (FFQ) with good reliability and
validity for pregnant women in Shaanxi Province of China was used to evaluate the diet of the mother
once, either before or within 3 days after delivery [10-12]. Specifically, we converted the daily food
consumptions into total energy, macronutrient, and micronutrient intakes referring the Chinese Food
Composition Table [13], which was then analyzed (after energy adjustment) using the regression-
residual method [14]. Given that the pregnant women in this region generally have low dietary iron
intake, we divided the women into two groups based on the recommended nutrient intake (RNI) of
iron in the first trimester (20mg/d) for Chinese women provided by Chinese Dietary Reference
Intakes (DRIs) in China in 2013 [15]; in particular, we grouped them by iron intake >20 mg/d and <20
mg/d.

2.4. Fecal sample collection

The third trimester maternal fecal samples were collected in hospital, and neonate fecal samples
were collected from the diapers by parents or investigators within 3 days after birth. The fecal
samples were sub-packed and labeled before being swiftly moved to a —20 °C fridge for short-term
storage, then transferred to the laboratory and stored in a —80°C fridge until subsequent analysis.

2.5. DNA extraction and high-throughput 16s rRNA gene amplicon sequencing
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Bacterial DNA was extracted from 500 mg of each fecal sample using a QlAamp Fast DNA stool
Mini Kit (Qiagen) according to the manufacturer's instructions. PCR amplification was conducted
with barcoded bacterial primers (341F: 5-CCTAYGGGRBGCASCAG-3' and 806R: 5'-
GGACTACNNGGGTATCTAAT-3[16]), targeting the variable region V3-V4 of the 16S rRNA gene,
followed by application of the Hiseq 2500 platform at Biomarker Technologies Co, Ltd. (Beijing
China) to identify individual microbiota in the fecal samples. The original data obtained by the high-
throughput sequencing platform were stored in FASTQ format file, which comprised the information
of reads and corresponding the quality of sequences. The raw data processing contains two steps.
First, raw data were filtered using Trimmomatic v0.33[17] and the primer sequences were identified
and removed using cutadapt 1.9.1[18], generating high-quality reads without primer sequences.
Then, using DATA2 [19] in QIIME 2020.6 [20] for denoising and the removal of chimeric sequences,
non-chimeric reads were generated. The taxonomic annotation of feature sequences was processed
using the reference database Silva 16S rRNA version 115[21]. After quality control, amplicon
sequence variants (ASVs) were inferred.

2.6. Bioinformatic and statistical analysis

All statistical analyses were performed with Stata 15.0 (Stata Corp., College Station, TX), while
microbial analyses were conducted with R (version 4.1.0). Continuous variables are reported as mean
+ standard deviation, while categorical variables are presented as ratios or percentages, which were
analyzed via Chi-square or Fisher’s exact tests. The significance level was set as p <0.05. The Phyloseq
package [22] was used to create an object including the ASV table, sample variables, and taxonomy
table for the measurement of diversity indices and microbiota analysis in R. Considering that we
wished to maximally retain the diversity of fecal samples, we kept the sequencing depth of each
sample without rarefaction[23]. In addition, considering the low biomass in neonate fecal samples
and potentially spurious taxa due to sequencing errors, we filtered the ASV data using the filter_taxa
function, and only ASVs present at least 2 counts in at least 10% of fecal samples (e.g., based on our
sample size, ASVs present in at least 15 fecal samples) were retained. The microbiota characteristics
of fecal samples were compared between the maternal dietary iron intake groups, then further
stratified by delivery mode for analyses to minimize the effect on the result. Alpha diversity indices
including Chaol, Shannon, and Simpson diversity were calculated via filtered ASV table using the
microbiota package [24], while differences in the alpha diversity indices were analyzed via Mann—
Whitney U test. Beta diversity assessment was carried out using the vegan package [25]. To identify
the effect of maternal dietary iron intake on the maternal/neonatal gut microbiota community,
permutation multivariate analysis of variance (PERMANOVA) with 9999 permutations was
conducted using the adonis2 function in the vegan package, stratified by delivery mode and adjusting
for the effect of potential confounding variables such as pre-pregnancy BMI, and iron
supplementation during pregnancy. Then, visualization of beta diversity in relation to delivery mode
and maternal dietary iron intake was conducted via Principal Coordinate Analysis (PCoA) using the
vegan [25] and ggplot2 [26] packages. Moreover, gut microbiota composition was compared at
phylum level, with top phyla visualized using the plot_composition function. Neonate fecal samples
were then stratified by delivery mode compared at genus level with top genera.

Additionally, the core genera consistently present in the majority of neonate and maternal gut
microbiota samples were identified using the core_members function of the microbiome package.
Specifically, a threshold of 0.01% in 75% of neonate fecal samples, and a threshold of 0.01% in 95% of
maternal fecal samples were applied to identify the core genera, respectively. The resulting core
genera were subjected to the compositional transform and visualized using ggplot2. The shared core
ASVs among groups in maternal and neonate fecal samples were illustrated using Venn diagrams
generated using the microbiome and eulerr packages. Additionally, Canonical correspondence
analysis (CCA), which helped to determine the association between variables and microbiota
structure, was conducted to analyze the association between maternal dietary iron intake and
microbiota at the genus level. Gene functions were assessed using the Kyoto Encyclopedia of Genes
and Genomes (KEGG). Finally, differences in taxonomic abundance were assessed between the low
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and high intake groups stratified by delivery mode, performed using Analysis of Compositions of
Microbiomes with Bias Correction (ANCOM-BC) (v1.2.2) [27], with adjustments made for neonate
feeding, maternal use of Intrapartum Antimicrobial Prophylaxis (IAP), iron supplementation during
pregnancy, and batch effect. Correction values obtained from the models were adjusted via the
Bonferroni method (g <0.05). Taxa with a proportion of zeroes greater than 90% were excluded.

3. Results

3.1. Baseline characteristics and maternal dietary iron intake during pregnancy

Among the 95 mother-neonate dyads, 73.7% of neonates were delivered vaginally, and male
and female neonates were observed in equal numbers. The baseline characteristics of the mothers
and neonates are summarized in Table 1. The maternal dietary iron intake was determined with a
median (IQR) of 19.4 (16.9-21) mg/d.

Table 1. Baseline characteristics of mother and neonate grouped by delivery mode and maternal
dietary iron intake during pregnancy.

VD (n=70) CS (n=25)
P
. Gener <20 mg/d 220 mg/d <20 mg/d 220 mg/d
Variables Val
al intake intake intake intake
ue
(n=27) (n=22) (n=20) (n=26)
Mother
Maternal age, n(%)
36(37.9 0.98
<25 14(38.9) 13(36.1) 5(13.9) 4(11.1)
) 9
59(62.1
>25 ) 22(37.3) 21(35.6) 8(13.6) 8(13.6)
Education
years,n(%)
0.55
<9 56(59) 21(37.5) 20(35.7) 6(10.7) 9(16.1)
6
39(41.1
>9 | 15(38.5) 14(35.9) 7(18) 3(7.7)
Occupation,n(%)
Farm  77(81.1
32(41.6) 24(31.2) 11(14.3) 10(13)
er )
Non-
18(18.9
farme 4(22.2) 10(55.6) 2(11.1) 2(11.1)
)
r
Maternal height 0.75
160+5 1605 1605 160+3 160+4
(cm),mean+SD
Maternal weight 54.2+7. 0.72
53.7+8.2 53.8+6.4 56.3+9.9 54.8+7.4
(kg),mean+SD 7 9
Pre-pregnancy BMI 21.3+2. 0.57
20.9+3.1 21.242.6 22.1+3.3 21.6+2.8

(kg/m2),mean+SD
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Neonate
Sex,n(%)
47(49.5 0.39
Male 18(38.3) 14(29.8) 9(19.2) 6(12.8)
) 6
Femal 48(50.5
| 18(37.5) 20(41.7) 4(8.3) 6(12.5)
e
Gestational age
39.2(39  39.2(39.1- 39.2(39- 40.1(39.2- 39.2(39.1-  0.71
(week)?, median(IQ
.1-40.1) 40.1) 40.2) 40.1) 40.6) 7
R)
Birth weight (g)?, 3247+4 3233.5+466. 3345.84439. 0.51
3188+279.9 3350+498.3
mean+SD 06 3 8 4
Maternal dietary iron
19.4(16  17.6(15.9- 20.8(20- 16.9(16.6- 21.6(20.6-  <0.0
intake (mg/d), median
.9-21) 18.7) 22.3) 18.7) 22.7) 01

(IQR)

2 data missing(n=1).

3.2. Sequencing characteristics of mother-neonate dyads

In general, after filtering and removing sparse reads, from the 190 fecal samples were acquired
8,418,876 reads comprising 299 ASVs obtained for analysis, representing 87% of the ASVs.
Specifically, the average number of reads per neonate sample were 44,236, and the range was 723—
82,798; meanwhile, the average number of reads per mother sample was 44,383, and the range was
18,127-72,289.

3.3. Overview of maternal and neonate gut microbiota composition

The microbiota distribution in groups is shown in Supplementary Figurel and Supplementary
Figure 2. Firmicutes was the dominant phylum in the maternal gut microbiota, with relative
abundance of 0.61 + 0.2 [mean (%) = SD (%)], and there was no significant difference between maternal
dietary iron intake <20 mg/d and >20 mg/d groups.

In the neonate gut microbiota, Proteobacteria was the dominant phylum, followed by Firmicutes
with relative abundance of 0.41 + 0.32 and 0.3 + 0.25 [mean (%) + SD (%)], respectively, in the vaginal
delivery group. Firmicutes and Proteobacteria with relative abundance of 0.44 + 0.28 and 0.33 + 0.31
[mean (%) + SD (%)], respectively, were the top two dominant phyla in the cesarean section group.
Non-parametric tests with Bonferroni corrections showed no significant difference in relative
abundance between maternal dietary iron intake <20 mg/d and >20 mg/d groups, at not only phylum
but also genus level (p > 0.05).

3.4. Impact of maternal dietary iron intake on gut microbiota diversity of mother and neonate

The alpha and beta diversity of mother fecal samples showed no significant difference between
low and high dietary iron intake groups (Supplementary Figure3). However, the Shannon and
Simpson indices in the >20 mg/d group were significantly higher than in the <20 mg/d group for
neonate fecal samples (Shannon index, p = 0.044; Simpson index, p = 0.010; Supplementary Figure 4).
Meanwhile, after stratification (Figure 2), the results showed the same tendency regarding Simpson
diversity between the <20 mg/d and >20 mg/d groups in VD neonates (p = 0.041), and no significant
difference was observed for Chaol and Shannon diversity. Furthermore, beta diversity presented no
significant difference in neonate microbial community structure between the four groups (Figure 2D,
p > 0.05).
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@ 220 mg/d c 220 mg/d
S £
= w
0 0
VD cs vD cs
C D

PCoA of Bray-Curtis distance

Wilcoxen, p = 0.041 Wilcoxon, p = 0.12

1.0 0.4
Maternal dietary iron intake :'D.
0.5 B <20 mg/d .
B =20 mg/d g
0.0
-0.4

VD cS 0.8 04 0.0 0.4
Axis. 1 [16.7%]

Maternal dietary iron intake
* | VD_<20 mg/d
[*] vD_220 mg/d
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CS_220 mg/d

Simpson index
Axis.2 [9.8%)]

Figure 2. Alpha and beta diversities of neonate gut microbiota stratified by delivery mode and
grouped by maternal dietary iron intake with <20 mg/d and >20 mg/d, (A) Chaol index regarding the
microbial community richness of the neonate gut microbiota; Shannon (B) and Simpson (C) (<20 mg/d
vs. 220 mg/d in VD, p = 0.041) index regarding the microbial community diversity of the neonate gut
microbiota; Each box plot represents the median, interquartile range, minimum, and maximum
values. (D) PCoA analysis of bray_curtis distance regarding the difference in the microbial
community composition (PERMANOVA with 9999 permutations, p > 0.05).

3.5. Core genera and shared ASV's in mother—neonate dyads

There were 7 core genera in the 95 maternal fecal samples (Figure 3A). The most dominant core
genus in the maternal gut microbiota was Bifidobacterium, followed by Escherichia and Blautia (Table
2). There were no significant differences between the maternal dietary iron intake <20 mg/d and >20
mg/d groups.

There were 9 core genera in neonate fecal samples, with the top 3 dominant genera being
Escherichia, Bifidobacterium, and Streptococcus (Figure 3B; Table 2). The relative abundance of
Bifidobacterium was significantly higher in the 220 mg/d group than in the <20 mg/d group (p = 0.044);
however, no significant difference was observed in the remaining 8 core genera between groups.

Shared ASVs between mother and neonate gut microbial compositions are shown in Figure3-C.
Among the ASVs, 3 ASVs were shared between the <20 mg/d group in mother and neonate fecal
samples (ASV1, ASV2, ASV3), while 6 ASVs were shared between the >20 mg/d group in mother and
neonate fecal samples (ASV1, ASV2, ASV3, ASV7, ASV9, ASV10); see Supplementary Table 1. The
most dominant shared species in the mother and neonate gut microbiota were ASV1 (Escherichia_coli),
ASV?2 (Bifidobacterium_pseudocatenulatum), and ASV3 (Bifidobacterium_longum).
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Figure 3. Microbial composition at the genus level of mother and neonate samples. Core genus of the
mother (A) and neonate (B) samples grouped by maternal dietary iron intake during pregnancy. (C)
Venn diagram of the shared ASV of mother and neonate samples (detection =0.001, prevalence =0.65).
“Neonate_>20 mg/d” with green color represented neonate samples with maternal >20 mg/d-iron
intake, “Neonate_<20 mg/d” with red color represented neonate samples with maternal <20 mg/d-
iron intake, “Mother_<20 mg/d” with blue color represented maternal samples with <20 mg/d-iron
intake, “Mother_>20 mg/d” with purple color represented maternal samples with >20 mg/d-iron
intake. (D) Canonical correspondence analysis (CCA) on the genus level, and (E) significant difference
analysis accessing the associations between maternal dietary iron intake and neonate gut microbiota
community structure. Neonate genera were assessed as response data and maternal dietary iron
intake was explanatory data. Variation in maternal dietary iron intake accounted for 10.24% of the
observed changes in gut microbiota composition, p = 0.007. Samples with purple, green, blue, and red
were denoted by “VD_<20 mg/d”, “VD_>20 mg/d”, “CS_<20 mg/d”, “CS_>20 mg/d” groups,
respectively.

Table 2. Relative abundance of core genus of mother and neonate samples grouped by maternal
dietary iron intake during pregnancy.

Core genus General

Mother

<20 mg/d 220 mg/d p Value

0.571
0.228
0.618
0.783
0.239

Bifidobacterium

Clostridium

31.14(15.56-52.33)
2.19(0.74-4.65)
13.4(6.56-21.57)
1.96(1.04-4.23)
3.52(1.32-7.61)

33.2(19.03-50.91)
1.96(0.42-3.71)
13.11(8.22-25.5)
2.48(1.04-4.6)
3.52(1.03-7.3)

25.76(15.46-53.21)
2.28(0.96-5.57)
13.63(6.4-20.04)
1.76(1.13-3.64)
3.84(2.17-7.61)

Blautia
Dorea

Fusicatenibacter

Neonate

Subdoligranulum

Escherichia

Bifidobacterium
Staphylococcus
Enterococcus
Streptococcus
Blautia

Roseburia

7.59(2.5-17.24)
13.99(4.08-35.74)

6.9(1.47-26.07)
0.25(0.02-3.61)
2.77(0.16-10.85)
2.83(0.41-9.94)
0.42(0.05-3.77)
0.99(0.02-4.42)

9.25(2.15-13.59)
14(4.05-38.74)

4.69(1.19-12.77)
0.42(0.03-3.32)
2.73(0.27(10.85)
2.44(0.41-6.65)
0.35(0.04-2.74)
0.51(0-3.59)

7.10(4.66-22.71)
13.43(4.6-33.77)

13.98(3.44-27.28)
0.21(0.009-4.51)
2.82(0.16-10.65)
4.15(0.43-12.55)
0.71(0.08-3.77)
1.49(0.13-4.50)

0.329
0.800

0.044
0.732
0.917
0.133
0.253
0.120
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Romboutsia 0.24(0.02-3.72) 0.4(0.02-3.05) 0.21(0.01-4.79) 0.905
Escherichia 24.41(6.76-58.9)  31.96(5.02-74.33) 23.49(8.68-43.95)  0.503
Klebsiella 0.49(0.02-3.75)  0.5(0-3.75) 0.48(0.13-3.75) 0.566

The relative abundance of core genus in mother and neonate groups were presented by median and interquartile
range. The p value between groups was conducted by Mann-Whitney U test on compositional-transferred data.

3.6. General attributes of maternal dietary iron intake during pregnancy with respect to neonate fecal
microbiota

CCA was performed at genus level (Figure 3D). Staphylococcus, Fecalibacterium, Lactobacillus, and
Bifidobacterium were positively correlated with maternal dietary iron intake, and were enriched in the
VD_<20 mg/d, VD_>20 mg/d and CS_ 220 mg/d groups, with Staphylococcus presenting the highest
correlation, and Lactobacillus, and Bifidobacterium having lower correlation. Klebsiella was negatively
correlated with maternal dietary iron intake, and was enriched in the CS_<20 mg/d group.
Additionally, there was a significant difference between maternal dietary iron intake and neonate gut
microbiota community structure (Figure 3E). The variation explained by maternal dietary iron intake
was 10.24% (p = 0.007).

3.7. Effects of maternal dietary iron intake on neonate gut microbiota composition and function

The ANCOM-BC results for neonate gut microbiota with adjustment for covariates are shown
in Figure 4A, B, and Supplementary Table 2. Specifically, in the VD group, 35 genera were found
significantly different. In the <20 mg/d group, the abundances of 21 genera were found to be
differential, and the top 3 genera were Alistipes (beta =—4.91, w = -10.8, q < 0.001), Parasutterella (beta
= 6.37, w = -10.01, g < 0.001), and Fecalibacterium (beta = -4.38, w = -9.4, g < 0.001). Meanwhile, 14
genera were found to be differential in the 220 mg/d group, where Enterobacter (beta = -4.59, w =
-10.27, g < 0.001) was the highest. In the CS group, the abundances of 45 genera were found to
significantly different, with 18 genera showing high differences in the <20 mg/d group and 27 genera
showing high differences in the 220 mg/d group. Notably, under both delivery modes, the abundance
of Lactobacillus was differential in the 220 mg/d group (VD: beta = 2.9, w = 4.13; CS: beta = 2.77, w =
3.8).

Additionally, KEGG annotation analysis in the four groups of neonate gut microbiota showed a
diverse array of functional genes, with the top 5 involved in Metabolic pathways, Biosynthesis of
secondary metabolites, Biosynthesis of antibiotics, Microbial metabolism in diverse environments,
and ABC transporters. No significant differences were observed between the four groups.
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Figure 4. Waterfall plot of differentially abundant genus in the neonate microbiota derived from the
ANCOM-BC model, representing beta values (log fold change) by (A) vaginal delivery (VD) and (B)
cesarean section (CS) after birth. X-axis represents log fold change of beta values in differential
abundance of taxa in <20 mg/d group versus >20 mg/d group, while Y-axis represents differentially
abundant taxa at genus level. All effect sizes were adjusted by Bonferroni method (7 <0.05). Taxa with
proportion of zeroes greater than 90% was excluded. Taxa represented by blue bars are abundant in
<20 mg/d group, while those represented by red bars are abundant in 220 mg/d group. Genera with
a coefficient greater than 2 were selected for visualization to enhance clarity (the complete list is
available in Supplementary Table 2). Statistical significance was determined at the *p < 0.05 and ***p
<0.001 levels.

4. Discussion

Our results revealed that maternal dietary iron intake during pregnancy is associated with
neonate gut microbiota diversity, affects the core genera in the neonate gut microbiota, and has a
positive influence on the neonate gut microbiota at genus level. Our findings suggest that, in rural
areas, adequate dietary iron intake during pregnancy is important for healthy neonate gut microbiota
development.

Adequate iron intake during pregnancy is essential for both the mother's health and the
neonate’s development. Our study confirmed that above the recommended maternal dietary iron
intake, the iron levels increase the Shannon and Simpson indices with respect to the neonate’s gut
microbiota. After stratification by delivery mode, higher maternal dietary iron intake significantly
increased the Simpson diversity of the gut microbiota in vaginally delivered neonates, with the same
tendency when not stratified; however, the limited number of fecal samples after stratification may
lower the ability to detect the difference in Shannon diversity. This association may due to the
positive effects between iron and microbiota metabolism, especially through vaginal delivery.

Notably, the core genus Bifidobacterium was commonly found in neonate gut microbiota, and
presented a significant difference between the <20 mg/d and 220 mg/d groups of this study.
Bifidobacterium is an essential part of the human gut microbiota, and is one of the earliest beneficial
and dominant microbiota in the neonate intestinal tract. Studies have shown that Bifidobacterium
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promotes the development and maturation of the immune system, maintaining a dynamic balance
of the gut microbiota [28,29]. However, no consistent conclusion has been drawn regarding the
association between iron and Bifidobacterium in the neonate gut. Iron is an essential nutrient for many
microbiota species, including Bifidobacterium, and moderate dietary iron intake may promote the
colonization and development of beneficial microbiota [30]. On the contrary, studies have shown
that, in an iron-fortified diet, increased iron in the colon decreased the abundance of Bifidobacterium
and Lactobacillus and increase the abundance of enteropathogenic Escherichia coli, which has been
associated with enteritis [31-33], thus highlighting the importance of rational dietary iron intake for
microbiota efficacy. Our results preliminarily indicate that satisfying the recommended maternal
dietary iron intake may increase the relative abundance of Bifidobacteria in the neonatal offspring in
iron-deficient areas; however, this association may be further studied using an expanded sample size.

Additionally, shared ASVs in the <20 mg/d and =20 mg/d groups indicated the transfer of
microbiota from mother to neonate. As shown in our study, Escherichia_coli,
Bifidobacterium_pseudocatenulatum, and Bifidobacterium_longum were common species in the mother
and neonate gut microbiota; furthermore, Streptococcus_salivarius, Blautia_obeum, and Roseburia_faecis
were shared in the >20 mg/d group between mother and neonate fecal samples. The association
between these species and maternal dietary iron intake has not yet been sufficiently supported by
evidence. Specifically, Streptococcus_salivarius is a commensal microbiota that commonly colonizes
the oral cavity and upper respiratory tract in humans, which has been associated with the prevention
of oral infections and modulation of the immune system. In neonates, S. salivarius has been found to
prevent colonization by pathogenic bacteria, such as Streptococcus mutans, and produces bacteriocins,
which are antimicrobial peptides that can inhibit the growth of other bacteria (including S. mutans)
[34,35]. Blautia obeum and Roseburia faecis are both associated with the production of short-chain fatty
acids (SCFAs). B. obeum is capable of hydrolyzing bile salts, while R. faecis has been found to produce
butyrate, which is also an inhibitory substance against Bacillus subtilis [36,37]. It is plausible that
maternal dietary iron intake can influence the abundance or activity of these bacteria shared by the
mother and neonate, given their crucial roles in maintaining gut health. Therefore, it is necessary to
conduct more research to examine any possible associations between these bacterial species and
maternal dietary iron intake.

In this study, we also observed a relationship between maternal dietary iron intake and
representative genera in the neonate gut, as well as the differentially observed genera between
groups. Lactobacillus species were enriched in the >20 mg/d groups under both delivery modes,
hinting at a potential connection between adequate iron intake and the presence of Lactobacillus.
However, existing studies have not yet reached consistent conclusions. In a randomized, double-
blinded, controlled trial conducted to evaluate the efficacy of probiotic Lactobacillus plantarum 299v
(LP299v) in enhancing the treatment of iron deficiency, the results indicated no significant correlation
between increased ferritin levels and probiotic use. On the contrary, in a study conducted to assess
the impact of Lactobacillus reuteri DSM 17938, it was found that, compared with iron supplementation
solely, children with iron supplementation plus L. reuteri DSM 17938 had higher reticulocyte
hemoglobin levels, suggesting an association between L. reuteri DSM 17938 and iron in children [38].
This cannot completely rule out the association between Lactobacillus and dietary iron intake, due to
the difference in the gut strain, however it it is clear that excessive iron intake does decrease the
abundance of beneficial bacteria, including Lactobacillus and Bifidobacterium [39,40], further
emphasizing the importance of dietary iron intake within the recommended range.

Our study preliminarily evidenced an association between maternal dietary iron intake during
pregnancy and neonate gut microbiota, but there are still some limitations. Although the results were
stratified considering the difference in transmission of gut microbiota from mother to neonate
between VD and CS, the sample size was limited, making it difficult to accurately reflect the more
subtle differences. The study was carried out a less-developed area of China with generally low
dietary iron intake, and the results may be extended to more areas with insufficient dietary iron
intake during pregnancy; however, in areas with sufficient or high dietary iron intake, the results
should be verified. In addition, the dietary iron intake of mothers was collected for the whole
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pregnancy and stratified using Chinese RNIs, while the recommended dietary iron intake varies
throughout the three trimesters. Thus, future studies could consider the influence of dietary iron
intake in different periods of pregnancy and different dietary patterns on the gut microbiota of
neonates under the framework of larger samples.

5. Conclusions

Adequate iron intake during pregnancy may promote the colonization of beneficial bacteria in
the neonate gut microbiota and increase its biodiversity, indicating that maternal dietary iron intake
plays a role in shaping the gut microbiota of the neonate, especially in developing areas with low
dietary iron intake. Therefore, different dietary intervention policies including iron supplements
should be adopted, in order to ensure adequate intake of iron during pregnancy to promote healthy
gut microbiota development in neonates.
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www.mdpi.com/xxx/s1, Figure S1: The dominant phylum composition and top phyla of mother and neonate
samples; Figure S2: The dominant phylum composition, top phyla, and top genera of neonate samples; Figure
S3: Alpha, beta diversity indexes of the maternal gut microbiota grouped by maternal dietary iron intake into
<20 mg/d and >20 mg/d; Figure S4: Alpha, beta diversity indexes of the neonate gut microbiota grouped by
maternal dietary iron intake into <20 mg/d and >20 mg/d; Table S1: Shared ASV of mother and neonate samples
in Venn diagram; Table S2: ANCOM-BC data from differentially abundant genus in neonatal fecal samples in
maternal dietary iron intake >20 mg/d and <20 mg/d.
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