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Objective: A growing body of literature has shown that maternal diet during
pregnancy is associated with infant gut bacterial composition. However,
whether maternal diet during lactation affects the exclusively breastfed infant
gut microbiome remains understudied. This study sets out to determine
whether a two-week of a reduced fat and sugar maternal dietary intervention
during lactation is associated with changes in the infant gut microbiome
composition and function.

Design: Stool samples were collected from four female and six male (n=10)
infants immediately before and after the intervention. Maternal baseline diet
from healthy mothers aged 22-37 was assessed using 24-h dietary recall.
During the 2-week dietary intervention, mothers were provided with meals
and their dietary intake was calculated using FoodWorks 10 Software. Shotgun
metagenomic sequencing was used to characterize the infant gut microbiome
composition and function.

Results: In all but one participant, maternal fat and sugar intake during the
intervention were significantly lower than at baseline. The functional capacity
of the infant gut microbiome was significantly altered by the intervention, with
increased levels of genes associated with 28 bacterial metabolic pathways
involved in biosynthesis of vitamins (p=0.003), amino acids (p=0.005),
carbohydrates (p=0.01), and fatty acids and lipids (p=0.01). Although the
dietary intervention did not affect the bacterial composition of the infant
gut microbiome, relative difference in maternal fiber intake was positively
associated with increased abundance of genes involved in biosynthesis of
storage compounds (p=0.016), such as cyanophycin. Relative difference in
maternal protein intake was negatively associated with Veillonella parvula
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(p=0.006), while positively associated with Klebsiella michiganensis (p=0.047).
Relative difference in maternal sugar intake was positively associated with
Lactobacillus paracasei (p=0.022). Relative difference in maternal fat intake
was positively associated with genes involved in the biosynthesis of storage
compounds (p=0.015), fatty acid and lipid (p=0.039), and metabolic regulator

Conclusion: This pilot study demonstrates that a short-term maternal dietary
intervention during lactation can significantly alter the functional potential,
but not bacterial taxonomy, of the breastfed infant gut microbiome. While the
overall diet itself was not able to change the composition of the infant gut
microbiome, changes in intakes of maternal protein and sugar during lactation
were correlated with changes in the relative abundances of certain bacterial
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maternal diet, breastfeeding, breast milk, infant gut microbiome, microbial

Sindi et al.
(p=0.038) metabolic pathways.
species.
(ACTRN12619000606189).
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Introduction

The early postnatal period is a critical window for the
development of the infant gut microbiome (Derrien et al., 2019),
which has been associated with the programming of lifelong health
and disease risk (Arrieta et al., 2015, 2018; Walker, 2017). The infant
gut microbiome has a role in immune system development and
protection against colonization with pathogens (Olin et al., 2018).
Perturbations to the infant gut microbiota have been associated with
the development of chronic diseases, including allergic disorders and
obesity (Prescott, 2013). Early life gut microbiome establishment is
a relatively dynamic process that is influenced by a range of
environmental and host factors, including maternal diet (Chu et al.,
2016; Lundgren et al., 2018; Savage et al., 2018; Ponzo et al., 2019;
Babakobi et al., 2020; Garcia-Mantrana et al., 2020), mode of delivery
(Bickhed et al,, 2015; Bokulich et al, 2016), feeding practices
(breastfeeding, formula, and the introduction of solid food;
Thompson et al,, 2015; Timmerman et al., 2017; Ho et al., 2018;
Stewart et al., 2018), antibiotic use (Bokulich et al., 2016), gestational
age at delivery (Hill et al.,, 2017), host genetics (Benson et al., 2010),
and geography (De Filippo et al., 2010; Lin et al., 2013). However,
breastfeeding has been reported to be the single most important
factor associated with infant gut microbiome composition and
function (Stewart et al., 2018).

Several studies have investigated maternal contributions to
infant health. Maternal diet during pregnancy has been associated
with infant health outcomes, including allergic diseases (Chatzi et al.,
2008, 2013); diet-associated alterations to the infant gut microbiome
may be implicated in such cases. To date, there have been several
observational studies investigating the effect of maternal diet during
gestation on the infant gut microbiome (Chu et al., 2016; Lundgren
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et al., 2018; Savage et al., 2018; Ponzo et al., 2019; Babakobi et al.,
2020; Garcia-Mantrana et al., 2020). However, only one study has
examined the effect of maternal diet during lactation on the infant
gut microbiome. Unfortunately, the results of this study are limited
by the fact that maternal dietary intake during lactation was
combined with maternal dietary intake during pregnancy, so that the
effect of the diet during the lactation period alone could not
be analyzed (Babakobi et al., 2020). All previous studies examining
the relationship between maternal diet and the infant gut
microbiome suffer from a number of flaws related to the methods
used to assess maternal dietary intake, time of maternal dietary
assessment in relation to infant stool sample collection and
underreporting of confounders such as antibiotics, vitamin
supplements, and probiotics, all of which may impact results. The use
of short amplicon sequencing by these studies also generally limits
taxonomical resolution of bacterial communities to the genus level
(Walsh et al., 2018) and provides no accurate information on their
functional potential (Langille et al., 2013). As such, well-designed
dietary intervention studies are required to better understand the
effect of maternal diet during lactation on the infant gut microbiome.

The most likely mechanisms by which maternal diet affects the
infant gut microbiome and for which the most robust evidence
exists is the entero-mammary pathway (Jiménez et al., 2008; Jost
et al., 2014; Rodriguez, 2014; Milani et al., 2015; Fernandez et al.,
2016; Asnicar et al., 2017; Duranti et al., 2017; Murphy et al., 2017;
Kordy et al., 2020), wherein gut bacteria are transported to the
lactating mammary gland and thereby contribute to the human
milk (HM) microbiome. It is well established that diet is a key factor
that shapes the gut microbiome (De Filippo et al., 2010; Wu et al.,
2011; Fava et al., 2012; Yatsunenko et al., 2012; Lin et al., 2013;
David et al., 2014; Graf et al., 2015; Kovatcheva-Datchary et al,,
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2015; De Filippis et al., 2016; Mandal et al., 2016; Roytio et al,,
2017). In addition, several studies have also shown that maternal
diet is associated with the HM microbiome (Williams et al., 2017;
Padilha et al., 2019; Babakobi et al., 2020; Cortes-Macias et al., 2020;
LeMay-Nedjelski et al., 2020). Since the maternal gut is considered
one of the sources of microbes for HM, we hypothesized that
maternal diet during lactation can influence the infant gut
microbiome. Understanding the effect of the maternal diet during
lactation on the early life gut microbiome may allow optimization
of dietary recommendations for lactating women to better support
infant health and development.

The aim of this study was to determine the effect of a 2-week
of a reduced fat and sugar maternal dietary intervention on infant
gut microbiome composition and function using shotgun
metagenomic sequencing in 10 healthy infants.

Materials and methods
Participants

Healthy, Caucasian, primiparous mothers with ages ranging from
22 to 37years were invited to participate in the study (n =10). All
infants included in our study were healthy, exclusively breastfed, and
aged 1.8-4.9months. Six of the infants were born vaginally, two by
emergency caesarean section, two by elective caesarean section, and
four were female. During the study period, there was no consumption
of antibiotic by infants and mothers. Exclusion criteria were
pre-existing maternal diabetes, maternal diseases known to affect
gastric absorption (such as gastric ulcers), dietary restrictions (such
as vegan, vegetarian, gluten-free, milk-free, or dairy-free diets),
pregnancy complications (including gestational diabetes,
preeclampsia, preterm delivery, and foetal growth restriction),
multiple pregnancies, known congenital abnormalities or health
issues in the infant that could significantly affect feeding behavior, and

solid food introduction before the first study session. The study was

10.3389/fmicb.2022.900702

approved by The University of Western Australia Human Research
Ethics Committee (RA/4/20/4953) and registered on the Australian
New Zealand Clinical Trials Registry (ACTRN12619000606189). All
mothers provided informed consent and answered a background
health and lifestyle questionnaire on enrolment.

Study design

During the first week of the study, mothers followed their
normal diet (Figure 1). After assessment of baseline habitual diet,
mothers commenced a 2-week dietary intervention. Diets during
this period aimed to reduce intakes of discretionary foods, saturated
fats and added sugars in comparison with the women'’s habitual diet.
To increase participant compliance, all meals and snacks were
provided to mothers via a home delivery service from Lite i’ Easy,
Queensland, Australia. All meals were designed to contain healthy
amounts of fat and sugar according to Food Standards Australia
New Zealand, and to meet the energy and nutritional requirements
for lactating women (Food Standards Australia New Zealand, 2019).
Home visits were conducted weekly during the dietary intervention
phase to collect infant stool samples, inquire about any issues, and
to undertake anthropometric measures on mothers and their infants.

This study was part of a larger study (Leghi et al., 2021), which
aimed to determine the effect of a reduced fat and sugar maternal
dietary intervention on HM production, and the associated
macronutrient (lactose, protein, and fat) and metabolic hormone
(insulin, leptin, and adiponectin) profiles.

Maternal and infant anthropometric
measures

Maternal and infant anthropometric data were collected at
enrolment, immediately prior to the dietary intervention, and at
the conclusion of the dietary intervention. Maternal weight was
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FIGURE 1

A schematic representation of the study design. A 2-week of a reduced fat and sugar maternal dietary intervention during lactation was performed
to evaluate the effect of maternal diet on the infant gut microbiome. Before the intervention, mothers consumed their habitual diet, which was
assessed using 24h dietary recalls. During the intervention maternal dietary intake was analyzed using FoodWorks 10; Xyris Software. Infant stool
samples were collected immediately prior to the intervention (baseline) and at the end of the intervention.
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measured using calibrated electronic scales (accurate to 0.1kg).
Maternal height was measured using a Stadiometer (accurate to
0.01m). Maternal body composition was measured using
bioimpedance spectroscopy (Impedimed SFB-7). Infant weight was
measured using calibrated electronic scales (Medela Baby Scales,
accurate to 2g). Infant length was measured using a Stadiometer
(accurate to 0.01m). Head circumference was measured using
flexible, non-stretchable measuring tape with increments of 0.1 cm
and checked against a static measure. Infant body composition was
measured using bioimpedance spectroscopy (Impedimed SFB-7).

Maternal dietary assessment

Baseline dietary intake (for 1week prior to the dietary
intervention) was assessed using the Automated Self-Administered
24-Hour Dietary Recall (ASA24) system (Subar et al, 2012).
Mothers completed three online 24-h dietary recalls: two on
weekdays and one on a weekend day. During the intervention
period, mothers were asked to keep a food diary and to record any
foods or drinks that they consumed other than those provided, as
well as any food that they did not consume from the provided meals
and snacks. Maternal energy and macronutrient intakes during the
dietary intervention phase were analysed using FoodWorks 10; Xyris
Software (Table 1). Baseline dietary intake data were missing for one
mother-infant dyad. The relative difference of individual dietary
factors between pre-and post-diet was calculated using the following
formula: week 3 intake (g)-week 1 intake (g)/week 3 intake (g) x 100.

Infant stool sample collection

Participants serve as their own controls. Infant stool samples
were collected immediately before and after the intervention. Due
to variations in infant bowel habits, some samples were collected
before or after the intended sampling day. Pre-diet samples were
collected up to 3 days before, while for post-diet samples, all were
collected within 2 days prior to 5 days after the intended sampling
day, with the exception of one infant stool sample that was
collected 11 days after (Table 2).

Participants self-collected infant stool samples by taking
E-swabs of diapers. Stool swabs in 1 ml liquid Amies media were
stored in the participant’s home freezer (-20°C) before being
collected at the next home visit and transferred to the laboratory
where they were defrosted and vortexed for 5s to release the
sample from the swab into the liquid transport medium. Samples
were then aliquoted and stored at —800°C until analysis.

DNA extraction and metagenomic
analysis

DNA was extracted from pre-and post-diet stool samples
using the QIAamp 96 PowerFecal QIAcube HT Kit (Qiagen) on
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the QIAcube HT system (Qiagen). The resulting DNA was
quantitated using a high sensitivity dsSDNA fluorometric assay
(QuantIT, ThermoFisher, Q33120). Samples needed to reach a
minimum of 0.2ng/pl to pass quality control requirements.
Libraries were prepared using a modified protocol, using the
[lumina® DNA Prep, (M) Tagmentation (96 Samples) kit
(Ilumina #20018705), to allow for reduced reaction volumes.
Libraries were indexed with IDT® for Illumina Nextera DNA
Unique Dual Indexes Set A-D (Illumina #20027213-16). Pooled
libraries were prepared for sequencing on the NovaSeq6000
(Mlumina) with 2 x 150 bp paired-end chemistry. Sequencing was
performed to a target depth of 3Gbp (2Gbp minimum,
approximately 7-16 M paired-end reads) raw read generation
before quality filtering. Data quality was guaranteed at 75% and
above for reads >Q30 at the completion of the sequencing run. All
sample preparation and sequencing was performed at Microba
Life Sciences Limited.!

Metagenomic data processing

Metagenomic sequencing data quality control

Shotgun metagenomic sequencing data quality control was
performed at Microba Life Sciences Limited (see footnote 1).
Paired-end DNA sequencing data were demultiplexed and adaptor
trimmed using Illumina BaseSpace Bcl2fastq2 (v2.20) accepting one
mismatch in index sequences. Reads were then quality trimmed and
residual adaptors removed using the software Trimmomatic v0.39
(Bolger et al,, 2014) with the following parameters: -phred33
LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 CROP:100000
HEADCROP:0 MINLEN:100. Human DNA was identified and
removed by aligning reads to the human genome reference assembly
38 (GRCh38.p12, GCF_000001405) using bwa-mem v0.7.17 (Li,
2013) with default parameters except minimum seed length set to
31 (=k 31). Human genome alignments were filtered using
SAMtools v1.7 (Li et al., 2009), with flags-ubh -f1-F2304. Any read
pairs where at least one read mapped to the human genome with
>95% identity over >90% of the read length were flagged as human
DNA and removed. All samples were then randomly sub-sampled
to a standard depth of 14M reads, which was then rarefied to
11 M reads.

Quantification of microbial species, gene and
pathway abundances

Species profiles were obtained with the Microba Community
Profiler v2.0.2 (Parks et al., 2021) using the Microba Genome
Database (MGDB) v2.0.0 as the reference. Reads were assigned to
genomes within MGDB, and the relative cellular abundance of
species clusters was estimated and reported. Quantification of
gene and pathway abundance in the metagenomic samples was
performed using the Microba Gene and Pathway Profiler (MGPP)
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v0.1.0 against the Microba Genes (MGENES) database v2.0.0.
MGPP is a two-step process. In step 1, all open reading frames
(ORFs) from all genomes in MGDB were clustered against
UniRef90 (Suzek et al., 2015) release 2019/09 using 90% identity
over 80% of the read length with MMSeqs2 Release 10-6d92c
(Steinegger and Soding, 2018). Gene clusters were then annotated
with the UniRef90 identifiers and linked to the Enzyme
Commission (accessed via UniProt 2019/09) and Transporter
Classification Database (Saier et al., 2016) annotations via the
UniProt ID mapping service.” Enzyme Commission annotations
were used to determine the encoding of MetaCyc (Caspi et al.,
2020) pathways in each genome using enrichM® and pathways that
were complete or near complete (completeness >80%), were
classified as encoded. In step 2, all DNA sequencing read pairs that
aligned with one or more bases to the gene sequence from any
protein within an MGENES protein cluster were summed. DNA
sequence reads were aligned directly to genome sequences. The
genome sequences were annotated using full length ORFs, and the
coordinates of these ORFs/genes recorded. The genes were
annotated using the entire protein and clustered into protein
clusters. When a DNA sequence read aligned to a genome,
we required a minimum of one base overlap of the read to its’
proximal annotated ORE, in order to count the read toward that
protein sequence. These counts were then aggregated for each
gene cluster. In essence, we relied on the specificity of the
DNA. Read alignments were resolved to a single alignment for
each read when possible. We typically were able to assign on
average 85% of all reads in a sample. Any unresolved (multi
mapped reads) were discarded. In this way, reads were counted
only once. Abundances of encoded pathways of species reported
as detected by MCP were calculated by averaging the read counts
of all genes for each enzyme in that pathway. There was no
taxonomy associated with the gene clusters.

Antibiotic resistance genes

Assembled reads were aligned against sequences from known
antibiotic resistance genes (ARGs) using ABRicate* and starAMR.?
To ensure accuracy, the Resfinder database and comprehensive
antibiotic resistance database (CARD) were utilized in the search.

Statistical analyses

Univariate statistical tests were applied to a filtered set of
features. In general, different criteria were applied for taxonomic
data and functional data. For pre- vs post-diet comparison
analyses, paired t-tests were used for comparisons of paired
measurements of square root-transformed microbial and gene

g~ N
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TABLE 2 Infant stool sample collection times across the study.

Infant ID Pre-diet collection Post-diet collection
time time

1 Day 7 Day 20

2 Day 7 Day 20

3 Day 5 Day 20

4 NA Day 20

5 Day 5 Day 20

6 Day 4 Day 23

7 Day 7 Day 32

8 Day 5 Day 22

9 Day 4 Day 26

10 Day 6 Day 26

TABLE 3 Participant characteristics (n=10).

Variable N% or Mean N% or Mean
(Range) (Range)
Pre-diet Post-diet
intervention intervention

Maternal age (years) 31.5[22-37] 31.6 [22-38]

Infant age (months) 3.2months [1.8-4.9] 4months [2.5-5.8]

Maternal BMI, kg/m* 249 [17-32.9] 24.5[16.9-32.77]
BMI category:
Normal (18.5-24.9) 3(30%) 4 (40%)
Overweight (25-29.9) 4 (40%) 3 (30%)
Obesity class I (30-34.9) 1 (10%) 1(10%)
Underweight (<18.5) 2 (20%) 2 (20%)
Maternal probiotic use* 1(10%) 1(10%)
Infant solid use 0 (0%) 0 (0%)
Mode of delivery:
Vaginal 6 (60%)
Emergency Caesarean 2 (20%)
section
Elective Caesarean 2 (20%)
section
Gestational age (weeks) 39.4 [38-41]
Male infants 6 (60%)

*one or two doses (not often).

abundance data. Rare taxonomic reads present in less than three
samples and low abundance reads with a mean relative abundance
within infants positive for that taxa of less than 0.5% were
excluded. Rare functional reads present in less than three samples
and low abundance reads with a maximum sample count less than
2 were excluded. Pearson correlation tests were used to compare
continuous variables for analyses of associations between the
difference in individual maternal dietary factors and square root-
transformed microbial and gene abundance data. Square root
transformation was used to normalize data distribution. Rare
taxonomic features (species) where read counts were 0 in all
samples and low abundance features with a maximum sample
count of less than 100 reads were excluded. Rare functional
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features where read counts were 0 in all samples and low
abundance features with a maximum sample count of less than
two reads were excluded. p values were corrected for multiple
hypothesis testing using the Benjamini and Hochberg false
discovery rate correction. Corrected values of p <0.05 are
considered statistically significant. No confounders were included
in the analysis due to the within individual design and the
homogeneity of the group. Redundancy Analysis (RDA) was used
to visualize relationships between samples in two-dimensions for
identifying sample clusters based on the maternal fiber, protein,
sugar, and fat intake.

Results
Participants

Maternal and infant characteristics of the study participants
are shown in Table 3.

Effect of the dietary intervention on
maternal dietary factor intake and body
composition

During the intervention, compared to baseline values,
maternal fat, saturated fat, and sugar intake decreased significantly
by 59.6, 67.5, and 32.9%, respectively. However, for one participant
sugar intake increased during the intervention (Figure 2). There
were, however, no significant differences detected for maternal
protein and fiber intake. Several changes in maternal body
composition were also identified post-intervention (Figure 2),
with significant reductions in maternal weight (p=0.049),
maternal fat mass (p=0.005), fat mass index (p=0.004),
percentage of fat mass (p=0.036), and maternal fat mass to fat-free
mass ratio (p=0.022).

Pre- vs post-diet infant gut microbiome
composition

Number of reads that passed QC as well as the number of
reads that mapped for each of the protocols for all samples are
reported in (Supplementary Table 1). The most abundant bacterial
genera identified in stool samples were Bifidobacterium spp.
(24.3%), Bacteroides spp. (17.5%), and Clostridium spp. (11.5%;
Figure 3). At the species level, these were Clostridium neonatale
(11%), Bifidobacterium longum (10.4%), and Bifidobacterium
infantis (8.04%; Figure 4). Seven Bifidobacterium spp. were
identified, with high inter-individual variability in their
abundance. The highest mean abundances were for B. longum
(10.4%), B. infantis (8.04%), and Bifidobacterium breve (4.5%).
Bifidobacterium infantis was present in only one infant stool
sample (at 80.3% relative abundance) and its’ relative abundance
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FIGURE 2
Effect of a 2-week maternal dietary intervention on maternal dietary intakes and body composition. Total maternal fat intake (A) and total maternal
sugar intake (B) were significantly reduced by the dietary intervention. Maternal weight (C), fat mass (D), fat mass index (E), percentage of fat (F),
and fat mass to fat-free mass ratio (G) were also significantly decreased after the dietary intervention. X represents the mean value, while the solid
line represents the median.

did not change after the dietary intervention (80.4%). Other
identified Bifidobacterium spp. were Bifidobacterium bifidum,
Bifidobacterium dentium, Bifidobacterium adolescentis, and
Bifidobacterium animalis, with relative abundances ranging from

Frontiers in Microbiology

0.05 to 10.6% and being present in both pre- and post-diet samples

of at least one infant.
Pre- and post-diet samples were statistically compared using
paired f-tests to identify any differences in infant gut microbial
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The relative abundance of bacterial species in the infant gut microbiome pre- and post-dietary intervention. Only the top most abundant species

composition within each infant. No statistically significant
differences were identified in the relative abundance of any
bacterial species between pre-vs post-diet samples, potentially due
to the low participant numbers and high level of inter-individual
variation. However, some microbial compositional changes were
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identified within each infant. For example, B. breve was present in
three pre-diet samples (0.35, 24, and 8.9%), and its relative
abundance increased in post-diet samples (0.82, 43.1, and 12.9%).
It is also worth noting that one infant, whose mother had an
increased sugar intake during the intervention, showed the
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greatest difference in gut microbiome composition between
pre- and post-diet, with decreased relative abundance of Klebsiella
grimontii (32.2 vs. 0%), Escherichia flexneri (34.4 vs. 7.6%), and
Clostridium neonatale (12.3 vs. 4.3%), and increased relative
abundance of Klebsiella pneumoniae (0.3 vs. 74.3%; Figure 4).
There was no difference in infant gut microbiome alpha-diversity
in pre-vs post-diet samples (Figures 5A,B; richness p=0.08;
Shannon index p=0.63). Nor was there any difference in Bray—
Curtis distances between pre-vs post-diet samples (Figure 5C;
Adonis, p=0.99).

Pre- vs post-diet infant gut microbiome
functional potential

While post-diet samples did not differ statistically from
pre-diet samples in terms of microbial composition, alterations

10.3389/fmicb.2022.900702

were identified in the functional potential of these microbial
communities, with significant differences in multiple bacterial
metabolic pathways detected. Overall, 808 gene clusters were
significantly different between pre- and post-diet samples
(Supplementary Table 2). Significant increases in the
abundances of genes involved in 28 bacterial metabolic
pathways were detected (Table 4). For instance, post-diet
samples showed a significant increase in the potential for
biosynthesis of co-factor prosthetic group electron carriers and
vitamins (p=0.003), metabolic regulators (p=0.003), amino
(p=0.005), compounds  (p=0.008),
carbohydrates (p=0.01), and fatty acids and lipids (p=0.01).
However, while all gene clusters and metabolic pathways that

acids aromatic

were significantly different post-intervention were rendered
insignificant after adjustment for FDR. p-values ranged from
0.06 to 0.078, indicating a strong trend toward significance
(Table 4). The infant whose mother had an increased sugar
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between pre-diet and post-diet samples.

No significant differences in infant gut alpha-diversity [Shannon diversity index (A) or richness (B)] were detected between pre- and post-diet
samples (blue and yellow, respectively). Principal coordinates analysis (PCoA) (C) of Bray—Curtis distances showed no significant differences
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TABLE 4 Significantly different bacterial metabolic pathways
identified in infant stool samples pre- and post-diet intervention
(calculated using paired t- test).

Function p-value FDR
Cofactor prosthetic group 0.003 0.066
electron carrier and

vitamin biosynthesis

Metabolic regulator 0.003 0.066
biosynthesis

Amino acid biosynthesis 0.005 0.066
Unclassified pathways 0.008 0.066
Aromatic compound 0.008 0.066
biosynthesis

Carbohydrate biosynthesis 0.009 0.066
Fatty acid and lipid 0.01 0.066
biosynthesis

Carbohydrate degradation 0.01 0.066
Aldehyde degradation 0.01 0.072
Glycolysis 0.01 0.072
Amino acid degradation 0.01 0.072
Fermentation 0.01 0.072
Reactive oxygen species 0.02 0.072
degradation

Secondary metabolite 0.02 0.072
degradation

Inorganic nutrient 0.02 0.072
metabolism

Secondary metabolite 0.02 0.072
biosynthesis

Hormone biosynthesis 0.02 0.072
Alcohol degradation 0.02 0.073
Glycan degradation 0.03 0.078
Cofactor prosthetic group 0.03 0.078
electron carrier

degradation

Entner-Doudoroff 0.03 0.078
pathways

TCA cycle 0.04 0.078
Cell structure biosynthesis 0.04 0.078
Antibiotic resistance 0.04 0.078
Pentose phosphate 0.04 0.078
pathways

Nucleoside and nucleotide 0.04 0.078
biosynthesis

Carboxylate degradation 0.04 0.078
Fatty acid and lipid 0.04 0.078
degradation

intake during the dietary intervention showed the most
substantial difference in gut microbiome functional potential
between pre-and post-diet samples, with a general increase in
the relative abundance of genes involved in most functional
metabolic pathways (Figure 6).
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The detected changes in functional potential may possibly
be explained by changes in the taxonomical composition of infant
stool samples between pre- and post-diet. The dietary intervention
resulted in an increase in the mean abundances of Bacteroides
dorei (0.4 vs. 4%), B. breve (3.3 vs. 5.7%), B. longum (7.8% vs.
13%), and Klebsiella variicola (0.24 vs. 2.4%), and a decrease in the
mean abundances of Bacteroides vulgatus (6.8 vs. 3.7%),
B. adolescentis (1.1 vs. 0.28%), C. neonatale (13 vs. 9.1%),
E. flexneri (4.1 vs. 1.8%), and K. grimontii (3.5 vs. 1.1%). The
functional potential of these organisms are shown in (Table 5).

Maternal dietary factors and infant gut
microbiome composition and function

Although infant gut microbiome composition did not differ
significantly in pre-vs post-diet samples, correlations were
identified between changes in individual dietary factors
throughout the dietary intervention, the abundance of certain
bacterial taxa, and the functional potential of the associated infant
gut microbiome. We calculated the difference in individual dietary
factors between pre-and post-diet as relative difference (delta).
One mother-infant dyad was excluded from this analysis due to a
lack of baseline dietary intake data.

Fiber

No significant correlations were identified between relative
difference in dietary fiber intake and infant gut microbiome
composition. At a functional level, relative difference in dietary
fiber intake was correlated with significant changes in 28 gene
clusters in the infant gut microbiome (Supplementary Table 3). An
increased abundance of genes involved in the storage compound
biosynthesis metabolic pathway were observed (p=0.018;
Figure 7). Interestingly, the abundance of the gene for the enzyme
responsible for cyanophycin synthesis (cyanophycin synthase) was
positively correlated with the relative difference in dietary fiber
(p=0.025). Cyanophycin acts as a temporary nitrogen reserve and
accumulates in the form of granules in the cytoplasm during
phosphate or sulfur starvation (Ziegler et al., 2002).

Protein

Relative difference in dietary protein content was negatively
correlated with the relative abundance of Veillonella parvula (mean
relative abundance 2.16%, p=0.006), while positively correlated
with the relative abundance of Klebsiella michiganensis (mean
relative abundance 3.58%, p=0.047; Figure 8). Functionally, relative
difference in dietary protein was correlated with significant changes
in 51 gene clusters (Supplementary Table 3). However, no significant
correlations were identified with any bacterial metabolic pathways.

Sugar

Relative difference in dietary sugar was positively correlated
with the relative abundance of Lactobacillus paracasei (mean
relative abundance 0.83%, p=0.021; Figure 9). Interestingly, the
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Hierarchically clustered heatmap showing the differential relative abundance of bacterial functional metabolic pathways across pre-diet vs. post-
diet infant stool samples. A significant increase in the relative abundances of genes involved in 28 bacterial metabolic pathways was detected in

post-diet compared to pre-diet samples.

RDA showed significant clustering of infant gut bacterial
communities according to change in relative difference in dietary
sugar (p=0.046; Figure 10). In addition, a downward trend
(although not significant) was observed in the bacterial richness
of infant stool samples and increased relative difference in dietary
sugar (p=0.06; Figure 11). Relative difference in dietary sugar
was correlated with significant changes in 150 gene clusters in the
infant gut microbiome (Supplementary Table 3). However, no
significant correlations were identified for any bacterial
metabolic pathways.

Fat

No significant correlations were identified between relative
difference in dietary fat intake and infant gut microbiome
composition. However, associations were identified between
relative difference in dietary fat and the functional potential of
the infant gut microbiome. Relative difference in dietary fat was
correlated with significant changes in 140 gene clusters
(Supplementary Table 3). These gene clusters fell into three
metabolic pathways: storage compounds biosynthesis, fatty acid
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and lipid biosynthesis, and metabolic regulator biosynthesis, all
of which were positively correlated with the relative difference
in dietary fat (p=0.039, 0.016, and 0.038, respectively;
Figure 12).

Antibiotic resistance genes

Forty unique ARGs were detected in the infant gut
microbiome across the pre-and post-diet samples. For both
pre-and post-diet samples, ARGs were found across eight
different antibiotic classes. The mean number of ARGs per
infant in pre-and post-diet samples was 4.8 and 4.7,
respectively (Figure 13). The most common ARGs identified in
pre-diet samples potentially conferred resistance to
tetracycline, while the most common in post-diet samples
potentially conferred resistance to tetracycline, erythromycin,
and azithromycin (Table 6). Overall, the most common ARGs
in both pre-and post-diet samples were tet(Q), tet(O), and

msr(D) (Table 6).
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TABLE 5 Significantly different bacterial metabolic pathways identified in infant stool samples pre- and post-dietary intervention and the
corresponding organisms that potentially account for the functional changes.

Function

Corresponding organisms

Co-factor prosthetic group electron carrier and vitamin
biosynthesis

Metabolic regulator biosynthesis
Amino acid biosynthesis

Aromatic compound biosynthesis
Carbohydrate biosynthesis

Fatty acid and lipid biosynthesis
Carbohydrate degradation

Aldehyde degradation

Glycolysis

Amino acid degradation

Fermentation

Reactive oxygen species degradation
Secondary metabolite degradation
Inorganic nutrient metabolism
Secondary metabolite biosynthesis
Hormone biosynthesis

Alcohol degradation

Glycan degradation

Co-factor prosthetic group electron carrier degradation
Entner-Doudoroff pathways

TCA cycle

Cell structure biosynthesis

Antibiotic resistance

Pentose phosphate pathways
Nucleoside and nucleotide biosynthesis
Carboxylate degradation

Fatty acid and lipid degradation

Bacteroides dorei, Bacteroides vulgatus, Bifidobacterium adolescentis, Bifidobacterium breve, Bifidobacterium
longum, Clostridium neonatale, Escherichia flexneri, Klebsiella variicola, and Klebsiella grimontii

B. dorei, B. vulgatus, B. adolescentis, B. breve, B. longum, C. neonatale, E. flexneri, K. variicola, and K. grimontii
B. dorei, B. vulgatus, B. adolescentis, B. breve, B. longum, C. neonatale, E. flexneri, K. variicola, and K. grimontii
B. dorei, B. vulgatus, B. adolescentis, B. breve, B. longum, C. neonatale, E. flexneri, K. variicola, and K. grimontii
B. dorei, B. vulgatus, B. adolescentis, B. breve, B. longum, C. neonatale, E. flexneri, K. variicola, and K. grimontii
B. dorei, B. vulgatus, B. adolescentis, B. breve, B. longum, C. neonatale, E. flexneri, K. variicola, and K. grimontii
B. dorei, B. vulgatus, B. adolescentis, B. breve, B. longum, C. neonatale, E. flexneri, K. variicola, and K. grimontii
B. dorei, B. vulgatus, B. adolescentis, B. breve, B. longum, C. neonatale, E. flexneri, K. variicola, and K. grimontii
B. dorei, B. vulgatus, B. adolescentis, B. longum, C. neonatale, E. flexneri, K. variicola, and K. grimontii

B. dorei, B. vulgatus, B. adolescentis, B. breve, B. longum, C. neonatale, E. flexneri, K. variicola, and K. grimontii
B. dorei, B. adolescentis, B. vulgatus, B. longum, C. neonatale, E. flexneri, K. variicola, and K. grimontii

B. dorei, B. vulgatus, C. neonatale, E. flexneri, K. variicola, and K. grimontii

B. dorei, B. vulgatus, C. neonatale, E. flexneri, K. variicola, and K. grimontii

B. dorei, B. vulgatus, B. adolescentis, B. breve, B. longum, C. neonatale, E. flexneri, K. variicola, and K. grimontii
B. dorei, B. vulgatus, B. adolescentis, B. breve, B. longum, C. neonatale, E. flexneri, K. variicola, and K. grimontii
None

B. dorei, B. vulgatus, B. adolescentis, B. breve, B. longum, C. neonatale, E. flexneri, K. variicola, and K. grimontii
B. dorei, B. adolescentis, B. breve, B. longum, C. neonatale, E. flexneri, K. variicola, and K. grimontii

None

E. flexneri, K. variicola, and K. grimontii

C. neonatale, E. flexneri, and K. grimontii

B. dorei, B. vulgatus, B. adolescentis, B. breve, B. longum, C. neonatale, E. flexneri, K. variicola, and K. grimontii
E. flexneri, K. variicola, and K. grimontii

B. adolescentis, B. vulgatus, B. longum, E. flexneri, K. variicola, and K. grimontii

B. dorei, B. vulgatus, B. adolescentis, B. breve, B. longum, C. neonatale, E. flexneri, K. variicola, and K. grimontii
B. dorei, B. vulgatus, B. adolescentis, B. breve, B. longum, C. neonatale, E. flexneri, K. variicola, and K. grimontii

B. dorei, B. vulgatus, B. breve, C. neonatale, E. flexneri, K. variicola, and K. grimontii

Discussion

We show that a maternal dietary intervention consisting of
pre-prepared reduced fat and sugar meals during lactation for
2 weeks significantly alters the functional potential of the infant
gut microbiome. The dietary intervention did not, however, affect
the bacterial composition of the infant gut microbiome. In
addition, changes in individual dietary factors over the course of
the diet were correlated with the abundance of certain bacterial
taxa, as well as the functional potential of the infant
gut microbiome.

The dietary intervention resulted in detection of an increased
abundance of genes involved in 28 bacterial metabolic pathways.
These metabolic pathways are involved in the biosynthesis and
degradation of co-factors, prosthetic groups, electron carriers,
vitamins, amino acids, fatty acids, lipids, carbohydrates, and
secondary metabolites. Previous studies have shown that infant
diet modulates the functional capacity of the infant gut
microbiome (Stewart et al., 2018) and that maternal diet
modulates the functional capacity of the HM microbiome
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(Seferovic et al., 2020). For example, Stewart et al. reported that
breast milk intake (partially or exclusively) was significantly
associated with increased lipid and carbohydrate metabolic
pathways in the infant gut microbiome and that breast milk was
the single strongest factor responsible for modulation of the infant
gut microbiome (Stewart et al., 2018). In comparison, Seferovic
et al. showed that a maternal dietary intervention in lactating
women can modify the functional capacity of the HM microbiome
(Seferovic et al., 2020). A high-fat vs. a high-carbohydrate diet and
a high-glucose vs. a high-galactose diet were associated with
significant increases in multiple bacterial metabolic pathways
(many of them involved in amino acid biosynthesis) in
HM. However, similar to our study, the taxonomic composition
of the HM microbiome was minimally affected by the maternal
dietary intervention. The small sample size in our study may have
reduced the power to detect an effect of maternal diet on HM
microbiome composition; therefore, further studies with a larger
cohort and a longer duration of dietary intervention may reveal
more effects of maternal diet that were not detectable in our study.
The significant change in the infant gut microbiome function is
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unlikely driven by the macronutrients level in HM, as the dietary
intervention did not change fat, protein, and lactose concentrations
in HM (Leghi et al., 2021). Thus, this change might be driven by
other HM biochemical components such as human milk
oligosaccharides (HMOs), which have been shown to alter the
functional capacity of the HM microbiome (Seferovic et al., 2020).

To our knowledge, no previous study has investigated the
effects of maternal dietary intervention during lactation on the
functional potential of the infant gut microbiome in humans.
Studies in pregnant and lactating mice have reported that
consumption of a high-fat diet is associated with changes in
offspring gut microbiome function (Wankhade et al., 2017;
Srinivasan et al., 2018); however, no studies have looked at the
effects of a low-fat diet on offspring gut microbiome function.
Srinivasan et al. reported that a maternal high-fat diet before,
during, and after pregnancy is associated with increased pathways
involved in fructose and mannose metabolism and decreased
pathways related to indole alkaloid biosynthesis, a-linolenic acid
metabolism, and carotenoid metabolism in the offspring gut
microbiome (Srinivasan et al., 2018), while Wankhade et al.
reported that high-fat diet consumption by dams during
pregnancy and lactation was associated with an increase in
pathways involved in regulating microbial replication and repair
in the offspring gut microbiome (Wankhade et al., 2017). In
contrast, our study showed that a reduced fat and sugar maternal
dietary intervention resulted in increased presence of pathways
involved in genetic material synthesis, such as nucleoside and
nucleotide biosynthesis and cell structure biosynthesis. It should
be noted, however, the functional inference reported in the above
animal studies (Wankhade et al., 2017; Srinivasan et al., 2018), was
generated using PICRUSt (phylogenetic investigation of
communities by reconstruction of unobserved states), a
computational tool for indirect analysis of function predicted
from 16S rRNA gene sequencing. This method is somewhat
limited in that it is not actually detecting the presence of microbial
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genetic material in samples, beyond the 16S rRNA gene, but
instead inferring function based on taxonomy. This type of
functional inference is thereby not as accurate as
metagenomic data.

The significant increase in the abundance of genes involved
in biosynthesis and degradation of vitamins, amino acids, fatty
acids, lipids, and carbohydrates that we observed after the
intervention is in agreement with the known role of the gut
microbiome in the human metabolism of these dietary
components (Rowland et al., 2018; Schoeler and Caesar, 2019).
Several gut bacterial species have been associated with amino
acid and carbohydrate metabolism and short chain fatty acid
(SCFA) synthesis. In addition, the human gut microbiome plays
an important role in synthesizing vitamins, especially those that
humans cannot synthesize, such as thiamin (vitamin BI;
LeBlanc et al., 2013). Indeed, after the intervention, there was a
significant increase in the abundance of genes involved in the
thiamine diphosphate biosynthesis I pathway (p=0.028),
responsible for thiamin synthesis. The mechanism by which the
maternal dietary intervention generated these alterations is
unclear, since no significant changes in the infant gut
microbiome composition were detected after the intervention,
and HM macronutrient content was not affected by the
intervention (Leghi et al., 2021). However, there were clear
compositional differences in the microbiome between pre-and
post-diet samples for one individual, whose mother interestingly
had an increase in sugar intake during the intervention.
Increased sugar intake may have changed a certain component
in HM such as HMOs (Seferovic et al., 2020), which could drive
this marked change in the infant gut microbiome composition.
Future research should consider increasing the sample size and
investigating potential associations with HMO profile to
validate these findings.

We also identified correlations between the relative change in
individual dietary factors and the abundance of genes involved in
some bacterial metabolic pathways. Relative difference in dietary
fibre was correlated with a significant increase in genes associated
with the storage compound biosynthesis metabolic pathway. No
such finding has been reported by previous studies investigating
the maternal dietary effect on the HM and infant gut microbiomes.
However, only one study has linked total maternal fibre intake
with changes in the beta diversity of the overall composition of
HM KEGG bacterial metabolic pathways (LeMay-Nedjelski et al.,
2020). Additionally, relative difference in dietary fat was correlated
with a significant increase in genes associated with three bacterial
metabolic pathways: storage compounds, fatty acid and lipid, and
metabolic regulatory compounds biosynthesis. These results are
consistent with those from a previous study in mice, where a
maternal high-fat diet was reported to increase bacterial metabolic
pathways involved in lipid metabolism and bile acid secretion
synthesis of the offspring gut microbiome function in a
sex-specific manner (Wankhade et al., 2018). Other studies of
non-lactating mice reported that high-fat diet consumption is
associated with a significant increase in the abundance of genes
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the relative abundance of Klebsiella michiganensis (B).
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FIGURE 9
Change in maternal sugar intake % was positively correlated with
the relative abundance of Lactobacillus paracasei.

associated with fatty acid metabolism (Xiao et al., 2017) and fatty
acid biosynthesis in the gut microbiome compared to a high-sugar
diet (Shan et al.,, 2019) and control diet (Shang et al., 2017). In
contrast to our findings, Hildebrandt et al. reported that when
mice on a standard chow diet switched to a high-fat diet, they
showed an increased abundance of genes involved in signal
transduction and membrane transport and a decreased abundance
of genes associated with amino acid and carbohydrate metabolism
(Hildebrandt et al., 2009). The biological significance of these
findings is unknown; however, it has been reported that bacteria
can store the excess of certain nutrients, including lipids, in the
form of storage granules as a source of metabolic precursors or as
an energy reserve (Murphy and Vance, 1999). Collectively, our
results show that maternal diet during lactation influences the
infant gut microbiome functional capacity; however, further
studies are needed to investigate the mechanisms driving these
changes and whether these changes have positive or negative
health effects.
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The 2-week maternal dietary intervention had no statistically
significant effect on the composition of the infant gut
microbiome. This is in agreement with the results of the only
previous study to investigate the association between maternal
diet during lactation and the infant gut microbiome composition
(Babakobi et al., 2020). This finding is also in agreement with
other dietary interventional studies, where short-term dietary
interventions either did not induce changes or failed to
significantly alter the gut microbiome composition in healthy
adults (Korem et al,, 2017), adults at high risk for developing
metabolic disorders (Roager et al., 2019), children (Shulman
etal, 2017), and mice (Dimova et al., 2017). However, given the
high level of inter-individual variation in the infant gut
microbiome, the low participant numbers in our study may have
limited our ability to detect statistically significant changes in
bacterial composition.

We also identified significant correlations between relative
differences in individual dietary factors and the composition and
functional potential of the infant gut microbiome. These appear
to be driven by 2-4 participants that exhibited the greatest changes
in dietary components. Decreased relative difference in dietary
protein was correlated with an increase in the relative abundance
of V. parvula. This finding is unexpected as Veillonella spp. are
known for their role in amino acid hydrolysis and fermentation
(Dai et al., 2011). However, no previous study has reported such
an association. Relative difference in dietary protein was positively
correlated with Klebsiella michiganensis relative abundance. This
finding is in agreement with the amino acid fermenting function
of Klebsiella spp. (Dai et al., 2011; Cai et al., 2020). However, no
previous study has reported such an association. In terms of sugar,
decreases in maternal pre- and post-diet sugar levels were
associated with decreases in the relative abundance of L. paracasei.
This finding is consistent with the known sugar metabolizing
functions of Lactobacillus spp. (Makarova et al., 2006). The
positive correlation between Lactobacillus spp. abundance and the
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Redundancy analysis (RDA) biplots showing the two first axes of ordination for nine infant stool microbiome samples. Samples are coloured
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Infant stool bacterial richness was negatively correlated with
change in maternal sugar intake with the dietary intervention;
however, this was not statistically significant.

change in maternal sugar intake is inconsistent with previous
studies that associated a high-sugar diet with decreased abundance
of Lactobacillus spp. in mice (Sen et al., 2017; Yue et al., 2019;
Khan et al., 2020). Nevertheless, the increased abundance of

Frontiers in Microbiology

Lactobacillus spp. in these infants may be beneficial due to the
probiotic potential of members of this genus (Martin et al., 2005;
Shokryazdan et al., 2014).

The trend toward a negative association between infant stool
bacterial richness and relative difference in maternal sugar intake
is consistent with observations in mice, wherein mice who
consumed a high-sugar diet had decreased alpha-diversity
compared to those who consumed a normal diet (Sen et al., 2017;
Do etal., 2018). In humans, this finding is in line with those of De
Filippo et al., where they showed that gut microbiota richness in
African children is higher than European children (De Filippo
etal,, 2010, 2017). They suggested that the low richness of the gut
microbiota in European children could be due to Western diet
consumption (high in sugar, animal protein, and fat). However,
this finding is based on long-term dietary habits, and there was no
direct assessment of dietary intake association with gut
microbiome richness. Overall, our results suggest that change in
maternal intake of fiber, protein, and sugar during lactation may
affect infant gut bacterial composition; however, further studies
on a larger cohort need to be conducted to confirm these findings.

Analysis of the infant gut resistome showed that the most
prevalent ARGs in pre-and post-diet samples potentially
conferred resistance to tetracycline. This finding agrees with
previous studies where a high prevalence of resistance to
tetracycline was detected in the faecal samples of healthy infants
(Gueimonde et al., 2006; Rose et al., 2017; Parnanen et al., 2018)
and those at a high risk of eczema (Loo et al., 2020), suggesting
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their presence may be unremarkable. The mean number of ARGs
per infant did not differ between pre-and post-diet samples (4.8
and 4.7), respectively. In contrast, one study compared the gut
resistome of 35 obese children before and after a microbiota-
targeted dietary intervention. A diet composed of traditional
Chinese medicinal foods, whole grains, and prebiotics resulted in
a significant reduction in ARGs within these children (Wu et al.,
2016). To date, no study has investigated whether or not maternal
diet could affect ARGs of the infant gut microbiome. Infant gut
ARGs have been shown to be associated with different factors
such as mode of delivery and infant sex (Lebeaux et al., 2021).
Maternal diet may also be a factor that could potentially influence
the infant gut resistome. Importantly, Pirndnen et al.
characterized the HM, infant, and maternal gut microbiomes
using metagenomic sequencing in order to identify potential
sources of infant gut ARGs. Their results showed that infant gut
ARGs resembled those of their own mother’s gut and HM,
suggesting vertical transmission from mothers to infants
(Pdrnédnen et al., 2018). If maternal diet can impact the maternal
gut resistome, it may, in turn, influence the HM and infant gut
resistome. Therefore, future research should consider exploring
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the relationship between maternal diet and infant gut ARGs in a
larger cohort.

Strengths and limitations

The key strength of this study is the use of a home delivery
service to deliver meals to participants, which increases
dietary intervention compliance and consistent dietary intake.
In addition, the use of shotgun metagenomics allows
characterization of functional capacity for the microbial
communities. Another strength is that our study design
included baseline (pre-diet) samples to establish a baseline
microbiome, combined with use of strict inclusion criteria
where all participants with factors that have been shown to
impact maternal gut, HM, and infant gut microbiomes were
excluded, including probiotic and antibiotic use. A number of
limitations do, however, need to be acknowledged. The sample
size is small, and the duration of the intervention is relatively
short; thus, is it unknown whether the same results may
be obtained if a similar dietary intervention were applied on a
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TABLE 6 Most commonly detected antibiotic resistance genes and their associated antibiotic class in pre-and post-dietary intervention infant

faecal samples.

Antibiotic resistance
genes

Antibiotic class

Related pathogens

Frequency within samples

Pre-diet intervention

Post-diet intervention

mef(A) Erythromycin, azithromycin Streptococcus pneumoniae 2 2
blaTEM-1B Ampicillin Escherichia coli 2 2
blaOXY-6-2 Ampicillin Kilebsiella oxytoca 2 1
tet(Q) Tetracycline Butyrivibrio fibrisolvens 6 4
tet(W) Tetracycline Bacteroides fragilis 2 2
aph(3’)-Ia Kanamycin E. coli 2 0
cfxA4 Ampicillin B. fragilis 2 2
blaACI-1 Ampicillin Acidaminococcus intestini 2 2
cfxA3 Ampicillin Pseudomonas aeruginosa 2 0
tet(O) Tetracycline Campylobacter coli or 3 2
Campylobacter jejuni
erm(F) Erythromycin, azithromycin B. fragilis 1 2
msr(D) Erythromycin, azithromycin S. pneumoniae 1 3

larger cohort and/or for a longer period. Additionally, time of
sampling might be a confounding variable, as maternal
weight/BMI typically decreases in the early months
postpartum, and the infant gut microbiome develops
temporally. The effects of other potential confounders such as
infant sex and mode of delivery were minimized by including
an equal number of these variables. In analyses of relative
abundances, every increase or decrease in a certain microbe’s
abundance can lead to changes in that from other community
members. This is an inherent limitation of using relative
abundances to compare between different samples, however,
despite this, this method is still well-accepted as an effective
way to document the microbial composition of different
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sample types. Metabolic pathway analyses were not conducted,
instead, all reference to these is based on the relative
abundance of associated genes, which may or may not have
been actively expressed.

Conclusion

This pilot study is the first to report the effect of a controlled
maternal dietary intervention during lactation on the breastfed
infant gut microbiome. While the effect of maternal diet during
pregnancy on the composition of the infant gut microbiome has
been previously investigated (Chu et al., 2016; Lundgren et al,,
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2018; Savage et al., 2018; Ponzo et al., 2019; Babakobi et al.,
2020; Garcia-Mantrana et al., 2020), here, we show that
maternal diet during lactation significantly alters the functional
potential of the infant gut microbiome. While there were no
significant differences in the overall bacterial composition of
infant stool samples taken before or after the dietary
intervention, we did find associations between changes in
individual dietary factor intakes of protein and sugar during
lactation and changes in the relative abundances of certain taxa
in the infant gut microbiome. The impact of these changes on
infant health and development remains to be further
investigated. We speculate that the maternal diet may have
altered the HM microbiome or other milk components that
likely mediated the observed changes in the infant gut
microbiome. Future dietary interventional studies investigating
the relationship between maternal diet during lactation and the
infant gut microbiome should consider examining the HM
microbiome and other milk components such as HMOs,
antimicrobial peptides, and SCFAs. This may shed light on the
mechanism/s by which maternal diet impacts the infant gut
microbiome. Results obtained from such studies may allow
optimization of dietary recommendations for lactating women
to better support breastfed infant health and development.

Data availability statement

The data presented in the study are deposited in the SRA
repository, accession number PRINA819247.

Ethics statement

The studies involving human participants were reviewed and
approved by The University of Western Australia Human Research
Ethics Committee (RA/4/20/4953). The patients/participants
provided their written informed consent to participate in this study.

Author contributions

LS, DG, MW, BM, and MP: study design. AS: sample
collection and processing, statistical analyses, and writing original
draft. AS, LS, DG, and MP: interpretation. SL: detection of
antibiotic resistance genes. GL, MN, LS, DG, MW, BM, and MP:

References

Arrieta, M.-C., Arévalo, A., Stiemsma, L., Dimitriu, P,, Chico, M. E., Loor, S., et al.
(2018). Associations between infant fungal and bacterial dysbiosis and childhood
atopic wheeze in a nonindustrialized setting. J. Allergy Clin. Immunol. 142,
424-434.€10. doi: 10.1016/j.jaci.2017.08.041

Arrieta, M.-C., Stiemsma, L. T., Dimitriu, P. A., Thorson, L., Russell, S.,
Yurist-Doutsch, S., et al. (2015). Early infancy microbial and metabolic alterations

Frontiers in Microbiology

10.3389/fmicb.2022.900702

writing review and editing. All authors contributed to the article
and approved the submitted version.

Funding

AS, LS, and DG are supported by an unrestricted research grant
from Medela AG, administered by The University of Western
Australia. MP is supported by a National Health and Medical
Research Council Project grant (APP1144040). Umm Al-Qura
University, Saudi Arabia provides a PhD scholarship for AS. The
funding bodies were not involved in the design of the study,
collection/analysis/interpretation of data, writing of the manuscript,
or in the decision to publish the results.

Acknowledgments

We would like to acknowledge Kirsty O’Hehir for all of her
assistance with study recruitment and implementation of the
dietary intervention.

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/fmicb.2022.900702/
full#supplementary-material

affect risk of childhood asthma. Sci. Transl. Med. 7:307ral52. doi: 10.1126/
scitranslmed.aab2271

Asnicar, F, Manara, S., Zolfo, M., Truong, D. T, Scholz, M., Armanini, F, et al.
(2017). Studying vertical microbiome transmission from mothers to infants by
strain-level metagenomic profiling. MSystems 2, €00164-¢00216. doi: 10.1128/
mSystems.00164-16

frontiersin.org


https://doi.org/10.3389/fmicb.2022.900702
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2022.900702/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.900702/full#supplementary-material
https://doi.org/10.1016/j.jaci.2017.08.041
https://doi.org/10.1126/scitranslmed.aab2271
https://doi.org/10.1126/scitranslmed.aab2271
https://doi.org/10.1128/mSystems.00164-16
https://doi.org/10.1128/mSystems.00164-16

Sindi et al.

Babakobi, M., Reshef, L., Gihaz, S., Belgorodsky, B., Fishman, A., Bujanover, Y.,
et al. (2020). Effect of maternal diet and Milk lipid composition on the
infant gut and maternal milk microbiomes. Nutrients 12:2539. doi: 10.3390/
nul2092539

Backhed, F, Roswall, J., Peng, Y., Feng, Q,, Jia, H., Kovatcheva-Datchary, P, et al.
(2015). Dynamics and stabilization of the human gut microbiome during the first
year of life. Cell Host Microbe 17, 690-703. doi: 10.1016/j.chom.2015.04.004

Benson, A. K., Kelly, S. A., Legge, R., Ma, E, Low, S. ], Kim, J., et al. (2010).
Individuality in gut microbiota composition is a complex polygenic trait shaped by
multiple environmental and host genetic factors. Proc. Natl. Acad. Sci. 107,
18933-18938. doi: 10.1073/pnas.1007028107

Bokulich, N., Chung, J., Battaglia, T., Henderson, N., Jay, M., Li, H., et al. (2016).
Antibiotics, birth mode, and diet shape microbiome maturation during early life.
Sci. Transl. Med. 8:343ra82. doi: 10.1126/scitranslmed.aad7121

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer
for Ilumina sequence data. Bioinformatics 30, 2114-2120. doi: 10.1093/
bioinformatics/btul70

Cai, Z., Guo, Q,, Yao, Z., Zheng, W,, Xie, J., Bai, S., et al. (2020). Comparative
genomics of Klebsiella michiganensis BD177 and related members of Klebsiella sp.
reveal the symbiotic relationship with Bactrocera dorsalis. BMC Genet. 21, 1-13. doi:
10.1186/512863-020-00945-0

Caspi, R., Billington, R., Keseler, I. M., Kothari, A., Krummenacker, M.,
Midford, P. E., et al. (2020). The MetaCyc database of metabolic pathways and
enzymes-a 2019 update. Nucleic Acids Res. 48, D445-D453. doi: 10.1093/nar/gkz862

Chatzi, L., Garcia, R., Roumeliotaki, T., Basterrechea, M., Begiristain, H.,
Iniguez, C., et al. (2013). Mediterranean diet adherence during pregnancy and risk
of wheeze and eczema in the first year of life: INMA (Spain) and RHEA (Greece)
mother—child cohort studies. Br. J. Nutr. 110, 2058-2068. doi: 10.1017/
S0007114513001426

Chatzi, L., Torrent, M., Romieu, I., Garcia-Esteban, R., Ferrer, C., Vioque, J., et al.
(2008). Mediterranean diet in pregnancy is protective for wheeze and atopy in
childhood. Thorax 63, 507-513. doi: 10.1136/thx.2007.081745

Chu, D, Antony, K., Ma, J., Prince, A., Showalter, L., Moller, M., et al. (2016). The
early infant gut microbiome varies in association with a maternal high-fat diet.
Genome Med. 8:77. doi: 10.1186/s13073-016-0330-z

Cortes-Macias, E., Selma-Royo, M., Garcia-Mantrana, I, Calatayud, M.,
Gonzilez, S., Martinez-Costa, C., et al. (2020). Maternal diet shapes the breast milk
microbiota composition and diversity: impact of mode of delivery and antibiotic
exposure. J. Nutr. 151, 330-340. doi: 10.1093/jn/nxaa310

Dai, Z.-L., Wu, G., and Zhu, W.-Y. (2011). Amino acid metabolism in intestinal
bacteria: links between gut ecology and host health. Front. Biosci. 16, 1768-1786.
doi: 10.2741/3820

David, L., Maurice, C., Carmody, R., Gootenberg, D., Button, J., Wolfe, B., et al.
(2014). Diet rapidly and reproducibly alters the human gut microbiome. Nature 505,
559-563. doi: 10.1038/nature12820

De Filippis, E, Pellegrini, N., Vannini, L., Jeffery, L, La Storia, A., Laghi, L., et al.
(2016). High-level adherence to a Mediterranean diet beneficially impacts the gut
microbiota and associated metabolome. Gut 65, 1812-1821. doi: 10.1136/
gutjnl-2015-309957

De Filippo, C., Cavalieri, D., Di Paola, M., Ramazzotti, M., Poullet, J., Massart, S.,
et al. (2010). Impact of diet in shaping gut microbiota revealed by a comparative
study in children from Europe and rural Africa. Proc. Natl. Acad. Sci. 107,
14691-14696. doi: 10.1073/pnas.1005963107

De Filippo, C., Di Paola, M., Ramazzotti, M., Albanese, D., Pieraccini, G.,
Banci, E., et al. (2017). Diet, environments, and gut microbiota. A preliminary
investigation in children living in rural and urban Burkina Faso and Italy. Front.
Microbiol. 8:1979. doi: 10.3389/fmicb.2017.01979

Derrien, M., Alvarez, A.-S., and de Vos, W. M. (2019). The gut microbiota in
the first decade of life. Trends Microbiol. 27, 997-1010. doi: 10.1016/j.
tim.2019.08.001

Dimova, L. G,, Zlatkov, N., Verkade, H. J., Uhlin, B. E., and Tietge, U. J. (2017).
High-cholesterol diet does not alter gut microbiota composition in mice. Nutrit.
Metabol. 14, 1-7. doi: 10.1186/s12986-017-0170-x

Do, M. H,, Lee, E., Oh, M.-],, Kim, Y., and Park, H.-Y. (2018). High-glucose or-
fructose diet cause changes of the gut microbiota and metabolic disorders in mice
without body weight change. Nutrients 10:761. doi: 10.3390/nu10060761

Duranti, S., Lugli, G., Mancabelli, L., Armanini, E, Turroni, F, James, K., et al.
(2017). Maternal inheritance of bifidobacterial communities and bifidophages in
infants through vertical transmission. Microbiome 5, 66-13. doi: 10.1186/
540168-017-0282-6

Fava, F, Gitau, R., Griffin, B., Gibson, G., Tuohy, K., and Lovegrove, J. (2012). The
type and quantity of dietary fat and carbohydrate alter faecal microbiome and short-
chain fatty acid excretion in a metabolic syndrome ‘at-risk’ population. Int. J. Obes.
37, 216-223. doi: 10.1038/ij0.2012.33

Frontiers in Microbiology

19

10.3389/fmicb.2022.900702

Fernandez, L., Cardenas, N., Arroyo, R., Manzano, S., Jiménez, E., Martin, V., et al.
(2016). Prevention of infectious mastitis by oral administration of Lactobacillus
salivarius PS2 during late pregnancy. Clin. Infect. Dis. 62, 568-573. doi: 10.1093/cid/
civ974

Food Standards Australia New Zealand (2019). Sugar. Available at: https://www.
foodstandards.gov.au/consumer/nutrition/Pages/Sugar.aspx (Accessed 10, 2021).

Garcia-Mantrana, I, Selma-Royo, M., Gonzalez, S., Parra-Llorca, A,
Martinez-Costa, C., and Collado, M. C. (2020). Distinct maternal microbiota
clusters are associated with diet during pregnancy: impact on neonatal microbiota
and infant growth during the first 18 months of life. Gut Microbes 11, 962-978. doi:
10.1080/19490976.2020.1730294

Graf, D, Di Cagno, R,, Fék, E, Flint, H., Nyman, M., Saarela, M., et al. (2015).
Contribution of diet to the composition of the human gut microbiota. Microb. Ecol.
Health Dis. 26:26164. doi: 10.3402/mehd.v26.26164

Gueimonde, M., Salminen, S., and Isolauri, E. (2006). Presence of specific
antibiotic (tet) resistance genes in infant faecal microbiota. FEMS Immunol. Med.
Microbiol. 48, 21-25. doi: 10.1111/j.1574-695X.2006.00112.x

Hildebrandt, M. A., Hoffmann, C., Sherrill-Mix, S. A., Keilbaugh, S. A,
Hamady, M., Chen, Y. Y, et al. (2009). High-fat diet determines the composition of
the murine gut microbiome independently of obesity. Gastroenterology 137,
1716-1724.¢2. doi: 10.1053/j.gastro.2009.08.042

Hill, C. J., Lynch, D. B., Murphy, K., Ulaszewska, M., Jeffery, 1. B.,
O’Shea, C. A., et al. (2017). Evolution of gut microbiota composition from birth
to 24 weeks in the INFANTMET cohort. Microbiome 5, 1-18. doi: 10.1186/
540168-017-0240-3

Ho, N. T., Li, E, Lee-Sarwar, K. A,, Tun, H. M., Brown, B. P,, Pannaraj, P. S., et al.
(2018). Meta-analysis of effects of exclusive breastfeeding on infant gut microbiota
across populations. Nat. Commun. 9, 1-13. doi: 10.1038/s41467-018-06473-x

Jiménez, E., Fernandez, L., Maldonado, A., Martin, R., Olivares, M., Xaus, J., et al.
(2008). Oral administration of Lactobacillus strains isolated from breast milk as an
alternative for the treatment of infectious mastitis during lactation. Appl. Environ.
Microbiol. 74, 4650-4655. doi: 10.1128/ AEM.02599-07

Jost, T., Lacroix, C., Braegger, C., Rochat, E, and Chassard, C. (2014). Vertical
mother-neonate transfer of maternal gut bacteria via breastfeeding. Environ.
Microbiol. 16, 2891-2904. doi: 10.1111/1462-2920.12238

Khan, S., Waliullah, S., Godfrey, V., Khan, M. A. W,, Ramachandran, R. A,
Cantarel, B. L., et al. (2020). Dietary simple sugars alter microbial ecology in the
gut and promote colitis in mice. STM 12:eaay6218. doi: 10.1126/scitranslmed.
aay6218

Kordy, K., Gaufin, T., Mwangi, M., Li, E, Cerini, C., Lee, D., et al. (2020).
Contributions to human breast milk microbiome and enteromammary transfer of
Bifidobacterium breve. PLoS One 15:€0219633. doi: 10.1371/journal.pone.0219633

Korem, T., Zeevi, D., Zmora, N., Weissbrod, O., Bar, N., Lotan-Pompan, M., et al.
(2017). Bread affects clinical parameters and induces gut microbiome-associated
personal glycemic responses. Cell Metab. 25, 1243-1253.e5. doi: 10.1016/j.
cmet.2017.05.002

Kovatcheva-Datchary, P, Nilsson, A., Akrami, R, Lee, Y., De Vadder, E, Arora, T.,
et al. (2015). Dietary fiber-induced improvement in glucose metabolism is
associated with increased abundance of Prevotella. Cell Metab. 22, 971-982. doi:
10.1016/j.cmet.2015.10.001

Langille, M. G., Zaneveld, J., Caporaso, J. G., McDonald, D., Knights, D.,
Reyes, J. A, et al. (2013). Predictive functional profiling of microbial communities
using 16S rRNA marker gene sequences. Nat. Biotechnol. 31, 814-821. doi: 10.1038/
nbt.2676

Lebeaux, R. M., Coker, M. O, Dade, E. E, Palys, T. J., Morrison, H. G., Ross, B. D.,
et al. (2021). The infant gut resistome is associated with E. coli and early-life
exposures. BMC Microbiol. 21, 1-18. doi: 10.1186/s12866-021-02129-x

LeBlanc, J. G., Milani, C., de Giori, G. S., Sesma, E, van Sinderen, D., and
Ventura, M. (2013). Bacteria as vitamin suppliers to their host: a gut microbiota
perspective. Curr. Opin. Biotechnol. 24, 160-168. doi: 10.1016/j.copbio.2012.08.005

Leghi, G. E., Netting, M. ., Lai, C. T,, Narayanan, A., Dymock, M., Rea, A,, et al.
(2021). Reduction in maternal energy intake during lactation decreased maternal
body weight and concentrations of leptin, insulin and adiponectin in human milk
without affecting milk production, milk macronutrient composition or infant
growth. Nutrients 13:1892. doi: 10.3390/nu13061892

LeMay-Nedjelski, L., Asbury, M., Butcher, J., Ley, S., Hanley, A., Kiss, A., et al.
(2020). Maternal diet and infant feeding practices are associated with variation in the
human Milk microbiota at 3 months postpartum in a cohort of women with high rates
of gestational glucose intolerance. J. Nutr. 151, 320-329. doi: 10.1093/jn/nxaa248

Li, H. (2013). Aligning sequence reads, clone sequences and assembly contigs with
BWA-MEM. arXiv [Preprint]. doi: 10.48550/arXiv.1303.3997

Li, H., Handsaker, B., Wysoker, A., Fennell, T,, Ruan, J., Homer, N., et al. (2009).
The sequence alignment/map format and SAMtools. Bioinformatics 25, 2078-2079.
doi: 10.1093/bioinformatics/btp352

frontiersin.org


https://doi.org/10.3389/fmicb.2022.900702
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3390/nu12092539
https://doi.org/10.3390/nu12092539
https://doi.org/10.1016/j.chom.2015.04.004
https://doi.org/10.1073/pnas.1007028107
https://doi.org/10.1126/scitranslmed.aad7121
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1186/s12863-020-00945-0
https://doi.org/10.1093/nar/gkz862
https://doi.org/10.1017/S0007114513001426
https://doi.org/10.1017/S0007114513001426
https://doi.org/10.1136/thx.2007.081745
https://doi.org/10.1186/s13073-016-0330-z
https://doi.org/10.1093/jn/nxaa310
https://doi.org/10.2741/3820
https://doi.org/10.1038/nature12820
https://doi.org/10.1136/gutjnl-2015-309957
https://doi.org/10.1136/gutjnl-2015-309957
https://doi.org/10.1073/pnas.1005963107
https://doi.org/10.3389/fmicb.2017.01979
https://doi.org/10.1016/j.tim.2019.08.001
https://doi.org/10.1016/j.tim.2019.08.001
https://doi.org/10.1186/s12986-017-0170-x
https://doi.org/10.3390/nu10060761
https://doi.org/10.1186/s40168-017-0282-6
https://doi.org/10.1186/s40168-017-0282-6
https://doi.org/10.1038/ijo.2012.33
https://doi.org/10.1093/cid/civ974
https://doi.org/10.1093/cid/civ974
https://www.foodstandards.gov.au/consumer/nutrition/Pages/Sugar.aspx
https://www.foodstandards.gov.au/consumer/nutrition/Pages/Sugar.aspx
https://doi.org/10.1080/19490976.2020.1730294
https://doi.org/10.3402/mehd.v26.26164
https://doi.org/10.1111/j.1574-695X.2006.00112.x
https://doi.org/10.1053/j.gastro.2009.08.042
https://doi.org/10.1186/s40168-017-0240-3
https://doi.org/10.1186/s40168-017-0240-3
https://doi.org/10.1038/s41467-018-06473-x
https://doi.org/10.1128/AEM.02599-07
https://doi.org/10.1111/1462-2920.12238
https://doi.org/10.1126/scitranslmed.aay6218
https://doi.org/10.1126/scitranslmed.aay6218
https://doi.org/10.1371/journal.pone.0219633
https://doi.org/10.1016/j.cmet.2017.05.002
https://doi.org/10.1016/j.cmet.2017.05.002
https://doi.org/10.1016/j.cmet.2015.10.001
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1186/s12866-021-02129-x
https://doi.org/10.1016/j.copbio.2012.08.005
https://doi.org/10.3390/nu13061892
https://doi.org/10.1093/jn/nxaa248
https://doi.org/10.48550/arXiv.1303.3997
https://doi.org/10.1093/bioinformatics/btp352

Sindi et al.

Lin, A, Bik, E., Costello, E., Dethlefsen, L., Haque, R., Relman, D,, et al. (2013).
Distinct distal gut microbiome diversity and composition in healthy children from
Bangladesh and the United States. PLoS One 8:e53838. doi: 10.1371/journal.
pone.0053838

Loo, E. X. L., Zain, A,, Yap, G. C,, Purbojati, R. W, Drautz-Moses, D. I, Koh, Y. Q,
et al. (2020). Longitudinal assessment of antibiotic resistance gene profiles in gut
microbiomes of infants at risk of eczema. BMC Infect. Dis. 20, 1-12. doi: 10.1186/
$12879-020-05000-y

Lundgren, S., Madan, J., Emond, J., Morrison, H., Christensen, B., Karagas, M.,
et al. (2018). Maternal diet during pregnancy is related with the infant stool
microbiome in a delivery mode-dependent manner. Microbiome 6, 109-111. doi:
10.1186/540168-018-0490-8

Makarova, K., Slesarev, A., Wolf, Y., Sorokin, A., Mirkin, B., Koonin, E., et al.
(2006). Comparative genomics of the lactic acid bacteria. Proc. Natl. Acad. Sci. 103,
15611-15616. doi: 10.1073/pnas.0607117103

Mandal, S., Godfrey, K., McDonald, D., Treuren, W., Bjernholt, J., Midtvedt, T.,
etal. (2016). Fat and vitamin intakes during pregnancy have stronger relations with
a pro-inflammatory maternal microbiota than does carbohydrate intake. Microbiome
4:55. doi: 10.1186/540168-016-0200-3

Martin, R., Olivares, M., Marin, M. L., Fernandez, L., Xaus, J., and Rodriguez, J. M.
(2005). Probiotic potential of 3 lactobacilli strains isolated from breast milk. J. Hum.
Lact. 21, 8-17. doi: 10.1177/0890334404272393

Milani, C., Mancabelli, L., Lugli, G., Duranti, S., Turroni, E, Ferrario, C., et al.
(2015). Exploring vertical transmission of bifidobacteria from mother to child. Appl.
Environ. Microbiol. 81, 7078-7087. doi: 10.1128/AEM.02037-15

Murphy, K., Curley, D., O’Callaghan, T., O’Shea, C.-A., Dempsey, E.,
O’Toole, P, et al. (2017). The composition of human milk and infant faecal
microbiota over the first three months of life: a pilot study. Sci. Rep. 7:40597. doi:
10.1038/srep40597

Murphy, D. ], and Vance, J. (1999). Mechanisms of lipid-body formation. Trends
Biochem. Sci. 24, 109-115. doi: 10.1016/S0968-0004(98)01349-8

Olin, A., Henckel, E., Chen, Y., Lakshmikanth, T., Pou, C., Mikes, J., et al. (2018).
Stereotypic immune system development in newborn children. Cell 174,
1277-1292.e14. doi: 10.1016/j.cell.2018.06.045

Padilha, M., Danneskiold-Samsee, N., Brejnrod, A., Hoffmann, C., Cabral, V.,
Taucci, J., et al. (2019). The human milk microbiota is modulated by maternal diet.
Microorganisms 7:502. doi: 10.3390/microorganisms7110502

Parks, D. H., Rigato, E, Vera-Wolf, P, Krause, L., Hugenholtz, P, Tyson, G. W,,
etal. (2021). Evaluation of the microba community profiler for taxonomic profiling
of metagenomic datasets from the human gut microbiome. Front. Microbiol.
12:643682. doi: 10.3389/fmicb.2021.643682

Pirnanen, K., Karkman, A., Hultman, J., Lyra, C., Bengtsson-Palme, J.,
Larsson, D. ], et al. (2018). Maternal gut and breast milk microbiota affect infant gut
antibiotic resistome and mobile genetic elements. Nat. Commun. 9:3891. doi:
10.1038/541467-018-06393-w

Ponzo, V., Ferrocino, I, Zarovska, A., Amenta, M., Leone, E, Monzeglio, C., et al.
(2019). The microbiota composition of the offspring of patients with gestational
diabetes mellitus (GDM). PLoS One 14:¢0226545. doi: 10.1371/journal.pone.
0226545

Prescott, S. L. (2013). Early-life environmental determinants of allergic diseases
and the wider pandemic of inflammatory noncommunicable diseases. J. Allergy
Clin. Immunol. 131, 23-30. doi: 10.1016/j.jaci.2012.11.019

Roager, H. M., Vogt, J. K., Kristensen, M., Hansen, L. B. S, Ibriigger, S.,
Meerkedahl, R. B., et al. (2019). Whole grain-rich diet reduces body weight and
systemic low-grade inflammation without inducing major changes of the gut
microbiome: a randomised cross-over trial. Gut 68, 83-93. doi: 10.1136/
gutjnl-2017-314786

Rodriguez, J. (2014). The origin of human milk bacteria: is there a bacterial
entero-mammary pathway during late pregnancy and lactation? Adv. Nutr. 5,
779-784. doi: 10.3945/an.114.007229

Rose, G., Shaw, A. G., Sim, K., Wooldridge, D. J., Li, M.-S., Gharbia, S., et al.
(2017). Antibiotic resistance potential of the healthy preterm infant gut microbiome.
Peer] 5:¢2928. doi: 10.7717/peerj.2928

Rowland, L., Gibson, G., Heinken, A., Scott, K., Swann, J., Thiele, L, et al. (2018).
Gut microbiota functions: metabolism of nutrients and other food components. Eur.
J. Nutr. 57, 1-24. doi: 10.1007/s00394-017-1445-8

Royti6, H., Mokkala, K., Vahlberg, T., and Laitinen, K. (2017). Dietary intake of
fat and fibre according to reference values relates to higher gut microbiota richness
in overweight pregnant women. Br. J. Nutr. 118, 343-352. doi: 10.1017/
S0007114517002100

Saier, M. H. Jr, Reddy, V. S., Tsu, B. V,, Ahmed, M. S., Li, C., and
Moreno-Hagelsieb, G. (2016). The transporter classification database (TCDB):
recent advances. Nucleic Acids Res. 44, D372-D379. doi: 10.1093/nar/gkv1103

Frontiers in Microbiology

20

10.3389/fmicb.2022.900702

Savage, J., Lee-Sarwar, K., Sordillo, J., Lange, N., Zhou, Y., O'Connor, G, et al.
(2018). Diet during pregnancy and infancy and the infant intestinal microbiome. J.
Pediatr. 203, 47-54.e4. doi: 10.1016/j.jpeds.2018.07.066

Schoeler, M., and Caesar, R. (2019). Dietary lipids, gut microbiota and lipid
metabolism. Rev. Endocr. Metab. Disord. 20, 461-472. doi: 10.1007/
s11154-019-09512-0

Seferovic, M. D., Mohammad, M., Pace, R. M., Engevik, M., Versalovic, J.,
Bode, L., et al. (2020). Maternal diet alters human milk oligosaccharide composition
with implications for the milk metagenome. Sci. Rep. 10, 1-18. doi: 10.1038/
541598-020-79022-6

Sen, T., Cawthon, C. R, Thde, B. T,, Hajnal, A., DiLorenzo, P. M., Claire, B., et al.
(2017). Diet-driven microbiota dysbiosis is associated with vagal remodeling and
obesity. Physiol. Behav. 173, 305-317. doi: 10.1016/j.physbeh.2017.02.027

Shan, K., Qu, H., Zhou, K., Wang, L., Zhu, C., Chen, H,, et al. (2019). Distinct gut
microbiota induced by different fat-to-sugar-ratio high-energy diets share similar
pro-obesity genetic and metabolite profiles in prediabetic mice. Msystems 4:e00219.
doi: 10.1128/mSystems.00219-19

Shang, Y., Khafipour, E., Derakhshani, H., Sarna, L. K., Woo, C. W,, Siow, Y. L.,
et al. (2017). Short term high fat diet induces obesity-enhancing changes in mouse
gut microbiota that are partially reversed by cessation of the high fat diet. Lipids 52,
499-511. doi: 10.1007/s11745-017-4253-2

Shokryazdan, P, Sieo, C. C., Kalavathy, R, Liang, J. B., Alitheen, N. B., Faseleh
Jahromi, M., et al. (2014). Probiotic potential of Lactobacillus strains with
antimicrobial activity against some human pathogenic strains. Biomed. Res. Int.
2014, 1-16. doi: 10.1155/2014/927268

Shulman, R. J., Hollister, E. B., Cain, K., Czyzewski, D. L, Self, M. M.,
Weidler, E. M., et al. (2017). Psyllium fiber reduces abdominal pain in children with
irritable bowel syndrome in a randomized, double-blind trial. Clin. Gastroenterol.
Hepatol. 15, 712-719.e4. doi: 10.1016/j.cgh.2016.03.045

Srinivasan, S., Raipuria, M., Bahari, H., Kaakoush, N., and Morris, M. (2018).
Impacts of diet and exercise on maternal gut microbiota are transferred to offspring.
Front. Endocrinol. 9:716. doi: 10.3389/fend0.2018.00716

Steinegger, M., and Soding, J. (2018). Clustering huge protein sequence sets in
linear time. Nat. Commun. 9, 1-8. doi: 10.1038/s41467-018-04964-5

Stewart, C., Ajami, N., O’Brien, J., Hutchinson, D., Smith, D., Wong, M., et al.
(2018). Temporal development of the gut microbiome in early childhood from the
TEDDY study. Nature 562, 583-588. doi: 10.1038/s41586-018-0617-x

Subar, A. F, Kirkpatrick, S. I, Mittl, B., Zimmerman, T. P., Thompson, E E.,
Bingley, C., et al. (2012). The automated Self-administered 24-hour dietary recall
(ASA24): a resource for researchers, clinicians, and educators from the National
Cancer Institute. J. Acad. Nutr. Diet. 112, 1134-1137. doi: 10.1016/j.
jand.2012.04.016

Suzek, B. E., Wang, Y., Huang, H., PB, M. G., Wu, C. H., and Consortium, U.
(2015). UniRef clusters: a comprehensive and scalable alternative for improving
sequence similarity searches. Bioinformatics 31, 926-932. doi: 10.1093/bio
informatics/btu739

Thompson, A. L., Monteagudo-Mera, A., Cadenas, M. B., Lampl, M. L., and
Azcarate-Peril, M. A. (2015). Milk-and solid-feeding practices and daycare
attendance are associated with differences in bacterial diversity, predominant
communities, and metabolic and immune function of the infant gut microbiome.
Front. Cell. Infect. Microbiol. 5:3. doi: 10.3389/fcimb.2015.00003

Timmerman, H. M., Rutten, N. B., Boekhorst, J., Saulnier, D. M., Kortman, G. A.,
Contractor, N., et al. (2017). Intestinal colonisation patterns in breastfed and
formula-fed infants during the first 12 weeks of life reveal sequential microbiota
signatures. Sci. Rep. 7:8327. doi: 10.1038/541598-017-08268-4

Walker, W. A. (2017). The importance of appropriate initial bacterial colonization
of the intestine in newborn, child, and adult health. Pediatr. Res. 82, 387-395. doi:
10.1038/pr.2017.111

Walsh, A. M., Crispie, E, O’Sullivan, O., Finnegan, L., Claesson, M. J., and Cotter, P. D.
(2018). Species classifier choice is a key consideration when analysing low-complexity
food microbiome data. Microbiome 6, 1-15. doi: 10.1186/s40168-018-0437-0

Wankhade, U. D, Zhong, Y., Kang, P., Alfaro, M., Chintapalli, S. V., Piccolo, B. D.,
et al. (2018). Maternal high-fat diet programs offspring liver steatosis in a sexually
dimorphic manner in association with changes in gut microbial ecology in mice.
Sci. Rep. 8, 1-15. doi: 10.1038/s41598-018-34453-0

Wankhade, U., Zhong, Y., Kang, P., Alfaro, M., Chintapalli, S., Thakali, K., et al.
(2017). Enhanced offspring predisposition to steatohepatitis with maternal high-fat
diet is associated with epigenetic and microbiome alterations. PLoS One
12:€0175675. doi: 10.1371/journal.pone.0175675

Williams, J., Carrothers, J., Lackey, K., Beatty, N., York, M., Brooker, S., et al.
(2017). Human milk microbial community structure is relatively stable and related
to variations in macronutrient and micronutrient intakes in healthy lactating
women. J. Nutr. 147, 1739-1748. doi: 10.3945/jn.117.248864

frontiersin.org


https://doi.org/10.3389/fmicb.2022.900702
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1371/journal.pone.0053838
https://doi.org/10.1371/journal.pone.0053838
https://doi.org/10.1186/s12879-020-05000-y
https://doi.org/10.1186/s12879-020-05000-y
https://doi.org/10.1186/s40168-018-0490-8
https://doi.org/10.1073/pnas.0607117103
https://doi.org/10.1186/s40168-016-0200-3
https://doi.org/10.1177/0890334404272393
https://doi.org/10.1128/AEM.02037-15
https://doi.org/10.1038/srep40597
https://doi.org/10.1016/S0968-0004(98)01349-8
https://doi.org/10.1016/j.cell.2018.06.045
https://doi.org/10.3390/microorganisms7110502
https://doi.org/10.3389/fmicb.2021.643682
https://doi.org/10.1038/s41467-018-06393-w
https://doi.org/10.1371/journal.pone.0226545
https://doi.org/10.1371/journal.pone.0226545
https://doi.org/10.1016/j.jaci.2012.11.019
https://doi.org/10.1136/gutjnl-2017-314786
https://doi.org/10.1136/gutjnl-2017-314786
https://doi.org/10.3945/an.114.007229
https://doi.org/10.7717/peerj.2928
https://doi.org/10.1007/s00394-017-1445-8
https://doi.org/10.1017/S0007114517002100
https://doi.org/10.1017/S0007114517002100
https://doi.org/10.1093/nar/gkv1103
https://doi.org/10.1016/j.jpeds.2018.07.066
https://doi.org/10.1007/s11154-019-09512-0
https://doi.org/10.1007/s11154-019-09512-0
https://doi.org/10.1038/s41598-020-79022-6
https://doi.org/10.1038/s41598-020-79022-6
https://doi.org/10.1016/j.physbeh.2017.02.027
https://doi.org/10.1128/mSystems.00219-19
https://doi.org/10.1007/s11745-017-4253-2
https://doi.org/10.1155/2014/927268
https://doi.org/10.1016/j.cgh.2016.03.045
https://doi.org/10.3389/fendo.2018.00716
https://doi.org/10.1038/s41467-018-04964-5
https://doi.org/10.1038/s41586-018-0617-x
https://doi.org/10.1016/j.jand.2012.04.016
https://doi.org/10.1016/j.jand.2012.04.016
https://doi.org/10.1093/bioinformatics/btu739
https://doi.org/10.1093/bioinformatics/btu739
https://doi.org/10.3389/fcimb.2015.00003
https://doi.org/10.1038/s41598-017-08268-4
https://doi.org/10.1038/pr.2017.111
https://doi.org/10.1186/s40168-018-0437-0
https://doi.org/10.1038/s41598-018-34453-0
https://doi.org/10.1371/journal.pone.0175675
https://doi.org/10.3945/jn.117.248864

Sindi et al.

Wu, G. D., Chen, J., Hoffmann, C., Bittinger, K., Chen, Y.-Y., Keilbaugh, S. A, et al.
(2011). Linking long-term dietary patterns with gut microbial enterotypes. Science
334, 105-108. doi: 10.1126/science.1208344

Wu, G., Zhang, C., Wang, J., Zhang, F, Wang, R., Shen, J., et al. (2016). Diminution
of the gut resistome after a gut microbiota-targeted dietary intervention in obese
children. Sci. Rep. 6, 1-9. doi: 10.1038/srep24030

Xiao, L., Sonne, S. B., Feng, Q., Chen, N,, Xia, Z., Li, X, et al. (2017).
High-fat feeding rather than obesity drives taxonomical and functional changes
in the gut microbiota in mice. Microbiome 5, 1-12. doi: 10.1186/s40168-017-
0258-6

Frontiers in Microbiology

21

10.3389/fmicb.2022.900702

Yatsunenko, T, Rey, E, Manary, M., Trehan, 1., Dominguez-Bello, M. G.,
Contreras, M., et al. (2012). Human gut microbiome viewed across age and
geography. Nature 486, 222-227. doi: 10.1038/nature11053

Yue, S., Zhao, D., Peng, C., Tan, C., Wang, Q., and Gong, J. (2019). Effects of
theabrownin on serum metabolites and gut microbiome in rats with a high-sugar
diet. Food Funct. 10, 7063-7080. doi: 10.1039/C9FO01334B

Ziegler, K., Deutzmann, R., and Lockau, W. (2002). Cyanophycin synthetase-like
enzymes of non-cyanobacterial eubacteria: characterization of the polymer
produced by a recombinant synthetase of Desulfitobacterium hafniense. Z.
Naturforsch. C 57, 522-529. doi: 10.1515/znc-2002-5-621

frontiersin.org


https://doi.org/10.3389/fmicb.2022.900702
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1126/science.1208344
https://doi.org/10.1038/srep24030
https://doi.org/10.1186/s40168-017-0258-6
https://doi.org/10.1186/s40168-017-0258-6
https://doi.org/10.1038/nature11053
https://doi.org/10.1039/C9FO01334B
https://doi.org/10.1515/znc-2002-5-621

	Effect of a reduced fat and sugar maternal dietary intervention during lactation on the infant gut microbiome
	Introduction
	Materials and methods
	Participants
	Study design
	Maternal and infant anthropometric measures
	Maternal dietary assessment
	Infant stool sample collection
	DNA extraction and metagenomic analysis
	Metagenomic data processing
	Metagenomic sequencing data quality control
	Quantification of microbial species, gene and pathway abundances
	Antibiotic resistance genes
	Statistical analyses

	Results
	Participants
	Effect of the dietary intervention on maternal dietary factor intake and body composition
	Pre- vs post-diet infant gut microbiome composition
	Pre- vs post-diet infant gut microbiome functional potential
	Maternal dietary factors and infant gut microbiome composition and function
	Fiber
	Protein
	Sugar
	Fat
	Antibiotic resistance genes

	Discussion
	Strengths and limitations
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

