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SUMMARY   Background: Atopic dermatitis (AD) is a chronic inflammatory skin disease 
with no known cause or cure, often beginning in the first year of life. The gut microbiota, 
which is proposed to play a role in AD development, is integral in immune system 
development and regulation. Breastfeeding shapes the gut microbiota and has been observed 
to lower AD incidence. Thus, it has been viewed as a type of early intervention to prevent 
AD. Here, we investigate the microbiota as a link between feeding method and AD to 
contribute to ongoing research on this topic, which may inform future infant diet 
recommendations. 
Methods: Stool samples from 325 mother-infant dyads at various time points over a 1 year 
period, collected by Dr. Kyung Rhee at the University of California San Diego, were analyzed 
for their microbial composition. A Pearson’s chi-square test was performed to test for 
correlation between feeding method (breastfeeding and formula feeding) and AD status in 
infant samples. Alpha and beta diversity analysis and taxonomic classification were then 
conducted in QIIME2. Infant samples were stratified by feeding method, then differential 
abundance and relative abundance analysis were conducted using DESeq2. 
Results: We report a significant correlation between feeding method and AD status, with 
higher AD incidence observed in the formula-fed group. We found that breastfed infants had 
greater Faith’s phylogenetic diversity (PD) compared to formula-fed infants. However, there 
was no difference in alpha diversity based on infant AD status. Furthermore, breastfeeding 
was found to only favour the abundance of certain genera in healthy infants. In comparison, 
formula feeding favours the abundance of different genera in both healthy infants and AD 
infants. 
Conclusion: Our results support our hypothesis that infant feeding method influences the 
development of AD by altering gut microbial diversity and structure. The present study 
validates previous literature that breastfeeding has protective effects against AD 
development. Furthermore, our work provides evidence that this relationship may be linked 
through the gut microbiota.  
 
 
INTRODUCTION 

topic dermatitis (AD), commonly known as eczema, is a chronic inflammatory skin 
disease characterized by dry, itchy, and cracked skin which can vary in severity (1). 
These symptoms can range in the level of pain experienced and often have implications 

on the self-esteem levels in children and youth (2). As a chronic inflammatory condition, it is 
characterized by dysregulation of immune responses, resulting in altered cytokine production 
both systemically and within skin lesions (3). It is estimated that 15% to 20% of children 
worldwide are affected by AD, and 90% of children affected by AD develop the disease by 
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age 5 (4). Although the exact cause of AD has yet to be elucidated, it has been proposed that 
both genetics and environmental factors play a role in increasing the risk of AD development 
(5, 6).  

There is a strong correlation between the modulation of the gut microbiome and the 
development of abnormal host immune behaviour (7). Perturbations in the early gut 
microbiota have been linked to an increased disease risk and dysbiosis (8). For example, 
decreased diversity in the gut microbiome of infants has been associated with the occurrence 
of some diseases, including AD and asthma (9). The gut microbiota plays an important role 
in infant AD development as it regulates the maturation of the immune system through 
microbiome and host cross-talk in early life (10). As such, early intervention during infancy 
is being viewed as a window of opportunity to modulate the gut microbiome in hopes of 
preventing the development of allergic manifestations, such as AD. 

Diet content, in terms of both the quantity consumed and the timing of consumption, were 
shown to impact host immune function by modulating the composition of the host 
microbiome (11). In particular, breastfeeding is suggested as a potential intervention during 
infancy due to its effects on the infant’s early gut microbiota. Cioffi et al. has shown a 
decrease in phylogenetic diversity and difference in gut microbiota composition in breastfed 
infants (12). Oligosaccharides, maternal IgA, and antimicrobial factors contained in human 
breast milk influence neonate gut colonization (8).  

There have been numerous studies which observed that breastfed infants had a lower 
incidence of AD (11–16). Links between the gut microbiota, breastfeeding, and AD onset 
were proposed in a previous study by Wopeiris et al. exploring the effects of breastfeeding 
and interventions on colonization patterns in fecal microbiota (17). Work by Lee et al. found 
that the infant gut microbiota differed depending on infant feeding type and found a 
significant relationship between the reduction of mucin-degrading bacteria and immune 
development, indicating that associations between AD and gut microbiome modulation are 
due to bacterial genes that impact immune cell functionality in the host (18). 

Specific bacterial taxa have been found to be associated with AD onset. For example, the 
genera Parabacteroides and Clostridium sensu stricto are found to be more abundant in AD 
patients, where Enterococcus are associated with decreased incidence of AD (19–21). 
Specifically, Clostridioides difficile (formerly Clostridium difficile) is reported to have a 
direct effect on cytokine production and inflammatory responses (22). The presence of C. 
difficile leads to a decrease in other beneficial bacteria, resulting in suboptimal levels of 
immune regulation (23). Furthermore, toxins A and B produced by C. difficile increase the 
intestinal permeability and facilitate the penetration of innocuous antigens, and subsequent 
atopic sensitization development (24).  

In this paper, we investigate the microbiota as a link between feeding method and AD 
using a dataset generated by Dr. Kyung Rhee from the University of California San Diego. 
This dataset was collected from 325 infant-mother dyads over a period of 1 year with the 
original purpose of investigating the relationship of infant gut microbiota and fecal 
metabolomics to infant weight gain and eating behaviour. The dataset is available on the 
European Nucleotide Archive (ENA) browser (PRJEB39437).  

We hypothesize that the feeding method influences the development of AD through the 
infant gut microbiota by altering its microbial diversity and structure. As feeding method 
influences the gut microbiota and the microbiota is integral in immune system development 
and regulation, alterations can significantly impact the immune environment, leading to 
inflammatory diseases like AD. Investigating this link may provide insights to clinical 
recommendations regarding the infant diet. 
 
METHODS AND MATERIALS 

Dataset. This project utilizes a dataset generated by Dr. Kyung Rhee from the University of 
California San Diego, which was generated by examining the microbial composition of stool 
samples originating from 325 infant-mother dyads over the course of 12 months. This data 
was collected to elucidate how the gut microbiome is associated with infant eating behavior 
and weight gain within the aforementioned time frame, as well as to identify intervention 
targets for abnormal weight gain. Additional factors impacting infant microbiome 
development such as the mother’s microbiome and infant medical history were also included. 
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This dataset is available through the European Nucleotide Archive (ENA) browser 
(PRJEB39437) and contains 11,221,040 reads across 307 samples, with reads ranging up to 
150 nts (98% of reads) in length.  
 
Feeding method and AD association. To assess if there was a significant relationship 
between AD development and feeding method, a Pearson’s chi-squared test was performed 
using R (V.4.1.1) (25). The accompanying metadata file was used to carry out this assessment.  
 
Preprocessing and diversity analysis. Demultiplexed single-end sequence data were 
imported into Quantitative Insights into Microbial Ecology Version 2 (QIIME2) through the 
manifest format approach and denoised using DADA2 (26, 27). Reads were truncated at 129 
bp to maintain an average Phred score of 38 (Figure S1). To account for unequal sample 
sequencing depth, samples were rarified at a depth of 26,745 sequences per sample to capture 
sufficient ASV saturation (Figure S2). Metrics for alpha and beta diversity were calculated 
and visualized through QIIME2. These included Shannon’s diversity index, observed 
features, Faith’s phylogenetic diversity (Faith’s PD), and Pielou’s evenness for alpha 
diversity (28, 29). Beta diversity was assessed through Jaccard distance, Bray-Curtis distance, 
unweighted, and weighted Unifrac (30-32). Fragment insertion phylogenetic trees were 
generated using SILVA 128 SEPP as the reference (33). ASV taxonomic classification was 
assigned using a pre-trained classifier (silva-138-990515-806) available through QIIME2. To 
assess if the time of sample collection was confounded with weighted Unifrac, Principal 
Coordinate Analysis (PCoA) plots were constructed for cluster identification.  
 
Taxon abundance. QIIME2 artifacts for ASVs with assigned taxonomy, metadata, and 
phylogenetic tree were combined and converted into a phyloseq object using R (V 4.1.1) with 
CRAN packages tidyverse, vegan, and Bioconductor package phyloseq (34–36). Samples 
with a sequencing depth of fewer than 10,000 reads were removed. The remaining samples 
were stratified by feed type (breastfed and formula-fed) and all samples where AD status and 
feed type were not reported were removed. Relative abundance was calculated to normalize 
taxon abundance across samples (37). Only features with a relative abundance greater than 
0.005% were retained and analyzed at the genus level. Analyses for specific species of 
interest, such as Clostridiodes diffcile were performed at the species level. Differential 
abundance analysis between healthy and AD infants within each feed type was performed in 
R using DESeq2 (38). Relative abundance levels of taxa in healthy infants were used as the 
reference in comparison to those with AD. The threshold for significance was set to an alpha 
value of 0.05. 
 

RESULTS 

Age at sample collection did not influence gut microbial beta diversity 
To determine if all time points should be included in our analysis, we generated a 

weighted UniFrac PCoA plot based on sample collection time (Figure 1). No clear clustering 

 

FIG. 1 Time of sample 
collection did not 
impact beta diversity of 
infant gut microbiotas. 
Weighted UniFrac PCoA 
plot based on time of 
sample collection 
showed no distinct 
clustering.  
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based on time of collection was observed, which indicates that the time of collection/infants’ 
age did not impact beta diversity of infant gut microbiota. As such, time was not considered 
a confounding variable for our analysis. All of the time points from 2 weeks to 9 months were 
included.  
 
Feeding method was correlated with AD onset 

The relationship between feeding method and AD onset was first explored to determine 
if there were notable results warranting further investigation. We found a significant 
correlation between feeding method and AD as revealed by Pearson’s chi-square test, in 
which a higher percentage of AD was observed in formula-fed infants (Figure 2).  
 

 
 
Feeding method had a significant effect on alpha diversity but AD status did not impact 
the alpha and beta diversity of the infant gut microbiota 

To determine if infant gut microbial diversity and composition varied between different 
feeding methods and their AD status, we performed Faith’s PD alpha diversity and weighted 
UniFrac distance beta diversity analysis. 

Alpha diversity analysis revealed that infant gut microbiotas did not change significantly 
between healthy and AD infants, as determined by a Kruskal-Wallis test with p-value greater 
than 0.05. This indicated that the microbial diversity was not affected by infant AD status 
(Figure 3A). The weighted UniFrac distance PCoA generated for beta diversity analysis based 
on AD status demonstrated no distinct clustering, suggesting that the microbial composition 
of samples differed from one another regardless if the infant was healthy or had AD (Figure 
3C). Therefore, AD status did not impact gut microbial diversity and structure in infants. 

In terms of infant feeding type, it was found that formula-fed infants had a significantly 
higher Faith’s PD than breast-fed infants (Figure 3B). The lack of clustering in the weighted 
UniFrac distance PCoA plot by feeding type suggested that the microbial structure of 
individual samples differed from one another, regardless of whether the infant was breast or 
formula fed (Figure 3D). This was further confirmed by a PERMANOVA significance test 
(p > 0.05). Collectively, this suggested that feeding type had a significant impact on infant 
gut microbial alpha diversity but not microbial composition. 
 
Breastfeeding favoured four genera in healthy infants while formula feeding favoured 
different genera depending on AD status 

Differential and relative abundance of genera between healthy and AD infants within 
breastfed and formula-fed infants were explored. Relative abundance analysis on breastfed 
infants revealed four genera exhibiting a higher abundance in healthy infants, which included 
Erysipelatoclostridium, Enterococcus, Parabacteroides, and Clostridium sensu stricto 
(Figure 4A - D). Among these four genera, Clostridium sensu stricto represented the highest 
log2 fold change.  

FIG. 2 Feeding method was 
significantly correlated to 
AD status. Stacked bar chart 
shows a higher percentage of 
AD infants within the 
formula-fed group. Pearson’s 
chi-square test reports a 
significant correlation between 
feeding method and infant AD 
status (*p-value = 0.01). 
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Through relative abundance analysis on formula-fed infants, it was found that at the genus 
level, AD infants possessed a significantly higher abundance of Candidatus Stoquefichus, 
while non-AD infants possessed a significantly higher abundance of Faecaitalea and 
Acinetobacter (Figure 4E - G).   
 
Abundance of Clostridiodes difficile did not differ based on AD status 

Previous literature suggests that C. difficile plays an important role in AD development 
in infants, by modulating the gut microbiota leading to subsequent sensitization development 
(23, 24). As such, we investigated the relationship between feeding method and levels of C. 
difficile, by calculating its relative abundance in formula-fed and breastfed infants. Our 
analysis found no significant differences in the relative abundance of C. difficile between 
healthy and AD infants, regardless of the feeding method (Figure 5A and B). This indicated 
that the feeding method and infant AD status did not influence the relative abundance of C. 
difficile.  

 
DISCUSSION 

Given known associations between infant feeding methods and the development of AD 
(17, 38), the objective of this study was to investigate the gut microbiota as a link between 
the two. Our results support the hypothesis that feeding method alters the diversity and 
structure of an infant’s gut microbiota, which in turn likely introduces aberrations in immune 
system development and regulation, leading to an altered immune environment that favors 
the establishment and progression of inflammatory diseases such as AD. A significant  

FIG. 3 Feeding method, but not AD status, was associated with differences in gut alpha-diversity, and neither were 
associated with differences in gut beta-diversity. Boxplots show that A) infants with AD have insignificantly lower 
Faith’s PD than healthy controls, with a Kruskal-Wallis test p-value of 0.7, and B) formula fed infants have significantly 
higher Faith’s PD than breastfed infants, with a Kruskal-Wallis test *p-value of 0.0003. Box plots show the interquartile 
range (25th, 50th, 75th percentile), whiskers represent the maximum and minimum, puncta represent outliers. Weighted 
UniFrac Distance PCoA plots based on C) AD status and D) feeding method showed no distinct clustering, suggesting 
neither significantly impact gut beta-diversity.  
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FIG. 4 Breastfeeding favours four genera in non-AD infants while Formula feeding favour different genera in AD and 
non-AD infants, revealed by relative abundance analysis. Relative analysis on formula-fed infants highlighted four 
significantly abundant genera in non-AD infants: (A) Erysipelatoclostridium, (B) Enterococcus, (C) Parabacteroides, and (D) 
Clostridium sensu stricto genus. Relative analysis on breastfed infants revealed a higher abundance of (E) Acinetobacter in non-
AD infants, and a higher abundance of (F) Candidatus Stoquefichus, and (G) Faecalitatea in AD infants. All differences were 
reported to be significant, determined with DESeq2 (*p.adjusted <0.05). 
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correlation found between feeding method and AD supports current literature that describes 
heavily integrated roles of the gut microbiota in both.  

Our study validates previous findings that breastfeeding has a protective effect against 
the development of AD, as breastfeeding was associated with a lower prevalence of the 
condition (38). We also showed that breastfed infants had lower gut diversity compared to 
their formula-fed counterparts. Published literature on the early gut microbiota showed that 
species, such as Bifidobacterium, dominate in microbiota of breastfed infants. These species 
were found to limit the growth of other potentially pathogenic species (9). In our study, 
relative abundance analysis was performed on infant gut microbiota with different AD 
statuses within breastfed or formula-fed infants. This method differs from Ma et al.’s study 
which directly compares gut microbiota of infants with different feeding methods. As a result, 
Bifidobacterium did not show up in our present analysis. However, the presence of 
Bifidobacterium may still be a contributing factor of the lower observed alpha diversity in 
breastfed infants in this study. Conversely, formula-fed infants develop a more diverse 
microbiota early on, with genus Enterobacteria, Clostridia, Enterococci, and Bacteroides 
suggested from differential abundance analysis (39, 40).  

Due to the nature of this study, we were unable to draw mechanistic conclusions. 
However, differences in the way breastfeeding versus formula feeding impacted the 
taxonomic profile of the gut microbiota in AD and non-AD infants suggest that alterations in 
the gut microbiota of AD infants may be masking the impact of feeding type on the 
microbiota. Whether this is due to the presence of specific taxonomic groups or the effects of 
interactions between certain clusters remains unclear. Nonetheless, the increased abundance 
of Erysipelatoclostridium, Enterococcus, Parabacteroides, and Clostridium sensu stricto 
observed in the breastfed non-AD group, the increased abundance of Faecalitalea and 
Acinetobacter in the formula-fed non-AD group, and the increased abundance of Candidatus 
stoquefichus in the formula-fed AD group may provide insight into how atopic dermatitis 
associated gut alterations respond differently to feeding methods than healthy gut 
microbiotas. Understanding the functional roles of and interactions between these 
differentially abundant taxa is a critical next step.  

Relating to existing literature, Erysipelatoclostridium has been shown to contribute to the 
dysregulated immune environment observed in Crohn’s disease patients, although research 
on its role in AD is lacking (41). It is reasonable to hypothesize that Erysipelatoclostridium 
contributes similarly to the immune dysregulation associated with AD development, 
characterized by a more hyper-inflammatory environment (42). In line with our present 
findings, the literature shows that the presence of Enterococcus in the gut reduces the risk of 
AD development in infants, although further causative studies are needed (21, 43). On the 
other hand, our findings contradict Reddel et al. and Marrs et al.’s findings of increased 
abundance of Paracteroides and Clostridium sensu stricto within the AD group (19). This 
discrepancy may be due to our limited sample size, or other factors such as composition of 
formulas and differences in study population. Furthermore, the increased presence of 
Acinetobacter in non-AD infants may play a role in immune regulation as they are associated 

FIG. 5 No significant difference 
in relative abundance of 
Clostridiodes difficile between 
AD and non-AD infants. Relative 
abundance of Clostridiodes 
difficile was performed on (A) 
formula-fed infants and (B) 
breastfed infants. Differences were 
reported to be not significant, as 
determined by DESeq2 
(*p.adjusted > 0.05). 
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with the expression of anti-inflammatory molecules in healthy individuals by stimulating IL-
10 production and inhibiting Th1 polarization (44). Therefore, lower abundance in the AD 
infants may be contributing to suboptimal levels of immune regulation, leading to AD 
development. In addition, a higher abundance of C. difficile was observed amongst the 
formula-fed group, a statistically insignificant finding that nonetheless supports previous 
research showing C. difficile’s role in sensitization development (23, 24). 
 
Limitations Our study is limited by several factors, including potential confounding 
variables, small sample size, ambiguity in data collection, inherent limitations of 16S rRNA 
amplicon sequencing, and limitations of QIIME2 pipeline.  

All samples included in this study were derived from infants who were born in the United 
States and residing in Michigan. As such, similarities in their gut microbiota may be a result 
from exposure to similar environmental factors, which is a potential confounding factor. 
Therefore, insights drawn from this study may not be representative of the impact of feeding 
method on the development of the infant gut microbiota in other geographical locations.  

Additionally, it is worthy to note that the time point of AD diagnosis was not consistent 
across all infants. Some infants received their AD diagnoses at a later time point than others. 
As such, samples from infants before and after they were diagnosed with AD were included 
in both AD and non-AD presenting groups, which may have impacted the dynamic range of 
observable differences between these groups.  Furthermore, not all time points were collected 
for each sample to sufficiently track gut microbiome changes before and after AD diagnosis.  

Our study is also limited by the small sample size; after filtering the samples collected 
from the mother, and excluding samples for which feeding method and/or AD status was not 
provided we had 296 samples in total and only 26 AD samples, which may contribute to a 
lack of representation of species found in the gut microbiome in AD infants. Several analyses 
in our study reported statistically insignificant results in contrast to published results; this 
may be due to insufficient power to reach statistical significance. Furthermore, small sample 
size may cause deviation from Chi-square test assumptions due to its sensitivity to sample 
size, producing inaccurate approximations (45). 

Furthermore, there are inherent limitations of 16S rRNA amplicon sequencing, such as 
inability to revolve closely related species due to homology between sequences (46). 
Consequently, our analysis was primarily focused on the genus level, rather than the species 
level. Sequencing of hypervariable regions on the 16S rRNA may result in missed variations 
outside the selected region (7). In comparison to whole genome sequencing, major limitations 
of this approach are the decreased detection of diversity and accuracy of species identification 
(47).  

Finally, reproducibility of our results is impacted by ambiguities introduced into the 
QIIME2 pipeline at decision-making points, including selection of a truncation length during 
denoising and sampling depth for rarefaction. A truncation length of 129 and a sampling depth 
of 26,745 was implemented in our analysis to maintain a Phred score of 38 and to maximize 
both feature and sample retention. Selection of these parameters was subjective; future user 
decisions may impact analysis results. 
 
Conclusions In addressing the relationship between infant feeding method and AD onset, this 
study found feeding method and AD status to be significantly correlated. This finding 
supports what is currently known in the literature as both are heavily connected with the gut 
microbiota. We found that breastfed infants had lower alpha diversity than formula-fed 
infants. Furthermore, breastfeeding was found to favour the abundance of specific genera 
only in healthy infants. In comparison, formula feeding favours the abundance of specific 
genera in both AD and healthy infants. The present study validates previous literature that 
infant feeding method affects AD development, and provides evidence that this relationship 
may be linked through the gut microbiota.  
 
Future Directions Our findings provide a basis for future research on the mechanistic 
relationship between infant feeding method and AD onset. A better understanding of the role 
that the gut microbiota plays in this relationship would be a critical step towards elucidating 
an explanatory cause for AD development. This includes a functional understanding of the 
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pathways that these differentially abundant taxonomic groups in healthy and AD infants 
contribute to, from which clearer links between these functions and their impact on the host, 
such as host immune development, can be drawn. As these taxonomic groups are part of larger 
communities, assessments of correlation networks can help reveal how these networks differ 
between healthy and AD infants, and whether feeding type can contribute to the changes 
between these networks. Additionally, it is of interest to further investigate how these 
differentially abundant taxa, identified in this study, participate within these networks and 
whether they contribute to clusters that perform different functions between healthy and AD 
infants. The gut microbiota is a promising target for therapeutic development and 
identification of biomarkers for disease diagnosis. Ultimately, future research may inform the 
production of fortified infant formulas, and families stand to benefit from improved feeding 
recommendations. 
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