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A breast milk exclusive diet promotes dysbiosis in the gut
microbiome of six-month-old anemic infants
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SUMMARY Iron deficiency is the most common nutritional deficiency worldwide, with
recent studies reporting the prevalence of iron deficiency anemia being 19% in Canada alone.
The microbiome is increasingly recognized as a key regulator of immunity, and imbalances
have been linked to a range of diseases. As a result, there is great interest in understanding
the association between the microbiota and the onset of anemia. While there have been steady
improvements in this regard, the impact of various types of diets on the gut microbiota in the
context of anemia is not well-established. Since diet significantly affects the microbiota
composition, we investigated effects of breast milk exclusive diet versus a complete diet on
microbiota composition in anemic and normal infants. We found significant differences in
alpha and beta diversity across diets among anemic six-month-old infants, but not in normal
infants. In addition, our core microbiome analyses revealed certain genera that were
unaffected by diet or anemic status, while others were characteristic of the anemic groups,
such as Actinomyces and Bacteroides. Lastly, we observed decreased abundance of several
key commensal genera in breast milk fed infants as compared to those fed a complete diet,
along with an upregulation of enzymes associated with hemoglobin synthesis and iron
scavenging. Overall, our study provides fundamental understanding into how diet affects the
gut microbiota of anemic infants.

INTRODUCTION

A nemia is a condition characterized by a reduction in red blood cell number and
hemoglobin concentration below the age specific mean (1). Anemia at infancy has been
found to experience negative cognitive, metabolic, and developmental effects, some of which
can persist into adulthood (2).

Previous studies have shown that infants who experience iron deficiency within the first
year of life (6-12 months) are likely to suffer from delayed development of the central nervous
system due to alterations in morphology, neurochemistry, and bioenergetics (3). This
translates to hampered neurocognitive and neurobehavioural development in adulthood. In
addition, iron acts as an important nutrient for the growth and colonization of bacteria, playing
an important role in the establishment of a healthy gut microbiota (2). The gut microbiota is
a key regulator of immunity, and a dysbiotic microbial composition associated with iron
deficiency has been linked to a myriad of conditions including depression, autism spectrum
disorder, neurodegeneration, and anxiety (2). Thus, iron-deficiency anemia could result in an
altered gut-microbiota composition, which may have significant consequences on overall
community homeostasis and subsequent mental and physical health. Several key pathogenic
microbes are iron-dependent for colonization and infection, including Salmonella ~ Citation: Srinivas, Kim, Hira, Sohal. 2023. A
Typhimurium and enterosensitive Escherichia coli/Shigella spp. (EIEC/Shigella) (3). These ';fta;;j;;l;jfrfi‘ff”;x‘f:zgg:ﬁf‘;’fjﬂiﬁi‘?;g;‘;he
pathogenic microbes typically cause enteric infections and contribute to iron-deficiency  UjEMI 28:1-16
anemia in children by hindering the host’s ability to absorb sufficient amounts of iron while  gditor: Lauren Pugsley and Shruti Sandilya, University of
also promoting systemic inflammation (4). British Columbia

To investigate the link between diet and the microbiota composition in anemic and  Copyright: © 2023 Undergraduate Journal of
healthy infants, we explored the variation in the gut microbial composition across two diet i’;’::rri‘:;mal Ricebbloevlandiinning oo R RIEhS
types- a breast milk exclusive diet (referred to as BM exclusive diet hereafter) and a diet ’
composed of breast milk in addition to soup and/or broth (referred to as a complete diet
hereafter). Breast milk has shown to impart several benefits on developing infants. In addition
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to supplying the optimal amount of required macronutrients (fats, proteins), micronutrients
(vitamins A, B1, B2, B12, and D) for growth, breast milk is a source of commensal bacteria
that colonize the gut lining and promote pathogen exclusion (6). This is consistent with the
findings of previous studies which demonstrated that formula-fed infants have less developed
immune systems and a subsequent increased incidence of gastrointestinal diseases like
diarrhea, acute respiratory infections, and higher mortality rates (7, 8).

Despite these advantages, breast milk has a very low iron content, so exclusive
breastfeeding after 6-months is correlated with increased incidence of iron deficient anemia
(IDA) (7). Previous studies have shown that iron-deficient diets have been associated with
increased proportions of opportunistic-pathogens in the gut microbiota including
Escherichia/Shigella despite being iron-requiring bacteria (7, 9). Similarly, a decrease in
commensal beneficial genera including Prevotella (involved in carbohydrate and protein
metabolism), some strains of Bacteroidetes, and non-pathogenic members of Clostridium has
been observed in an iron deficient microbiota compared to healthy ones in rodent models,
suggesting that iron is a key modulator of gut microbiota balance and homeostasis (9).

In this study, we investigated the relationship between anemic status and breast milk
exclusive diets through analyses of infant gut microbiome alterations. While our analyses
showed no significant differences in diversity metrics across anemic status, significant
differences were observed across diets regardless of anemic status. Subsequently, we found
that this difference was only significant within anemic infants. Our core microbiome analyses
suggest that Actinomyces and Bacteroides were exclusively present in anemic infants fed a
BM exclusive and complete diet respectively. Relative abundance analysis revealed a
significant decrease in commensal genera in anemic infants fed BM only as compared to those
fed a complete diet. Finally, we observed an upregulation of enzymes involved in iron
scavenging and hemoglobin synthesis, alongside a downregulation of those associated with
amino acid catabolism and bacterial cell wall synthesis in anemic infants fed BM only.

Previous research on the impact of anemic status on the microbiome composition of
infants revealed significant differences in microbiome differences between anemic and
normal infants (2). Interestingly however, the analysis of the microbial community
composition between anemic and normal infants did not consider the impact of diet on gut-
microbial community. Given that diet is a key factor that influences the composition of the
gut microbiota, analyzing the variation in the microbial community across diets in anemic
infants can offer key insights regarding the core microbiome associated with anemia
compared to normal infants, and how the presence and absence of specific bacterial genera
correlate to disease prognosis (5). Despite our knowledge and understanding of the role of
diets on infants’ developing gut microbiome and immune system, very few studies have
investigated the tri-directional relationship between diet, the gut microbiome, and anemic
status in infants.

The results of this study provide a deeper understanding of how diet and anemic status
interact with and affect each other, thereby aiding the design of infant diets that facilitate the
development of a healthy gut microbiota and minimize the risk of iron-deficiency anemia.
This is highly relevant as iron-deficiency anemia in infants can have long-lasting impacts on
cognitive, socio-emotional, and adaptive physiological functions, as previously described
(10).

METHODS AND MATERIALS

Dataset. This project utilizes the dataset generated by McClorry et al. from the University of
California, Davis. The dataset was generated by examining the microbial composition of stool
samples and the metabolite composition of serum samples obtained from 102 infants aged 6-
12 months. This was a mixed group, containing both normal infants and those that had iron-
deficiency anemia. This data was collected to elucidate the gut microbial structure and
function associated with anemic infants in comparison to normal infants. In addition, this
study was carried out to identify serum metabolite/metabolome markers associated with
anemia that can be used for diagnosis of the disease. Cases in which the fecal sample was
provided more than 14 days after the associated serum sample was taken, and/or had
abnormally low read counts, were not used for analysis.
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The trial associated with this dataset is publicly available under clinicaltrials.gov and is
registered as NCT03377777.

Processing in QIIME 2. Demultiplexed single-end sequence data was imported into
Quantitative Insights into Microbial Ecology Version 2 (QIIME?2) using the manifest format
approach, and denoised using DADA2, which corrects errors made during amplicon
sequencing (11). Reads were truncated at 252 bp to maintain an average Phred score of 38
(Figure S1). The quality of the reads was consistently high throughout, and thus the entire
sequence length was retained. The denoised dataset was trained using a pre-trained classifier
for the F515(5'-CACGGTCGKCGGCGCCATT-3)-R806 (5'-
GGACTACHVGGGTWTCTAAT-3") primer pair using the SILVA 128 reference database
for taxonomic classification of the ASVs in the samples (silva-138-99-515-806) (12—-16). To
account for unequal sample sequencing depth and capture a sufficient number of ASVs,
samples were rarified at a depth of 25090 sequences per sample (Figure S2). A total number
of 139 (72.02%) samples and 3,487,510 (62.68%) ASVs were retained for downstream
analyses.

Diversity analysis in R & statistical testing. The rarefied dataset, including the metadata,
feature table, taxonomy file, and rooted-phylogenetic tree, was imported into R using the
giime tools export command for subsequent alpha and beta diversity metrics. The data was
then filtered to exclude bacterial and chloroplast DNA, followed by the removal of ASVs that
occurred less than two times (i.e. rare ASV’s). The rarefied data was further subsetted to only
include 6-month-old infants who were given diets of interest, including one subset for infants
fed BM only and one subset for infants fed a complete diet (Figure 1). To perform diversity
metrics, the following R packages were installed and loaded: tidyverse, vegan, ggplot2,
phyloseq, and ape (17-21).

6-month-old
/ (95 Samples) \
anemic (46 samples) normal (46 samples)
BM-exclusive Complete diet BM-exclusive Complete diet
(6 samples) (7 samples) (4 samples) (15 samples)

FIG. 1 Subsetting scheme used in the present study. The samples from the study conducted by McClorry et al. were
subsetted as shown for subsequent analyses.

Alpha diversity was assessed for the four subgroups using Shannon’s diversity index and
the Chaol diversity metric. A Wilcoxon rank sum test was carried out to determine statistical
significance between anemic and normal individuals within each diet group, as well as across
diets within anemia statuses. Taxa bar plots were generated to analyze differences in the
abundances of phyla within each subset and to compare across subsets. Beta diversity was
assessed through Jaccard distance, Bray-Curtis distance and the unweighted unifrac distance
matrices. To assess if the taxonomic composition significantly varies across anemia status
and/or diet composition, PCoA plots were generated to cluster the data points. Statistical
significance was assessed using the PERMANOVA test from the ape package. A summary
of the statistical tests is shown below in Table 1.
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TABLE. 1 Summary of statistical tests conducted in the present study. P-values of Wilcoxon
and PERMANOVA statistical tests tabulated. Groups compared shown under column ‘Group A’
and ‘Group B’. Asterisks (*) indicate statistical significance (p < 0.05).

Groups compared Wilcoxon PERMANOVA (Pr>F)
(p-value)
Group A Group B Shannon Chaol Unifrac Bray-Curtis Jaccard
unweighted
Anemic Normal 0.949 0.200 0.270 0.871 0.925
BMonly BM.Soup.Broth | 0.008*  0.023* 0.072 0.023* 0.048*
Anemic Anemic 0.002* 0.064 0.171 0.007* 0.005*
BMonly BM.Soup.Broth
Normal Normal 0.536 0.772 0.286 0.864 0.76
BMonly BM.Soup.Broth
BMonly BM only 0.516 0.254 0.721 0.622 0.455
Anemic Normal
BM.soup.broth  BM.Soup.Broth | 0.150 0.878 0.186 0.154 0.186
Anemic Normal

Differential taxon abundance (Core Microbiome Analysis and Differential abundance
analyses). Following the import of the QIIME 2 outputs (i.e. the taxonomy table, DNA fasta
sequences file, phylogenetic tree and the metadata file (11, 12, 22-24), a phyloseq object was
created using R (V 2022.12.0+353) with CRAN packages tidyverse, vegan, and Bioconductor
package phyloseq. QIIME2 artifacts for ASVs (filtered to remove mitochondrial and
chloroplast sequences) with assigned taxonomy, metadata, and phylogenetic tree were
combined. The remaining samples were stratified by diet type (BM exclusive diet and
complete diet). Relative abundance was calculated to normalize taxon abundance across
samples.

The core microbiome was identified by first setting various sample prevalence thresholds
0.5 and an abundance frequency of > 0.1% at the genus level. We utilized the microbiome
package for analysis of taxonomic profiling data, ggplot2 for data visualization, and
ggVennDiagram for generation of Venn diagrams in our core microbiome analysis (25).
To identify differentially abundant genera across the various subgroups (Table 1), Differential
gene expression analyses were carried out in R using the DESeq?2 (26) package and a negative
binomial distribution. The criteria we used for significantly differentially abundant species
was based on previously established standards, considering only those species with a log, fold
change > 1.5 and a statistical significance at P < 0.05. The various comparisons done in the
core microbiome analyses and DESeq2 analyses shown in Table 2.

TABLE. 2 Various groups compared for core microbiome and DESeq2
analyses. All groups under Group A were compared to groups listed in
Group B. The metadat from McClorry et al was filtered to only include 6 month
old infants (Broader filtering criteria). The 6-month-old infants were then
grouped according to anemic status (Filtering criteria), and by diet (Group A and

Group B).
Broader filtering Filtering Group A  Group B
criteria criteria
6-month-old Anemic BM only BM.Soup.Broth
Normal BM only BM.Soup.Broth
BM only Anemic Normal

BM.Soup.Broth  Anemic Normal
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Differential gene expression analysis using PICRUSt2. To analyze differential enzyme
expression across the various subgroups, PICRUSt2 analyses were conducted across diets
within anemic infants on QIIME2 using the PICRUSt2 analysis pipeline (11). Changes in
relative expression of PICRUSt2-predicted Enzymes (EC) were analyzed by converting the
PICRUSt2 output into a DESeq2 object R v. 4.2.2 using the DESeq2 package. Using the
results function under the DESeq2 package, the changes in enzyme expression between the
BM exclusive diet and the complete diet were assessed using the log, fold change and the
Wald test adjusted p value with the Benjamini-Hochberg false discovery rate (FDR)
correction (pagj) (28). Enzymes with a log, fold change of < 1.5 and a pag > 0.05 were
considered not significantly differentially expressed and were filtered out.

RESULTS

Diet significantly affects microbial community diversity, while anemia status does
not. To investigate the effects of anemic status and diet on gut microbial composition, we
conducted alpha and beta diversity analyses across anemic status and diets independently. In
6-month-old anemic (n=15) and normal (n=21) infants, our Shannon and Chaol alpha
diversity analysis revealed no statistical differences between the two treatment groups, as
substantiated by a Wilcoxon rank sum test (p=0.949) (Figure 2A). Subsequently, we
conducted identical analyses across BM exclusive and complete diets, where we found
significant differences in alpha diversity using both Shannon (p=0.008) and Chaol (p=0.020)
diversity metrics (Figure 2B). We further supported these findings by generating taxonomy
barplots, which qualitatively showed no significant differential abundances between anemic
and normal infants (Figure 2C), but noticeable differences across the diet groups (Figure 2D).
Finally, we performed beta diversity testing across the two treatments. Across anemia status,
we saw no significant difference when using all of the distance matrices including the Bray-
Curtis diversity metric (p=0.871) (Figure 2E) the Jaccard, and the unweighted unifrac metrics
(Figure S3A & S3B). However, there was a significant difference across diets, as per the
Bray-Curtis diversity metric (p=0.048) (Figure 2F). Overall, these results suggest that anemic
status alone has no significant impact on gut microbial composition, whereas diet has a
significant effect.

Breast milk exclusive diet decreases alpha diversity in anemic infants only. Given
that diet significantly affects the gut microbiome composition, we proceeded to investigate
whether this difference was more profound in either anemic or normal infants. The four
groups analyzed were as follows: anemic infants fed BM exclusive diet (n=6), anemic infants
fed a complete diet (n=8), normal infants fed BM exclusive diet (n=4), and normal infants fed
a complete diet (n=15). Significantly lower alpha diversity was observed in anemic infants
fed BM only compared to a complete diet (p=0.002), while no difference was seen across
diets within normal infants (p=0.536) (Figure 3A). To qualitatively support these findings,
we generated a taxonomy barplot, which illustrates differential abundances in phyla including
Actinobacteria, Firmicutes, and Bacteroides across the diets (Figure 3B). Finally, we
conducted beta diversity analysis, the results of which showed significantly less diversity in
anemic infants fed BM exclusively versus those fed a complete diet when using the Bray-
Curtis diversity metric (p = 0.007) (Figure 3C) and Jaccard metrics (p=0.005) (Figure S4A).
The unweighted unifrac metric did not show a significant difference (Figure S4B). Overall,
these results strongly support that diet influences gut microbial diversity in anemic infants,
but not normal infants.

Shared genera across anemic and diet groups reveal core microbial community
involved in maintaining gut health, as well as genera unique to anemic infants. We
conducted a core microbiome analysis to identify the microbial genera that were consistently
present across all samples, as well as those that were unique to specific dietary and anemic
status groups (Figure 4). The Venn diagram reveals the five core microbial genera that were
unaffected by either anemic status or diet: Streptococcus, Enterococcus, Escherichia-
Shigella, Bifidobacterium, and Eggerthella. Additionally, we observed that anemic infants
fed either a complete diet or BM exclusive diet each had unique microbial genera.
Specifically, Bacteroides was only present in anemic infants fed a complete diet, while
Actinomyces was only found in anemic infants fed a BM exclusive diet.
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FIG. 2 Diet results in a significant difference in alpha and beta diversity, while anemia status does not. (A) Microbial alpha
diversity across anemic and normal infants (Shannon; p=0.949 & Chaol; p=0.200), and (B) across infants fed BM exclusively or
a complete diet (Shannon; *p=0.008431 & Chaol; *p=0.02332). Statistical testing for alpha diversity was done through a
Wilcoxon rank sum test with continuity correction. Taxonomy bar plot comparing relative phylum abundances between (C) 6-
month-old anemic and normal individuals, and (D) infants fed a BM exclusive or complete diet. (E) Bray-Curtis beta diversity
metrics between anemic (red ellipses) vs. normal (blue ellipses) infants (p=0.871), and (F) between infants fed a BM exclusive
(blue ellipses) vs. complete (red ellipses) diet (*p=0.048). Statistical testing for beta diversity was conducted using a
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FIG. 3 A breast milk exclusive diet decreases diversity in anemic infants only. (A) Microbial alpha diversity across anemic
and normal infants, with coloured bars indicating diet status for each group. Within anemic infants across diet, p = *0.002164
(Shannon) & p = 0.0636 (Chaol); within normal infants across diet, p = 0.5357_(Shannon) & p = 0.7718 (Chaol), as per a
Wilcoxon rank sum test with continuity correction. (B) Taxonomy bar plots comparing relative phyla abundances in 6-month-old
anemic infants fed a complete diet (left) or BM exclusive diet (right). (C) Bray-Curtis analysis for differences in beta diversity
between anemic infants fed a complete diet or BM exclusive diet (p = 0.007, as per PERMANOVA test). Blue ellipses show
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Commensal gut bacteria significantly decreased in anemic patients fed breast milk
exclusive diets

Given that the microbial community composition varies significantly across diets with
anemic patients, we sought out to determine which bacterial genera are significantly
differentially abundant in infants fed a BM exclusive diet compared to those fed a complete
diet. To do this, we conducted a DESeq2 analysis. We observed six genera that were
significantly decreased (log, fold change >1.5 and p < 0.05) in infants fed breast milk only,
including Blautia, Bifidobacterium, Tyzezerella, Bacteroides, Clostridiales, and
Feacalimonas. Among the six genera, Blautia exhibited the greatest log, fold change (Table
3). However, there were no bacterial genera that were significantly increased.
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Complete diet in Breast milk in
anemic infants normal infants

Bacteroides
Erysipelatoclostridium

Actinomyces
(Schaalia
odontolytica)

Breast Milk in
anemic infants

Complete diet in
normal infants

! Streptococcus !

Enterococcus
Escherichia-Shigella
Bifidobacterium

Eggerthella

FIG. 4 Core microbial genera present in all subgroups, and unique bacterial genera found in anemic infants fed either a
BM exclusive diet or a complete diet. Four-way Venn diagram displaying the core and unique genera present in each subgroup,
based on a minimum abundance threshold of 0.1% and prevalence of 50%. Numbers represent the number of samples with genera
above these thresholds. Blue ellipses: Anemic infants, Red ellipses: Normal infants.

Several metabolic enzymes significantly differentially expressed in anemic infants
fed breast milk only.

To determine differentially expressed enzymes across diets within anemic individuals,
we conducted a PICRUSt2 analysis. From the significantly differentially expressed enzymes
within the BM exclusive diet (Figure 5), we observed a significant upregulation of enzymes
involved in nucleotide catabolism, amino acid synthesis, and amino acid salvage (Figure 5;
Figure S3). Similarly, we observe an increase in siderophore-associated enzymes involved in
iron scavenging in this group. In terms of the down regulated enzymes, we see a decrease in
those involved in tryptophan catabolism, serine protease, and lactocepin. These processes
have been linked to an increase incidence of inflammatory bowel disease. In addition, we
observed a downregulation of cell wall peptidoglycan synthesis enzymes, suggesting
decreased growth of the bacterial microbiota in response to the decreased nutrient levels in
the BM exclusive diet as compared to a complete one (Figure S3).

DISCUSSION

This study was conducted to investigate how differences in diet can impact the gut
microbial community in anemic and normal 6-month-old infants. Our study found that diet
significantly affects community composition in anemic infants, but not in normal infants.
Specifically, a BM exclusive diet results in a significantly decreased diversity and relative
abundance of commensal bacteria compared to those fed a complete diet. Interestingly, we
also found a significant upregulation of siderophore synthesis and nitrogen metabolism

September 2023 Volume 28: 1-16 Undergraduate Research Article * Not refereed https://jemi.microbiology.ubc.ca/ 8



Srinivas ef al.

Thiamine pyridinylase 1

Hydroxydechloroatrazine ethylaminohydrolase -
Phosphonoacetate hydrolase

Cytosol alanyl aminopeptidase

D-alanine--(R)-lactate ligase -

Scyllo-inositol 2-dehydrogenase (NADP(+)) 1
4-oxalmesaconate hydratase -

Erythritol kinase 1
Beta-D-galactosyl-(1->4)-L-rhamnose phosphorylase -

Ureidoglycolate amidohydrolase
Beta-1,4-mannosyl-glycoprotein |
4-beta-N-acetylglucosaminyltransferase
Isochorismate lyase

4-hydroxyphenylacetate decarboxylase -

2 3-diketo-5-methylthiopentyl-1-phosphate enolase
Acyl-CoA oxidase -

methyitransferase 1

Aminoglycoside 6'-N-acetyltransferase -
Tagatose-6-phosphate kinase
Trans-2-decenoyl-[acyl-carrier-protein] isomerase
Glucan 1,6-alpha-glucosidase -

Cellulose synthase (UDP-forming) -

Maltose 6-phosphate phosphatase

Glutamyl aminopeptidase 1
Glyceraldehyde-3-phosphate dehydrogenase (NADP(+)) 1

Lactocepin
UDP-N-acetylmuramoylpentapeptide-lysine |
N(6)-alanyltransferase

Dextransucrase A
UDP-N-acetylmuramoyl-L-alanyl-D-glutamate--L-lysine |
ligase

Galactose-6-phosphate isomerase

Glutamyl endopeptidase
Aminocarboxymuconate-semialdehyde decarboxylase -
Menaquinol oxidase (H(+)-transporting) -

Enzymes

UJEMI

padj

o

30
-201]

-3

0

Log2FoldC

10
20

hange

0.03

0.02

0.01

FIG. 5 Metabolic enzymes significantly up/downregulated in anemic infants fed breast milk exclusive diets. The
samples were filtered to include only 6-month-old anemic individuals fed BM exclusive or complete diets. The associated
fasta files and taxonomy files were used to conduct a PICRUSt2 analysis. Only significantly differentially expressed
enzymes (padj <0.05 and log> fold change >1.5) shown along Y axis. X axis is log> fold change. Legend shows the coloring
scheme based on padj values, which are p values adjusted for multiple testing with the Benjamini-Hochberg method.

enzymes in anemic infants fed BM exclusively. Overall, our study explored the tri-directional
relationship between diet, anemia status, and gut microbial diversity in 6-month-old infants.
We first conducted alpha and beta diversity metrics analyses between anemic and normal
infants to determine if anemic status affects the microbial community composition. We found
no significant changes in alpha diversity (Figure 2A) or beta diversity (Figure 2E; Figure
S2A, S2B) between anemic and normal infants, which contradicted our hypothesis. Our
taxonomy barplot further supports this result, as the abundance of each phylum was similar
across anemic and normal infants (Figure 2C). It is possible that no difference was seen
between these two sample groups due to a variety of confounding variables including sex and
diet, both of which are known to influence the microbiome composition (4). Subsequently,
we analyzed differences across the two diet types (BM exclusive vs. complete diet) through
alpha and beta diversity metrics analyses identical to those conducted across anemia status.
We saw that infants fed a diet composed exclusively of breast milk had decreased alpha
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diversity compared to those fed a complete diet, using the Chaol and Shannon’s diversity
metrics (Figure 2B). These results suggest decreased evenness, abundance (microbes per
species), and number of species present in the gut microbiome of infants fed exclusively
breast milk. This downward shift in microbial diversity can be linked to the relatively low
iron content in breast milk (9). This is supported by the corresponding taxonomy bar plot that
illustrates differential abundances across diets. Specifically, we observed decreased relative
abundance of Bacteroides and Proteobacteria in infants fed BM exclusively. (Figure 2D).
Prior studies have corroborated the decrease in Bacteroides in infants fed BM exclusively
(6,8). Ho et al. (2018) reported that an increase in Bacteroides in infants fed a complete diet
is correlated with and increased body-mass index and risk of diabetes, suggesting that a BM
exclusive diet may be beneficial for 6-month-old infants (7,8). Interestingly, previous studies
have reported that a decrease in the abundance of the Proteobacteria phylum is observed in
individuals with ulcerative colitis as compared to a healthy control (9). This is consistent with
the known role of Proteobacteria in regulating gut homeostasis, where it helps maintain the
anoxic gut environment required for heaty gut function consequently prevents onset of IBD
(9,10). Since we observed a decreased proteobacteria in anemic infants fed BM diets
exclusively, it implies that these infants may be at higher risk of developing gut microbial
imbalance and IBD. Iron-deficient diet has been linked to a decrease in commensal bacteria
populations in the gut (9), and could thus promote dysbiosis in the gut microbial community.

Given that diet significantly impacts microbial community composition, we sought to
place this in the context of anemia; thus, we grouped the normal and anemic infants into those
fed either a BM exclusive diet or complete diet. We discovered that the decrease in gut
microbial diversity due to a BM exclusive diet was significant only in anemic infants (Figure
3A, 3B, & 3C). This is consistent with previous findings in mouse models that have shown
that an iron-deficient diet is linked to long-term reductions in gut microbial diversity (5). This
decreased diversity is especially important in the context of anemia, as this condition can lead
to immune system impairments including lower phagocytic activity and oxidative burst from
neutrophils (29), which in turn can result in dysregulation of the gut microbial composition
(30). Taken together, we can infer the possibility of the gut microbiota of anemic infants being
more volatile to diet alterations than the microbiota of normal infants.

In addition to alpha and beta diversity metrics, we conducted a core microbiome analysis
to identify shared genera across all diets and anemic status, as well as those which were
unique to a particular subgroup. Our analysis revealed five core genera between all infants
regardless of anemic status or diet: Streptococcus, Enterococcus, Escherichia-Shigella,
Bifidobacterium, and Eggerthella. The high prevalence of Streptococcus and Bifidobacterium
is consistent with previous studies that have reported their abundance in human milk
microbiota (31). As all infants in our study were fed breast milk, the presence of these genera
in all the subgroups is consistent with literature. We propose that the high prevalence of
Enterococcus, Streptococcus, and Bifidobacterium may be due to their ability to sequester
iron, which is important for survival in the low-iron environment of breast milk (32).
Eggerthella, which was also identified as a core member, is a beneficial genus that produces
short chain fatty acids and plays a crucial role in bile acid conversion (33, 34). The high
specificity and adaptability of Eggerthella to the human intestinal tract make its presence in
all subgroups expected (33, 34). However, the presence of Escherichia-Shigella in all
subgroups regardless of anemic status or diet is particularly striking, as this genus is typically
associated with gut dysbiosis (34). Its presence may reflect the early instability of infant gut
microbiota.

We also found distinctive genera in anemic infants who were fed either the breast milk
exclusive diet or the complete diet, which were not observed in normal infants. Specifically,
Actinomyces were more abundant in anemic infants fed BM exclusively, while Bacteroides
were enriched in anemic infants fed a complete diet. This difference could be attributed to the
fact that breast milk contains simple carbohydrates that Actinomyces can utilize as an energy
source, while complex carbohydrates in a complete diet are more favorable for Bacteroides
metabolism (35). Overall, our study provides insights into the core and unique genera of the
infant gut microbiome across various diets and anemic statuses, shedding light on the
potential impact of both factors on the composition of the gut microbiota. Our findings not
only highlight the importance of considering diet and anemic status when investigating the
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early-life microbiota but also provide a basis for developing interventions that optimize the
infant gut microbiota to promote healthy growth and development.

To determine the differentially abundant genera between anemic infants with a BM
exclusive diet and a complete diet, we conducted a differential abundance which revealed six
genera that were significantly downregulated in these infants that were fed breast milk only.
Of these, Blautia, Bifidobacterium, Bacteroides, Clostridiales, and Feacalimonas are known
to be commensal microorganisms, and thus their downregulation implies disruption of regular
gut homeostasis (36). In particular, Blautia and Bacteroides have been characterized for their
anti-inflammatory effects (37), and their decrease could increase the chances of gut
inflammation. Previous studies have shown that a decrease in Blautia has been linked to age-
related immunosenescence, which is associated with chronic low-level inflammation in the
gut (38). This suggests anemic infants fed a BM exclusive diet could be at risk for colitis or
inflammatory bowel disease in the long term. Further, a decrease in Bifidobacteria, which
play a vital role in competitive exclusion of pathogens in the gut, leaves individuals
susceptible to opportunistic pathogens (39). Anemic infants fed a BM exclusive diet would
benefit from probiotic supplement to counter this loss of protection._ The Clostridium genus
has been coined as an indispensable regulator of gut homeostasis, predominantly due to their
production of short-chain fatty acids which provide energy to colonic epithelial cells, and for
their role in reducing the solubility of bile salts (40). However, without attenuation by other
commensal bacteria that is seen in the healthy gut environment, opportunistic pathogens such
as Clostridium difficile can damage the large intestine through enterotoxin production (40).
Due to the dual role of this genus, it would be beneficial to go a step further to investigate the
exact species within this genus that are downregulated. The last genus that was downregulated
was the pathogenic Tyzzerella, which is known to promote colorectal carcinogenesis (41) and
cardiovascular disease (42). Specifically in children, this genus has been associated with
adiposity, an increase in fatty tissue in the body (43). This is an interesting finding, as it
suggests that a BM exclusive diet confers protection from a variety of conditions. However,
there is limited research surrounding the role of this genus in infancy, making it difficult to
determine the reason for its downregulation in the present study. Overall, a breast milk
exclusive diet results in the downregulation of key commensal bacteria that work to prevent
inflammation and promote homeostasis.

Finally, we conducted a PICRUSt2 analysis for functional characterization of the
differentially expressed enzymes across diets within anemic infants. Within the significantly
upregulated enzymes in infants fed BM only diets were those involved in salicylic acid
synthesis, methionine salvage and isoprenoid synthesis. Bacterial salicylate biosynthesis has
been linked to the biosynthesis of small ferric-ion chelating molecules known as salicyl-
derived siderophores under conditions with limited iron (44). Further, the methionine salvage
pathway is implicated with hemoglobin synthesis, which also aligns with the low iron
conditions within anemic individuals. Finally, upregulation of isoprenoid synthesis is notable
as it is a pathway that is exploited by pathogens (45). This suggests that anemic infants may
be more susceptible to colonization by pathogenic species and its associated disease
phenotype. In addition to upregulation of siderophore synthesis genes, we also observed an
upregulation of nucleotide catabolism and amino acid savage pathways (Table S1). The
upregulation of nitrogen metabolism genes suggest that a BM exclusive diet does not contain
sufficient protein for the growth of 6-month-old anemic infants.

Similarly, significantly downregulated genes of interest include enzymes involved in
Vitamin K biosynthesis, tryptophan catabolism, and galactose metabolism. Vitamin K is an
important cofactor required for the optimal function of Vitamin-K dependent proteins such
as blood coagulation proteins and Gla-rich proteins that are involved in modulating bone
mineralization (46). Decreased Vitamin K biosynthesis in anemic infants fed BM exclusively
could be at a higher risk of developing blood clotting or bone metabolism impairments,
manifesting as clinical conditions such as excessive bleeding or osteoporosis, respectively
(46). Interestingly, our results indicate a downregulation of tryptophan catabolism or the
kynurenine pathway (KP). Previous studies have suggested that these metabolites exert either
pro- or anti-inflammatory eftects based on the cell types, suggesting that further investigation
is required regarding their mechanistic effects within anemic patients (47). In addition, we
see a downregulation of galactose metabolism enzymes, which suggests decreased overall
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energy metabolism. This is consistent with the results of our diversity metrics and DESeq2
analyses, where the significantly decreased diversity and abundance of commensal bacteria
could be the result of insufficient sugar/energy sources needed to facilitate the growth of these
key, beneficial microbes compared to a complete diet. In addition, the downregulation of this
enzyme in anemic infants is supported by the findings of previous studies showing that a
deficiency in galactose metabolism can promote hemolytic anemia in infants (48).
Significance. This study provides insight on the development of an ideal infant diet that
promotes healthy gut microbiota development and minimizes the risk of iron-deficiency
anemia. Additionally, the study highlights how despite the many nutritional benefits of breast
milk in microbiota formation and immune system development, a BM exclusive diet may not
be adequate for promoting the optimal growth and health of developing 6-month-old infants.

Limitations Some of the limitations of the present study include the sample size, confounding
variables, and uncertainties regarding diet compositions. Our study contained a relatively
small sample size for the conditions analyzed upon filtering for diet and anemic status.
Therefore, generalizability of the patterns from the results should be validated with not only
a larger sample size, but also with a greater variety of infant diets. Further, there were various
confounding variables that were not filtered for, such as ferritin levels and sex of the infants.
For example, the effect of diet may be mediated through fluctuations in ferritin levels, which
in turn may be observed as differences in alpha or beta diversity within anemic infants.
Similarly, previous studies have highlighted that there are differences in the gut microbiota
due to sex, with greater a-diversity (Chao, Shannon) within females (49). Therefore, it is
essential to analyze the effects of diet on anemic infants for each sex individually. Lastly,
McClorry et al. provided minimal information on the constituents of diets, and therefore we
were unable to deduce which specific components of the complete diet were contributing to
the differences in diversity within anemic infants.

Conclusions Our study highlights the impact of anemia and diet on the composition of the
infant gut microbiota, revealing the volatility of anemic infants' microbiota and the dysbiosis
associated with a breast-milk exclusive diet. Our study found that a breast-milk exclusive diet
promotes gut microbiota dysbiosis, characterized by a significant decrease in key commensal
bacteria. The dysbiosis is accompanied by an upregulation of genes responsible for
hemoglobin and siderophore synthesis, as well as a downregulation of enzymes involved in
energy metabolism and protection against onset of inflammation.

Future Directions Due to the limited information regarding the constituents of the complete
diet from McClorry et al.'s dataset, future groups should explore the nutrients present within
the diets they are investigating prior to performing subsequent analyses. For example,
glucosinolates, which are biologically active compounds found within vegetables such as
cabbage, broccoli, and cauliflower, are actively metabolized by human gut microbiota (50,
51). Confirming the presence of these compounds within a complete diet would suggest
differential selection of microbial species that metabolize these compounds, accounting for
differences in alpha and beta diversity within anemic infants fed each diet. Future studies
could also focus on investigating how factors including sex contribute to changes in microbial
community composition and function between anemic and normal infants. While our study
found no significant differences in diversity metrics across anemic status, it is possible that
this is due to sex being a confounding variable. Future studies could be undertaken to analyze
if the differences seen between diets is reflected to a greater extent in males or females.
Additionally, given that our study focused primarily on 6-month-old infants, future studies
could explore how anemic status and diet affect microbiota composition in older age groups.
Lastly, it would be interesting to develop a comprehensive understanding of how the effects
of anemic status and diet on the gut microbiome will influence immune system development
in the long term.
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