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ABSTRACT

Background: The taxonomic composition of the gut microbiome undergoes rapid development during the first 2-3 y of life. Poor diet
during complementary feeding has been associated with alterations in infant growth and compromised bone, immune system, and neu-
rodevelopment, but how it may affect gut microbial composition is unknown.

Objectives: This cross-sectional study aimed to examine the associations between early-life nutrition and the developing infant gut
microbiota at 6 mo of age.

Methods: Latino mother—infant pairs from the Mother’s Milk Study (n = 105) were included. Infant gut microbiota and dietary intake were
analyzed at 6 mo of age using 16S ribosomal RNA amplicon sequencing and 24-h dietary recalls, respectively. Poisson generalized linear
regression analysis was performed to examine associations between dietary nutrients and microbial community abundance while adjusting
for infants’ mode of delivery, antibiotics, infant feeding type, time of introduction of solid foods, energy intake, and body weight. A P value
of <0.05 was used to determine the statistical significance in the study.

Results: Infants with higher consumption of total sugar exhibited a lower relative abundance of the genera Bacteroides (f = —0.01; 95% CIL:
—0.02, —0.00; P = 0.03) and genus Clostridium belonging to the Lachnospiraceae family (p = —0.02; 95% CI: —0.03, —0.00; P = 0.01). In
addition, a higher intake of free sugar (which excludes sugar from milk, dairy, and whole fruit) was associated with several bacteria at the
genus level, including Parabacteroides genus (p = 0.03; 95% CI: 0.01, 0.05; P = 0.001). Total insoluble fiber intake was associated with
favorable bacteria at the genus level such as Faecalibacterium (f = 0.28; 95% CI: 0.03, 0.52; P = 0.02) and Coprococcus (f = 0.28; 95% CIL:
0.02, 0.52; P = 0.03).

Conclusion: These findings demonstrate that early-life dietary intake at 6 mo impacts the developing gut microbiome associated with the
presence of both unfavorable gut microbes and dietary fiber-associated commensal microbes.
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Introduction succession may lead to lifelong and intergenerational growth
and developmental deficits [4]. The infant gut microbiota is less
stable and resilient to external perturbation compared with adult
gut microbiota [5]. The development of the infant gut microbiota
is a dynamic and nonrandom process [6], developing and sta-
bilizing over the first years of life and resembling an adult-like
composition by the age of 3-5 y [2,7,8]. Numerous factors,
including delivery mode, gestational age, antibiotic exposure,
supplement use, maternal diet, infant feeding (breastmilk
compared with formula feeding), geographic location, ethnicity,

The first 3 y of life are important for the establishment of the
gut microbiome. The neonatal gastrointestinal tract becomes
rapidly colonized with an assembly of microorganisms reaching
from 10® to up to 1011-10'2 microorganisms in a matter of
months [1,2]. Early-life patterns of microbial colonization have
been shown to influence the development of metabolic, endo-
crine, neural, and immune functions, and are related to future
health outcomes [3]. Thus, disrupted optimal microbial

Abbreviations: NDSR, Nutrition Data System for Research software; SCFA, Short-chain fatty acid; SEPP, SATE-enabled phylogenic placement; sOTU, suboperational
taxonomic unit.
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and the introduction of solid foods, are known to affect infant gut
bacterial diversity in the first 1-3 y of life [9,10]. Although all
these factors have an impact on the developing gut microbiome,
infant diet composition is considered a major modifiable
contributor to gut bacterial development in infants but is rela-
tively understudied other than the general effect of breastfeeding
compared with formula feeding [11,12].

Although the impact of the early-life diet, including formula
compared with breast milk feeding, has been well studied, the
influence of complementary feeding on gut microbial composi-
tion has not been widely explored [1,13,14]. There is a lack of
consensus on how the introduction of specific nutrients affects
gut microbial taxonomy, diversity, and richness in early life [9,
15]. In addition, limited studies have been conducted on Latinos,
which is one of the fastest growing demographic segments of the
United States population [16] and comprise ~40% of the pop-
ulation in the state of California [17]. Latinos are a group known
to harbor a distinct gut microbiome composition because of
variations in diet and exposure to new natural and built envi-
ronment influencers [18]. Moreover, higher rates of obesity have
been reported in Latino as compared with non-Latino children,
and feeding practices related to the selection of solid foods at the
beginning of infancy may contribute to this disparity [19]. One
study examined dietary data to compare the food consumption
and introduction of specific foods in Latino infants with
non-Latino infants living in the United States [19]. The study
findings indicated notable differences in the early food experi-
ences of Latino infants in comparison with non-Latino infants,
whereby a greater proportion of Latino infants were fed fresh
fruits, fruit-flavored drinks, infant cookies, and traditional foods
such as soups, rice, and beans [19]. In the current study, we
aimed to examine the effects of early-life dietary sugars and fiber
during the introductory solid food feeding phase at 6 mo on the
gut microbiome composition in a cohort of healthy Latino
infants.

Methods

Study participants and design

This study utilized data collected at 6 mo of age from the
Southern California Mother’s Milk Study, which is a longitudinal
cohort of Latino mother—infant pairs that were enrolled at 1 mo
of infant age and assessed throughout the first 24 mo of infancy
[20-22]. Participants were recruited from various maternity
clinics affiliated with the University of Southern California in Los
Angeles County. We excluded participants with the following
criteria: 1) physician diagnosis of inflammatory or infectious
diseases and fatal abnormalities, 2) preterm/low birth weight
infants, 3) mothers aged <18 y at delivery (to prevent the con-
founding effect of adolescent growth), and 4) pregnancy com-
plications (e.g., hypertensive disorders and severe anemia).
Infants who used antibiotics or probiotics were not excluded but
were rigorously documented and included in all models as po-
tential confounders. At baseline, participants underwent a
comprehensive assessment that included recording demographic
data, such as age and sex, as well as a detailed family history and
physical examination. Antibiotic exposures including the exact
medication and dosage were collected at each visit to control for
potential covariates. The participant flowchart is included in
Supplemental Figure 1. This study was reviewed and approved
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by the Children’s Hospital Los Angeles Institutional Review
Board. Written consent forms were obtained from each mother at
recruitment. In this analysis, we included data from 105 infants
at 6 mo who had complete data related to gut microbiota and
dietary intake.

Assessment of dietary intake

As part of the study protocol, mothers were asked to complete
an infant diet questionnaire at baseline to record their infant’s
feeding practices. In addition, at 6 mo, mothers completed 24-h
dietary recalls on behalf of their infants in a structured interview
with a trained bilingual dietician, which involved describing the
food and drinks consumed by their child during the preceding
24-h period, including the assessment of breastfeeding and in-
fant formula use. These assessments were conducted to track
changes in the infants’ diet over time. Infant dietary intake at 6
mo of age was measured on the basis of the average from mul-
tiple 24-h dietary recalls per infant, consisting of 2 weekday
recalls and 1 weekend recall. Mothers were interviewed to
complete detailed dietary recalls including portion sizes, brand
names, and preparation methods on behalf of their infants. They
were asked to describe what they fed their child during the
previous 24-h period. Before completing the recalls, the research
team provided instructions on how to estimate food and
beverage portion sizes, and mothers were provided with portion
size information booklets by Nutrition Data System for Research
software (NDSR). We analyzed dietary intake using the NDSR
(2014-2019), which has been extensively used for studies on the
Latino population [23,24]. For this study, we explored the as-
sociations between gram intakes of dietary sugar (total, free, and
added sugar) and fiber (soluble and insoluble fiber) from all
sources at 6 mo of age.

Description of sugar categories in infant diet recalls

As part of the dietary assessment, sugars were classified into 3
categories on the basis of the guidelines from the WHO and the
nutrient analysis software NDSR [25,26]. The 3 categories of
sugars include free sugars, added sugars, and total sugars. Free
sugars include sugars naturally present in honey, syrups, and
fruit juices, as well as those added to food and drinks. Added
sugars refer to all sugars added to foods and drinks during
manufacturing, cooking, or processing, and do not include
naturally occurring sugars including sugars in juice. Total sugars
include all sugars found in a food or drink, regardless of whether
they are naturally occurring or added. Total sugars include free
sugars, intrinsic sugars, and milk sugars. On the basis of the data
obtained from the 24-h dietary recalls, NDSR was used to analyze
infant dietary data to calculate the total and added sugar intake.
To estimate the free sugar intake, the research team calculated
the free sugars from beverages and nonbeverages separately. For
beverages, lactose was subtracted from the total sugar content,
whereas for nonbeverages, only added sugars were considered
free sugars. These values were then summed to obtain the total
free sugar intake for each participant.

Stool collection and microbiome analysis

We used OMNIgene-GUT kits to collect a sample of infant
stool at 6 mo postpartum during the mother/infant study visit. In
cases where sample collection during the study visit was not
feasible, the participant was provided with a collection kit to
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take home, and the samples were retrieved by the study staff. On
receipt in the laboratory, the collected stool samples were ho-
mogenized, aliquoted into the cryotubes with O-ring, and stored
in the laboratory freezer at —80°C until DNA extraction. A
detailed description of the 16S rRNA amplicon sequencing
method has been previously published [20,27]. Briefly, micro-
bial DNA was extracted from stool samples using the MoBio
PowerSoil kit for 16S rRNA amplicon sequencing. The bacterial
16S rRNA gene was sequenced using the 515/806 barcoded
primer pair (515 F [Parada]): GTGYCAGC MGCCGCGGTAA, 806
R: GGACTACN VGGGTWTCTAAT) and then standardized
comparatively to the protocols in the Earth Microbiome Project
[28]. We performed paired-end, 2 x 150 bp, next-generation
DNA sequencing on the existing Illumina MiSeq platform in the
Institute for Genomic Medicine at the University of California
San Diego [29]. Demultiplexed files were processed using Qiita
(https://qiita.ucsd.edu) [30]. Sequences were trimmed to
150-bp, suspected error sequences were removed, and amplicon
sequence variants called suboperational taxonomic units
(sOTUs) were assigned using Deblur, a reference-free method
[31]. In subsequent steps, a feature table containing counts for
each sOTU for each sample was generated. To generate a phy-
logeny, we inserted Deblur tag sequences into the GreenGenes
13_8 backbone phylogeny using Sample Adaptive Treatment
Effect-enabled phylogenic placement (SATE-SEPP) [32]. Any
sOTUs not placed during SEPP were excluded from the analysis.
sOTUs were assigned taxonomy using the GreenGenes 13_8
database and the q2-feature-classifier classify-sklearn from
QIIME2 [33].

Raw count in sample(i)
Log 10 - - ;
# of sequence in sample(i)

Statistical analysis

Initial descriptive and exploratory analyses were performed
to assess variable distributions. We performed Spearman rank
correlation analysis to quantify the direction and strength of the
linear association between the relative abundances of bacteria at
the genus level with infants’ dietary intake at 6 mo of age. The
correlation heatmaps were used as visualization without
adjusting for confounders. The Poisson regression model, which
is a type of generalized linear model, was employed to investi-
gate how intake of dietary sugar and fiber at 6 mo was associated
with bacterial relative abundances at the genus level at 6 mo
[34]. For each type of dietary sugar or fiber, we analyzed sepa-
rate models, allowing us to assess their individual associations
with bacterial abundance. The Poisson regression model is
appropriate for count data and assumes that the dependent
variable follows a Poisson distribution. Therefore, the assump-
tions for Poisson regression focus on the model's linearity, in-
dependence of observations, and absence of overdispersion [35].
We performed a complete case analysis to handle missing co-
variate data, where only participants with complete data for all
covariates were included in the analysis.
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The analysis of infant gut microbiota involved several key
steps. First, the total reads (counts) for each taxonomic group
were calculated by summing the counts across all samples. This
provided an overall measure of abundance for each taxonomic
group. Next, bacterial relative abundances were log-transformed
(Equation 1) to better satisfy the regression modeling assump-
tions [36]. To focus on more abundant taxa, taxonomic groups
with low total reads (below a certain threshold, for example, 10)
were filtered out. This step helps to reduce noise and ensures that
the analysis focuses on taxa that are more consistently observed
across samples. In addition, sparse taxa that were observed in
fewer than 50% of the samples were filtered out. This further
reduces noise and allows for the analysis to focus on taxa that are
more prevalent in the dataset [37,38].

Regression models were adjusted for infants’ mode of delivery,
current antibiotics (antibiotics within the past 30 d), infant
feeding type (refer to primarily breastfed or formula-fed at 6 mo),
time of introduction of solid foods (age of infant when started
eating solid foods), energy intake, and body weight. Descriptive
statistics are presented as mean =+ SD for continuous variables and
as frequency (percentage) for categorical variables. We used the
Benjamini-Hochberg method for false discovery rate correction
at a 5% significance level to address multiple comparisons in
analyzing microbial abundance and diet correlations. The statis-
tical significance threshold was set at a False Discovery Rate
corrected p-value (pFDR) of less than 0.05. All statistical analyses
were carried out in QIIME2 v.2020.11 and R (version 4.1.1).

Equation 1. General Equation for Relative Abundance Log
Transformation

*Average number of sequence per sample} + l)

Results

Study characteristics

Maternal and infant characteristics and dietary intake vari-
ables of interest at 6 mo of infant age are presented in Tables 1
and 2, respectively. In the subsample of 105 infants, 54.3% were
women and 45.7% were men, with an average age of 185.2 + 8.5
d (and an average age at stool sample collection of 186.2 + 9.5).
In addition, 82% of infants were still breastfed at 6 mo, with
46.6% being exclusively breastfed at 6 mo. At 6 mo, the infants
had an average weight of 8.0 + 0.8 kg and an average length of
66.6 + 2.1 cm. The average age of introduction to complemen-
tary foods was 5.59 + 1.28 mo (range: 4-12 mo). Dietary intake
of carbohydrates, protein, fat, fiber, and sugar at 6 mo are pre-
sented in Table 2. The mean energy intake was 668 + 150.2 kcal.
The infants’ diet consisted of 44.7% carbohydrates, 7.6% pro-
tein, and 47.5% fat. The mean intake of added sugar was 14.3 +
16.3 g, which accounted for 8.6% of the total energy intake. The
mean total sugar intake was 61.8 + 18 g, which accounted for
37.1% of the total energy intake. The infants’ diet also included
2.1 g of total fiber, 1 g of insoluble fiber, and 1.1 g of soluble
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TABLE 1
Characteristics of infants from the Southern California Mother’s Milk
Study at 6 mo of infant age

Variable Subsample (n = 105)
Sex

Female 57 (54.3%)

Male 48 (45.7%)
Age

Days 185.2 (8.5)
Age (stool sample collection)

Days 186.2 (9.5)
SES index 27.1 (11.5)
Mode of delivery

Vaginal 82 (78%)

Cesarean 23 (22%)
Breastfeeding

Yes 86 (82%)

No 19 (18%)
Exclusive breastfeeding

Yes 49 (46.6%)

No 36 (34.3%)

N/A 20 (19.1%)
Antibiotics

Yes 3 (2.9%)

No 93 (88.6%)

N/A 9 (8.6%)
Infant anthropometrics

Weight (kg) 8 (0.8)

Length (cm) 66.6 (2.1)

Weight Z-score 0.4 (0.8)

Length Z-score —0.1 (0.9)

Weight for length Z-score —-0.3(1.3)
Maternal characteristics

Age (y) 29.7 (6.4)

BMI (kg/m?) 30.2 (5.5)

Prepregnancy BMI (kg/m?) 28 (5.6)

Six-month characteristics of 105 Latino mother—infant dyads from the
Southern California Mother’s Milk Study. Participants who had com-
plete data for the microbiome and dietary intake data were included in
the analysis. Unless otherwise indicated, values are presented as n (%)
or mean + SDs. The age in days for each infant was calculated using
their date of birth and the date of the visit. This was done by sub-
tracting the date of birth from the date of visit and converting the result
to days. The calculated age was then compared with the expected age
on the basis of the dates of birth and visits to ensure accuracy. Age is
reported in days and includes infant age at the time of the visit (6 mo)
and age at the time of stool sample collection. Breastfeeding refers to
any amount of breastfeeding or pumping for the infant, regardless of
whether it was exclusive or partial, at the time of stool sample collec-
tion. Exclusive breastfeeding was defined as the infant receiving only
breast milk and no other foods or liquids, including water. The per-
centage of infants exclusively breastfed at the time of stool sample
collection is reported for the subset of participants with available data.
The antibiotics variable indicates whether the infant was currently
taking antibiotics within 30 d of the stool sample collection date. N/A
in the antibiotics list indicates missing or unavailable data on antibiotic
use for the corresponding sample.

fiber. Our observation of infant diets revealed interesting pat-
terns in the sources of total sugar and dietary fiber (Supple-
mental Table 1). The majority of total sugar content was found to
originate from homemade fresh fruit purees, such as apples,
bananas, and pears. In addition, commercially available infant
foods and infant formula contributed to the total sugar intake. In
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TABLE 2
Nutrient intake at 6 mo of infant age (n = 105)

Variable 6 mo Mean + SD % of calories
Age of introduction of solid foods 5.6 (1.3)

(mo)
Energy (kcal) 668 (150.2)
Carbohydrate (g) 76 (17.3) 447
Protein (g) 12.3 (3.8) 7.6
Fat (g) 35.8 (9.6) 47.5
Added sugar (g) 14.3 (16.3) 8.6
Total sugar (g) 61.8 (18) 37.1
Free sugar (g) 5(8) 3
Total fiber (g) 2.1(1.49) —
Insoluble fiber (g) 1(0.8) —_
Soluble fiber (g) 1.1 (1) —

The data presented represent the average nutrient intake over a 3-
d food recall period. Grams of nutrient intake are reported as daily
intake, and the “% of calories” column indicates the percentage of total
caloric intake that is contributed by each nutrient. It is important to
note that added sugar, free sugar, and total sugar are subcategories of
carbohydrates, and as such, the percentage of calories from each of
these subcategories should be added up to get the total percentage of
calories from carbohydrates. However, it is incorrect to add all the
percentages of calories from each nutrient, as this will exceed 100%.
Rather, it is important to interpret the percentages of calories from each
nutrient in the context of the total calorie intake, and the total per-
centage of calories should add <100%.

contrast, added sugars were predominantly derived from sources
such as infant formula and commercialized desserts, including
fruit juices and sweet treats. When examining dietary fiber, we
observed that it primarily came from vegetables, including
beans, such as black beans and pinto beans cooked from dried, as
well as avocado. Furthermore, fiber-rich foods, such as cooked
vegetables, fresh fruits, and homemade fruit puree, played a
significant role in contributing to the dietary fiber content in
infants’ diets.

Association between dietary intake and bacterial
abundance

Figure 1 displays the Spearman correlations of nutrient in-
takes of interest with bacterial relative abundance. The dietary
intake correlation matrix is included in Supplemental Figure 2 to
investigate associations between dietary components. We further
performed a Poisson generalized linear regression analysis to
identify the associations between dietary intake with microbial
composition. Tables 3 and 4 present the complete set of signifi-
cant associations identified. Multiple bacteria at the genus level
were associated with sugar and fiber intake. Figure 2 illustrates
the scatter plots of dietary sugar and fiber with the relative
abundance of several bacteria. The associations highlighted in
scatter plots between sugar and fiber intake and the abundance
of specific bacterial taxa were chosen based on their previous
linkage to metabolic disorders and inflammation [39,40]. Asso-
ciations that had been previously supported by research in
similar populations were also prioritized. Although there were
additional significant associations that were not illustrated in
plots, we chose to focus on the associations that were most
relevant and informative to our research questions. The relative
abundance of Blautia was lower in infants who consumed a
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FIGURE 1. Spearman correlation analysis heatmap of bacterial genera and dietary factors. Bacterial taxa were associated with dietary variable:
negative associations are shown in blue and positive associations are shown in red. P values with asterisks represent statistical significance. *P <

0.05, **P < 0.01, and ***P < 0.001.

greater amount of total sugar (p = —0.02; 95% CI: —0.03, —0.00;
P = 0.01). Conversely, we observed a higher relative abundance
of the Blautia (p = 0.29; 95% CI: 0.14, 0.43; P < 0.001) with
increasing intake of total fiber consumption. In addition, a
higher intake of free sugar was associated with a higher abun-
dance of Parabacteroides genus (p = 0.03; 95% CI: 0.01, 0.05; P =
0.001) and a lower abundance of genus Clostridium (f = —0.04;
95% CI: —0.07, —0.0; P = 0.02).

The relative abundance of Faecalibacterium was positively
associated with insoluble fiber consumption ( = 0.28; 95% CI:
0.03, 0.52; P = 0.02) but no significant association was observed
between Faecalibacterium and sugar consumption. Furthermore,
the genus Clostridium of family Lachnospiraceae exhibited a
negative association with total sugar consumption (p = —0.02;
95% CI: —0.03, —0.00; P = 0.01) and a positive association with
total fiber intake (p = 0.14; 95% CI: 0.01, 0.26; P = 0.03). Infants
with higher total fiber consumption exhibited an increased
relative abundance of Coprococcus (p = 0.21; 95% CI: 0.03, 0.38;
P = 0.01), Dorea (f = 0.3; 95% CI: 0.14, 0.49; P < 0.001), and
Oscillospira (p = 0.22; 95% CI: 0.09, 0.35; P < 0.01) genera.

Discussion

In this study, we examined the association between dietary
carbohydrate intake at 6 mo of age from all sources and the gut
microbiome. We identified that dietary sugar and fiber intake at
6 mo of age were associated with specific bacteria at the genus
level. Gut microbiome composition has been indicated as a
potentially important factor in long-term disease development
[41]. It has been hypothesized that alterations in the composi-
tion and colonization of the gut microbiome can be altered by

increased sugar consumption, which may play a causal role in
the development of numerous prevalent westernized diseases,
such as obesity, diabetes, cardiovascular disease, liver disease, as
well as negative cognitive outcomes [41].

Carbohydrate utilization by gut microbiota affects the sta-
bility and diversity of the gut ecosystem and has been linked to
glycolipid metabolism diseases [42-44]. High-sugar consump-
tion can alter the carbohydrate pools and create an environment
that favors pathogenic microbes [41]. Various carbohydrates
regulate the intestinal microbiota, playing a role in alleviating
glycolipid metabolism diseases [44]. Short-chain fatty acids
(SCFAs) are end products of dietary fiber metabolism [45] and
mediate microbiota-host interactions during complementary
feeding [20]. Complementary solid foods contribute to the
transition of gut microbiota from a Bifidobacterium-rich commu-
nity toward a more diverse community composition [1].

The variation in the gut microbiota composition is reliant on
the variation in sugars existing along the gut. Accumulation of a
single sugar can sway microbial abundance [41]. Our results
indicate that dietary sugar and fiber intake can be positively or
negatively associated with the abundance of multiple bacteria at
the genus level. Here, we show the relative abundance of the
Bifidobacterium genus significantly increased with a higher intake
of total sugar (includes all sources of sugar, including from milk
and formula) at 6 mo of age [46]. On the contrary, the con-
sumption of free sugar and added sugar at 6 mo of age is nega-
tively associated with microbes belonging to the Bifidobacterium
genus.

We found that a higher consumption of total sugar was
associated with the genus Bifidobacterium, a major lactic acid
producer, likely because of the presence of lactose in milk and
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TABLE 3
Summary of regression analyses for gut microbiome associations with infant sugar intake at 6 mo (n = 105)
Variable Total sugar intake (g) Added sugar intake (g) Free sugar intake (g)
B (95% CI) P Peor P (95% CI) P Pk B (95% CD) P Bom
Bifidobacterium 0.01 (—0.00, 0.02) 0.15 0.26 —0.01 (—0.01, 0.24 0.52 —0.01 (—0.03, 0.14 0.24
0.00) 0.00)
Bacteroides —0.01 (—0.02, 0.03' 0.2 0.00 (—0.01, 0.43 0.73 0.01 (-0.00, 0.02) 0.14 0.25
0.00) 0.01)
Streptococcus 0.02 (0.00, 0.04) 0.04! 0.3 —0.00 (—0.02, 0.56 0.76 —0.03 (—0.06, 0.07 0.16
0.01) 0.00)
Lachnospiraceae;g_ Clostridium —0.02 (—0.03, 0.01' 0.12 0.00 (-0.00, 0.52 0.76 0.03 (0.01, 0.05) 0.00" 0.01!
—0.00) 0.01)
f Clostridiaceae;g_Clostridium 0.02 (0.00, 0.03) 0.03' 0.2 0.00 (—0.01, 0.89 0.93 —0.04 (—0.07, 0.02! 0.05
0.01) —-0.01)
f Erysipelotrichaceae;g_Clostridium  —0.00 (—0.02, 0.71 0.82 0.02 (0.01, 0.03) 0.00' 0.04' 0.01 (-0.02, 0.03) 0.55 0.61
0.02)
Veillonella 0.01 (—0.00, 0.02) 0.07 0.17 —0.00 (—0.01, 0.60 0.85 —0.02 0.06 0.16
0.01) (—0.04,0.00)
Blautia —0.02 (-0.03, 0.01' 0.12 0.02(0.01, 0.00' 0.03' 0.03(0.01, -0.05) 0.002' 0.01'
—0.00) —0.03)
Actinomyces 0.03 (-0.00, 0.07) 0.08 0.17 —-0.03 (—0.06, 0.05 0.19 —0.15 (—0.31, 0.02! 0.06
—0.00) —0.05)
Dorea —0.02 (—0.04, 0.02! 0.12 0.02(0.01,0.04) 0.00' 0.04' 0.04 (0.02, 0.07) 0.00! 0.00!
—0.00)
Oscillospira —0.01 (—0.03, 0.05 0.13  0.01 (0.00, 0.03) 0.01! 0.05 0.03 (0.01, 0.05) 0.00! 0.01'
0.00)
Parabacteroides —0.01 (—0.03, 0.04! 0.2 0.01 (-0.00, 0.02) 0.21 0.48 0.03 (0.01, 0.05) 0.001' 0.01!
—0.00)
Lactobacillus 0.02 (—0.01, 0.05) 0.14 0.26  —0.04 (—0.06, 0.01'  0.05 —0.04 (—0.09, 0.13 0.25
-0.01) 0.01)
Roseburia —0.02 0.04! 0.12 —0.00 (—0.02, 0.78 0.86 0.01 (—0.02,0.04) 0.35 0.45
(—0.04,0.00) 0.01)

p-coefficients and 95% confidence intervals (CIs) from Poisson generalized linear regression analysis were used to examine the associations between
the relative abundance of genera with gram total sugar, added sugar, and free sugar intake in infants at 6 mo of age. Sugar intake was measured
using 24-h dietary recalls and the abundance of genera was computed using 16S rRNA sequencing. Models adjusted for infants’ mode of delivery,
antibiotics, infant feeding type, time of introduction of solid foods, energy intake, and body weight.

TABLE 4
Summary of regression analyses for variables predicting infant fiber intake at 6 mo (n =105)

Variable Total fiber (g) Soluble fiber (g) Insoluble fiber (g)
B (95% CI) p PR B (95% CI) p Pepr B (95% CI) P Prpr

Blautia 0.39 (0.14, <0.001' <0.001' 0.36(0.17,0.55) <0.001' 0.00' 0.22 (0.00, 0.03' 0.15
0.43) 0.42)

Dorea 0.32 (0.14, <0.001!  0.00' 0.35(0.11,0.57)  0.00" 0.02!  0.32 (0.06, 0.01* 0.15
0.49) 0.56)

Oscillospira 0.22 (0.19, 0.00! 0.00! 0.27 (0.19,0.44)  0.00! 0.02!  0.20 (0.00, 0.04'  0.15
0.35) 0.39)

Faecalibacterium 0.14 (—0.04, 0.12 0.25 0.03 (—0.25, 0.14 0.45  0.28 (0.03, 0.02! 0.15
0.31) 0.29) 0.52)

f_Erysipelotrichaceae;g_Clostridium  0.10 (—0.06, 0.21 0.36 0.27 (0.04, 0.50) 0.02! 0.10 —0.06 (—0.34, 0.68 0.74
0.27) 0.20)

Lachnospiraceae;g_ Clostridium 0.14 (0.01, 0.03! 0.14 0.08 (—0.10, 0.37 0.63 0.23 (0.04, 0.01' 015
0.26) 0.26) 0.41)

Coprococcus 0.21 (0.03, 0.01! 0.11 0.19 (—0.07, 0.14 0.45  0.28 (0.02, 0.03'  0.15
0.38) 0.44) 0.52)

Bacteroides 0.19 (—0.01, 0.06 0.21 0.10 (—0.06, 0.28 0.52  0.13 (-0.02, 0.08  0.25
0.17) 0.20) 0.26)

Lactobacillus —0.18 (—0.40,  0.09 0.22 —0.47 (—0.91, 0.02! 010 —-0.11(-0.44, 056 0.70
0.02) —0.19) 0.22)

1The P values indicate statistical significance at 0.05.

B-coefficients and 95% confidence intervals (CIs) from Poisson generalized linear analysis were used to examine the associations between the
relative abundance of genera with gram total fiber, soluble fiber, and insoluble fiber intake in infants at 6 mo of age. Fiber intake was measured
using 24-h dietary recalls and the abundance of genera was computed using 16S rRNA sequencing. Models adjusted for infants’ mode of delivery,
antibiotics, infant feeding type, time of introduction of solid foods, energy intake, and body weight.
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formula. A longitudinal study conducted on Norwegian infants
from birth to 3 y of age revealed that the gut microbiome
composition transition from infancy to adulthood was partially
driven by the disappearance of Bifidobacteria, supporting previ-
ous research suggesting that Bifidobacteria act as biological
gatekeepers in the succession process of the gut microbiome
[47]. In addition, certain genomes of infant gut commensals,
particularly those of Bifidobacterial species, are genetically
adapted to utilize human milk oligosaccharides found in human
milk, leading to a beneficial coevolutionary relationship between
the host and microbes [48,49]. A gene-association study of 1126
twins in the U.K. provides mechanistic support for the positive
association between Bifidobacteria and lactose via the LCT gene
locus that encodes lactase to hydrolyze lactose in the mammalian

p=028,P=0.02
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upper gastrointestinal tract [50]. This genetic association eluci-
dates higher levels of Bifidobacterium in infants with an absence
of the enzyme lactase, promoting the growth of lactose-utilizing
Bifidobacteria [50].

Our study also found a positive correlation between free sugar
intake at 6 mo of age and the relative abundance of Parabacteroides,
consistent with previous studies in a rodent model. Noble et al.
[51] reported that rats fed excessive sugar had a significantly
elevated relative abundance of Parabacteroides, which was nega-
tively correlated with hippocampal-dependent memory function
and behavioral outcomes. Furthermore, the administration of
Parabacteroides to rodents induced disruption in the performance
of hippocampal- and perirhinal cortex-dependent memory result-
ing in impairment of neurocognitive outcome [51]. Taken
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FIGURE 2. Log-normalized relative abundances of bacteria at the genus level that are significantly associated with gram sugar and fiber con-
sumption. Scatter plots present the Poisson generalized linear regression for the Log-normalized relative abundances of bacteria taxa at genus level

in relation to dietary intake (g) at 6 mo of age.
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together, these findings suggest a mechanistic role of altered gut
microbiota induced by early introduction of added sugar on neu-
rocognitive impairments [51]. Parabacteroides have been reported
as an opportunistic pathogen in multiple infectious diseases in
previous studies [52].

In addition, we observed a trend indicating that a higher
intake of free sugar was inversely associated with the abundance
of Streptococcus; however, this association did not reach statis-
tical significance. Our study is consistent with previous research
on Latino teenagers with obesity, which found a negative asso-
ciation between fructose intake and nonpathogenic Streptococcus
bacteria [53]. The underlying mechanism of this association is
not well understood, although Streptococcus populations are
commonly found and highly active in utilizing and fermenting
dietary carbohydrates. Streptococcus populations play a signifi-
cant role in the primary carbohydrate metabolism of the small
intestinal ecosystem, suggesting their ability to metabolize car-
bohydrates [53-55]. Our findings add to the growing body of
literature suggesting that the consumption of free sugars, such as
those found in fruit juice, may contribute to an unfavorable gut
microbiome composition starting in infancy. High-fructose con-
sumption can alter the gut microbiome through gut barrier
disruption, alterations in microbial profile and diversity, and
influencing gut microbial metabolites [56].

One possible mechanism linking excess sugars to the gut
microbiome in early life is via fructose malabsorption. In early
life, infants lack the GLUT-5 transporter, which is specific for
fructose absorption [57], and therefore, it is likely that in infants
any fructose that is consumed would be metabolized by the gut
microbiota and alter its composition [58]. This fructose could be
consumed as part of any added sugar or in free form (for
example, in fruit juices). Hence, a greater amount of fructose
reaches the colon, which may alter gut microbiome composition
contributing to the development of obesity and metabolic
dysfunction [59]. Given the role of Streptococcus in fructose
metabolism, the result of the current study and previous studies
explain the lower abundances of the commensal bacteria
belonging to the Streptococcus genus in the increased consump-
tion of free sugar. It is essential to recognize that the role of
Streptococcus in fructose metabolism may vary between species
and strains within the genus. Some strains may have a greater
capacity for fructose utilization, whereas others may have a
limited or nonexistent capacity for fructose metabolism. The
metabolic activities of Streptococcus and their interactions with
fructose in the gut environment are complex and influenced by
multiple factors, including the gut microbiota's overall compo-
sition, dietary factors, and host-specific characteristics [55,60].

In our study, we observed a higher abundance of Faecali-
bacterium and Coprococcus in relation to increased consumption
of insoluble fiber intake, which is consistent with previous
research. One study investigated the influence of prenatal,
perinatal, and postnatal factors, with a specific emphasis on
nutrition on the composition of gut microbiota in 1-y-old chil-
dren [61]. They have shown that high abundances of Faecali-
bacterium have been linked to infants introduced to solid foods
from 4 mo of age. Faecalibacterium and Coprococcus are known
for their role in butyrate production in the human gut,
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particularly through the fermentation of nondigestible dietary
fibers [39,61]. These fibers, found in foods, such as whole wheat
flour, brown rice, nuts, beans, and vegetables, undergo high
fermentation by the gut microbiota, resulting in the production
of SCFAs, such as butyrate [62]. Furthermore, SCFAs, including
butyrate, are important for epithelial barrier function. Butyrate
has a bidirectional effect on epithelial barrier function, pro-
moting the production of tight junction proteins and enhancing
mucosal integrity [63]. These findings highlight the potential
role of insoluble fiber in shaping the abundance of specific bac-
terial genera, such as Faecalibacterium and Coprococcus, and their
production of beneficial SCFAs, ultimately influencing gut health
and epithelial barrier function.

During the introduction of solid foods, some genera that were
not previously detected at high abundances in the gut microbiota
expand, suggesting that changes in dietary behaviors or nutri-
tional components could potentially facilitate the establishment
of new microbiome community compositions. This observation
is in agreement with the concept that microbial communities are
dynamic and subject to changes, particularly during periods of
intense disturbances, such as the transition to solid foods [64,
65]. It highlights the importance of studying the development of
the infant gut microbiota during critical periods of growth and
development to better understand the factors that shape the
microbial composition and potential long-term health outcomes
[65]. To our knowledge, this study presents a novel contribution
to the field, as it is the first to investigate the impact of dietary
intake at 6 mo in conjunction with fecal sampling during a
crucial dietary transition in infants among Latinos, a segment of
the population with increased susceptibility to chronic disease
development.

There are several limitations to this study that we are hoping
to address in future work. The measurement of true SCFA pro-
duction rates is urgently needed, as well as an understanding of
how specific carbohydrates and bacteria influence SCFA
composition. In addition, conducting rigorous studies with the
ability to evaluate longitudinal changes in infant gut microbiome
at species-level resolution and metagenomic functionality using
whole-genome sequencing techniques is warranted. The reliance
on dietary data reported by caregivers may be subject to recall
bias and measurement errors. In addition, the study did not
directly measure the nutrient composition of breast milk.
Although the NDSR provides a comprehensive database for
estimating nutrient values, it is important to acknowledge that
the composition of breast milk can vary among individuals and
over time. However, our previous investigations [66,67] have
revealed a negligible presence of free sugars, beyond lactose, in
breast milk. Furthermore, the study focused on a specific popu-
lation of Latino infants and its findings may not be generalizable
to other demographic groups.

Despite these limitations, this study provides valuable in-
sights into the association between dietary factors and gut
microbiota composition in the studied population at a critical
period of nutritional transition at 6 mo of age. Future research
should consider more precise measurements of breast milk nu-
trients and include larger and more diverse populations to
enhance the generalizability of the findings. Further longitudinal
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studies with the possibility of tracking these infants would be
beneficial in providing insight into microbiome development
and maturation. It would be interesting to observe how the di-
etary intake at different time points impacts the gut microbiome
diversity and composition over time. In addition, tracking infants
beyond the 6-mo time point would allow for the observation of
how the gut microbiome continues to develop and mature
through infancy and into early childhood. These types of longi-
tudinal studies would provide valuable information for under-
standing the complex interplay between early-life dietary
patterns, gut microbiome development, and long-term health
outcomes.

In conclusion, our study found that the introduction of com-
plementary foods at 6 mo of age had significant impacts on the
developing microbiome, which may have significant implica-
tions for future growth and development. The results from the
sample of Latino infants showed associations between dietary
sugar and specific genera, including opportunistic or sugar-
digesting bacteria as well as Parabacteroides, which has been
linked to alterations in hippocampal and memory development
in rodent studies. Conversely, the early introduction of dietary
fiber has beneficial effects, including increases in favorable
SCFA-producing bacteria. These findings support recommenda-
tions for avoiding added and free sugars in early life and pro-
moting higher fiber intake while introducing solid foods.
Although these initial findings are limited to a cross-sectional
analysis at 6 mo, they provide a foundation for future longitu-
dinal analysis to explore how early-life dietary factors impact the
developing microbiome, potentially affecting future outcomes
related to obesity, diabetes, other chronic diseases, and cognitive
development in children.
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