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Abstract 

Background: Gut microbiota may play a role in egg allergy. We sought to examine the 

association between early-life gut microbiota and egg allergy.  

 

Methods: We studied 141 children with egg allergy and controls from the multi-center 

Consortium of Food Allergy Research study. At enrollment (age 3 to 16 months), fecal 

samples were collected and clinical evaluation, egg specific IgE measurement, and egg skin 

prick test were performed. Gut microbiome was profiled by 16S rRNA sequencing. Analyses 

for the primary outcome of egg allergy at enrollment, and the secondary outcomes of egg 

sensitization at enrollment and resolution of egg allergy by age 8 years, were performed 

using Quantitative Insights into Microbial Ecology (QIIME), Phylogenetic Investigation of 

Communities by Reconstruction of Unobserved States (PICRUSt), and Statistical Analysis of 

Metagenomic Profiles (STAMP).  
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Results: Compared to controls, increased alpha diversity and distinct taxa (PERMANOVA 

P=5.0x10-4) characterized the early-life gut microbiome of children with egg allergy. Genera 

from the Lachnospiraceae, Streptococcaceae, and Leuconostocaceae families were 

differentially abundant in children with egg allergy. Predicted metagenome functional 

analyses showed differential purine metabolism by the gut microbiota of egg allergic subjects 

(Kruskal Wallis Padj=0.021). Greater gut microbiome diversity and genera from 

Lachnospiraceae and Ruminococcaceae were associated with egg sensitization 

(PERMANOVA P = 5.0x10-4). Among those with egg allergy, there was no association 

between early-life gut microbiota and egg allergy resolution by age 8 years. 

 

Conclusion: The distinct early-life gut microbiota in egg allergic and egg-sensitized children 

identified by our study may point to targets for preventive or therapeutic intervention. 

 

Key Words: 

Egg allergy, egg sensitization, food allergy, microbiome, purine 

 

Abbreviations: 

CoFAR: Consortium for Food Allergy Research 

FDR: false discovery rate 

LDA: linear discriminant analysis 

LEfSe: Linear discriminant analysis effect size 

OTU: operational taxonomic units  

PERMANOVA: permutational multivariate analysis of variance  
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PICRUSt: Phylogenetic Investigation of Communities by Reconstruction of Unobserved 

States  

QIIME: Quantitative Insights into Microbial Ecology  

sIgE: specific IgE 

SPT: skin prick test 

STAMP: Statistical Analysis of Metagenomic Profiles  

 

Introduction 

Egg allergy is one of the most common childhood food allergies, affecting 0.5 to 2.5% 

of young children (1). However, the prevalence of food allergy has increased in recent years 

(2), with egg allergy reported in up to 8.9% of infants in some populations (3). Although host 

genetics predispose toward food allergy (4), genetic change does not occur on this time 

scale. Increasing attention has been paid to environmental factors, including the microbiome, 

that may be contributing to food allergy risk. Growing evidence points to a role for gut 

microbiota in the pathogenesis and course of food allergy (5-9). 

We hypothesized that gut microbiota play a role in egg allergy. The etiology of food 

allergy is thought to involve deviation from the default state of mucosal immune tolerance 

that may be driven by diet, commensal microbiota, and interactions between them (10, 11). 

Variations in infant gut flora have been associated with allergen sensitization (12), milk 

allergy (7, 13-15), and food allergy as a general category (16). Microbiota associated with 

individual food allergies may differ by food allergen, consistent with the distinct natural 

histories and clinical courses of individual food allergies (6). To date, there has been no 

dedicated study of the microbiome in egg allergic subjects. 
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In this multi-center study, we used 16S rRNA sequencing to characterize the gut 

microbiome of 141 children age 3-16 months with egg allergy and controls (Figure 1). We 

examined for associations between early-life gut microbiota and our primary outcome of egg 

allergy, as well as with our secondary outcomes of egg allergen sensitization and egg allergy 

resolution. 

  

Methods 

Study protocols were approved by the institutional review boards of the participating 

institutions. 

 

Study design and subjects 

The subjects of this study are a subset of a larger observational cohort study by the 

Consortium of Food Allergy Research (CoFAR) of 512 atopic participants (17). Participants 

were recruited at age 3-16 months from five study centers across the United States and 

were observed over time. The study sites included the Icahn School of Medicine at Mount 

Sinai, New York, New York; Duke University School of Medical Center, Durham, North 

Carolina; Johns Hopkins University School of Medicine, Baltimore, Maryland; National 

Jewish Health, Denver, Colorado; and Arkansas Children’s Hospital, Little Rock, Arkansas. 

The goal of the CoFAR observational study was to identify factors associated with the 

development of peanut allergy in a high risk cohort (17). Evaluation of egg allergy in this 

cohort was a secondary objective (18).  

Stool samples were collected from CoFAR subjects at or near the time of enrollment 

(Figure 1). Samples were collected during a study visit or by the parent at home using a 

stool collection kit provided by CoFAR, transported with ice packs (consistent with protocols 

used by the Human Microbiome Project (19-21)), and frozen at -80C upon arrival. Because 
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microbiota associated with individual food allergies may differ by food allergen, and the goal 

of this study was to examine microbiota associated with egg allergy in particular, we 

removed from the analysis CoFAR subjects with any other food allergies at enrollment or 

during the CoFAR observational period so that we could optimally compare subjects with 

egg allergy only to subjects with no food allergy. Specifically, among the 492 CoFAR 

subjects with available stool samples, we removed 345 samples from subjects with non-egg 

food allergy at any point during the CoFAR study and 6 samples that failed sequencing or 

quality control, leaving 141 samples, of which 66 had egg allergy only and the remaining 75 

had no food allergy (control group) (Figure 1). 

 

DNA isolation and 16S rRNA sequencing 

DNA was isolated with the MoBio Power Soil DNA Isolation kit (Carlsbad, CA). The V4 

region of the 16S rRNA gene was amplified with barcoded primers and 16S rRNA 

sequencing was performed on the Illumina MiSeq platform using 2x250 bp paired-end reads 

as previously described (7). Samples were submitted for sequencing as a single batch. 

Quality control on the raw reads was performed using Quantitative Insights into Microbial 

Ecology (QIIME 1.8.0) as previously described (7). Samples with less than 1000 sequences 

per sample were removed (6 samples). The median number of reads per sample was 

23,786. 

 

Outcomes 

Participants were considered to have egg allergy if they had either (1) a positive physician-

supervised oral food challenge to egg; (2) a convincing reaction and sensitization to egg by 

egg-specific IgE level ≥ 0.35 kUA/L and/or skin prick test (SPT) > 3mm; or (3) a flare of atopic 

dermatitis associated with egg ingestion along with an egg specific IgE level > 2 kUA/L (18). 
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Control subjects had no known food allergies. At entry, dietary, medical, and social histories 

were obtained by questionnaires administered to the parents of participants. Egg-specific 

IgE levels and egg skin prick test were performed at entry and atopic dermatitis severity was 

graded based on criteria previously described (17) (Figure 1). Following their enrollment 

visit, participants were evaluated at 6 months, 12 months, and then yearly thereafter up until 

age 8 years for egg allergy status and other clinical information. 

The primary outcome of this study was egg allergy at enrollment (Figure 1). 

Secondary outcomes included (1) egg sensitization at enrollment as evidenced by egg sIgE 

≥ 0.35 kUa/L, and (2) among those with egg allergy at enrollment, resolution of egg allergy 

by age 8 years, defined as a change from egg allergy at enrollment to no egg allergy by the 

last documented encounter. 

 

Microbiome analyses 

Unless noted otherwise, we performed all analyses using QIIME 1.9.1 (22), an open-source 

bioinformatics pipeline for performing analysis of microbiome sequence data. To map the 

16S rRNA reads into operational taxonomic units (OTUs) (23), defined as taxonomic units 

based on DNA sequences that share high identity, we used closed reference OTU picking as 

previously described (7). Each read was assigned to an OTU based on sequence similarity 

of at least 97% to the representative sequence of the OTU collection from the GreenGenes 

Database (v13.8) (http://greengenes.secondgenome.com). Alpha diversity (the richness 

and/or evenness) of a sample in terms of the diversity of OTUs observed in it) was 

calculated based on the Chao1 Index (24), Faith’s phylogenetic diversity  (25), and Shannon 

(H) index (26) by sub-sampling ten times at maximum rarefaction depth of 2,000 reads. To 

assess between-sample composition differences, beta diversity was measured using 

unweighted UniFrac distances (27). PERMANOVA (permutational multivariate analysis of 

variance) (28) was used to test beta diversity based on UniFrac distances. PERMANOVA is 

a non-parametric test similar to ANOVA but that does not require the data to be normally 
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distributed. PERMANOVA P values were calculated by performing 2000 permutations and 

were corrected for multiple testing using the Benjamini-Hochberg method (<5% FDR). To 

identify fecal microbiota differentiating subjects with and without egg allergy, as well as 

subjects with and without egg sensitization, we used linear discriminant analysis effect size 

(LEfSe) (29), a method for biomarker discovery, on the normalized relative abundances of 

taxa. LEfSe scores measure the consistence of differences in relative abundance between 

taxa in the groups analyzed (e.g. egg allergy vs. controls), with a higher score indicating 

higher consistency. As LEfSe does not allow for multiple covariate adjustment, we then used 

logistic regression to identify bacterial genera associated with egg allergy in models adjusted 

for these potential confounders: age, breast-feeding status, antibiotic usage, and baseline 

atopic dermatitis score. Solid food intake was considered as a potential confounder but not 

included in the adjusted model due its colinearity with age based on variancePartition (30) 

analysis (Figure S1). We used an analogous approach to identify genera associated with 

egg sensitization (egg sIgE ≥ 0.35 kUA/L). 

 

Prediction of metagenome functional content 

We used Phylogenetic Investigation of Communities by Reconstruction of Unobserved 

States (PICRUSt) v1.0.0 (31) to predict functional and metabolic pathways from the 16S 

rRNA data. OTUs associated with egg allergy after adjustment for covariates were used as 

input to construct functional content. We then used Statistical Analysis of Metagenomic 

Profiles (STAMP) (32) to detect and visualize the significant pathways present among 

samples with egg allergy and controls using the Kruskal-Wallis test, with correction for 

multiple testing via the Benjamini-Hochberg method. 
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Significance thresholds 

Baseline characteristic comparisons and logistic regression results were considered 

statistically significant with unadjusted P <0.05, significant results from LEfSe linear 

discriminant analysis (LDA) required Kruskal Wallis P < 0.05 and LDA score > 2.0, and 

PERMANOVA and metagenome analyses were considered statistically significant with 

adjusted P < 0.05 and mean relative sequence difference > 0.1%. 

 

Results 

Study population 

The baseline characteristics of the 141 participants are shown in Table 1. The population 

was mostly Caucasian (73%) with more male (67%) than female children. The majority of 

children had been born vaginally (68%) with 39% breastfeeding and 90% taking solid foods 

at entry. The median age of participants was 9.5 months (IQR 7.1-12.3). Compared to 

controls, those with egg allergy were older, less likely to be currently breastfeeding, and had 

milder atopic dermatitis.  

 

Distinct gut microbiome composition and increased diversity associated with egg allergy  

Children with egg allergy had a distinct gut microbiome composition (PERMANOVA R2= 

2.7%, P=5.0x10-4). At the phylum level, Firmicutes and Verrucomicrobia were enriched in 

subjects with egg allergy (Figure 2A).  To more specifically identify bacterial genera 

associated with egg allergy while also accounting for potential confounding by variables 

associated with gut microbiome as well as egg allergy (Table 1), we used LEfSe analysis 

and logistic regression models adjusted for age, atopic dermatitis score, breastfeeding, and 

antibiotic usage. The adjusted models identified 3 genera significantly associated with egg 
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allergy: Ruminococcus, Lactococcus and Leuconostoc (Figure 2B). Ruminococcus (family 

Lachnospiraceae) and Lactococcus (family Streptococcaceae) were enriched in children with 

egg allergy, while Leuconostoc (family Leuconostocaceae) was enriched in controls.  

Compared to controls, children with egg allergy had increased within-sample 

bacterial diversity as estimated by multiple alpha diversity indices (Figure 3). In subjects with 

egg allergy, community richness was greater in those with egg allergy by both species-

based (Chao1 Index, Figure 3A; mean 299.3 (SD 97.2) in subjects with egg allergy vs. 

mean 223.2 (SD 92.0) in controls) and divergence-based (Faith’s phylogenetic diversity, 

Figure 3B; mean 12.3 (SD 3.3) in egg allergy vs. 9.7 (SD 3.1) in controls) indices. Egg 

allergic children also had higher diversity when richness and evenness were considered 

together (Shannon Index, Figure 3C; mean 4.4 (SD 0.9) in egg allergy vs 3.8 (SD 1.1) in 

controls). In analyses stratified by age, atopic dermatitis, breastfeeding, and antibiotic use, 

alpha diversity indices were also higher in subjects with egg allergy vs. controls (Figure S2-

S5), although significance was not observed in some strata due to smaller sample sizes. 

  

Predicted functional pathway of bacterial taxa associated with egg allergy 

Predicted metagenome function of OTUs associated with egg allergy revealed a single 

inferred metabolic pathway that was differentially abundant based on egg allergy status. 

Compared to controls, purine metabolism was decreased in subjects with egg allergy (K-W 

test Padj=0.021) (Figure 4).  

 

 

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Distinct gut microbiome composition and increased diversity associated with egg 

sensitization  

Egg sensitization (egg sIgE ≥ 0.35 kUa/L) was associated with a distinct gut microbiome 

composition (PERMANOVA R2=1.6%, P= 5.0x10-4). Relative abundances at the phylum 

level based on egg sensitization status are shown in Figure 5A, which showed an 

enrichment of Firmicutes and Verrucomicrobia in egg sensitized subjects concordant with 

what was seen for egg allergy.  Univariate analyses for potential confounders showed that 

age and race were associated with egg sensitization (P = 2 x 10-4 and P = 7 x 10-4, 

respectively), but there were no significant associations between other covariates (sex, 

atopic dermatitis, breastfeeding, mode of birth, antibiotic use) and egg sensitization. LEfSe 

analysis and logistic regression models adjusted for age and race identified 2 genera that 

were enriched in egg sensitized children: Roseburia (family Lachnospiraceae) and 

Faecalibacterium (family Ruminococcaceae) (Figure 5B).  

 Similar to egg allergy, children with egg sensitization had increased alpha diversity of 

the gut microbiome compared to subjects without egg sensitization (Figure 6). In subjects 

sensitized to egg, gut bacterial community richness was greater relative to controls (Chao1 

Index, Figure 6A and Faith’s phylogenetic diversity, Figure 6B). Egg sensitized children 

also had higher diversity when richness and evenness were considered together (Shannon 

Index, Figure 6C). Spearman correlation analyses between egg sIgE and alpha diversity 

indices demonstrated positive correlation trends that did not reach statistical significance: 

r2=0.16, P=0.059 for Chao1 Index; r2 = 0.16, P=0.052 for Faith’s phylogenetic diversity; and 

r2=0.09, P=0.31 for Shannon index. In analyses stratified by age, atopic dermatitis, 

breastfeeding, and antibiotic use, alpha diversity indices also trended higher in subjects with 

egg sensitization (Figure S6-S9), except for those not breastfeeding, where diversity levels 

appeared more equivalent.  
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No difference in early-life bacterial composition or diversity associated with egg allergy 

resolution by age 8 years 

Among the children with egg allergy, those whose egg allergy resolved by age 8 years 

showed no significant compositional differences in gut microbiota compared to those with 

persistent egg allergy (PERMANOVA R2=1.6%, P=0.28). There was also no significant 

difference in gut bacterial diversity based on egg allergy resolution vs. persistence (Figure 

S10).  

 

Discussion 

In this study of 141 children, we found increased diversity and distinct taxa in the early-life 

gut microbiome of children with egg allergy compared to children without food allergy. 

Genera belonging to the Lachnospiraceae and Streptococcaceae families were enriched in 

children with egg allergy, while Leuconostocaceae were enriched in controls. The predicted 

functional pathway of these bacterial taxa associated with egg allergy was purine 

metabolism. Similar to egg allergy, increased gut bacterial diversity was associated with egg 

sensitization, with enrichment of genera from Lachnospiraceae and Ruminococcaceae in 

egg sensitized children. Among the subjects with egg allergy, there were no associations 

between early-life gut microbiota and resolution of egg allergy by age 8 years. 

To our knowledge, this is the first dedicated study of the microbiome of egg allergic 

subjects. It is possible that specific microbiota associated with individual food allergies differ 

depending on the food allergen, in line with the distinct natural histories and clinical courses 

of particular food allergies (6). There are few studies targeting the gut microbiome of specific 

food allergies other than milk (5-7, 14, 33). Because egg allergy is one of the most common 

food allergies in children (1), we found it compelling to study its associated gut microbiome, 

as this may elucidate pathways for its potential treatment and prevention. 
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At first glance, our finding of increased gut bacterial diversity in children with egg 

allergy versus controls may seem counter-intuitive to reasoning based on other diseases, 

where bacterial diversity is often higher in controls relative to affected individuals. For 

example, obese individuals have fewer types of gut bacteria than their lean counterparts 

(34). A beneficial association between bacterial diversity and disease is not always the case, 

however, as multiple studies of asthma have shown that airway bacterial diversity can be 

higher in individuals with asthma vs. controls (35, 36). Linked epidemiologically by the atopic 

march (37), egg allergy and asthma have some shared etiological origins, and observing a 

consistency in their respective associations with increased bacterial diversity suggests a 

nuanced relationship between microbial diversity and specific diseases. It is likely that the 

role of the microbiome in health and disease is not easily captured by any one dimension 

such as alpha diversity and should be considered with component taxa, their interactions, 

and their metabolic effects in the context of specific disease phenotypes (6, 38). 

We found that genera belonging to the Lachnospiraceae and Streptococcaceae 

families were enriched in children with egg allergy (Figure 2), a finding that has both 

similarities and contrasts with prior studies of the microbiome in other food allergies. 

Consistent with our findings, a murine study of food allergy demonstrated differential 

abundance of taxa from Lachnospiraceae in ovalbumin-sensitized food allergy-prone mice 

with a gain-of-function mutation in the IL-4 receptor-a chain (39). Microbial communities 

dominated by Lachnospiraceae have also been reported in children with milk allergy (14). 

However, the same study detected lower levels of Streptococcaceae in milk allergic children. 

We note that the associations from our and others’ studies are from cross-sectional 

analyses, so causation cannot be inferred. In children without egg allergy, we found 

enrichment of Leuconostoc. Consistent with potentially protective effects from this genus on 

allergy diathesis, strains from this genus inhibit serum levels of total IgE, IgG1, IgG2, and 

increase OVA-specific IFN-gamma production in an ovalbumin-induced allergy mouse model 

(40). A limitation of cross-study comparisons is that implicated taxa are often reported at 
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varying taxonomic levels (6). Because the biological impacts of microbiota are likely at the 

strain level, different strains within the same family may have disparate effects. Additionally, 

the heterogeneity of food allergy and different practices in clinical phenotyping, sample 

collection, and sample processing can lead to disparate results in microbiome studies (6). 

The functional effects of gut microbiota in food allergy likely occur via the metabolites 

they produce (6, 41). To better understand the implications of the bacterial taxa associated 

with egg allergy, we used metagenomic functional prediction to infer metabolic pathways 

impacted by these microbiota. Interestingly, we found differential purine metabolism by the 

gut microbiota of egg allergic subjects. Metabolomic studies have shown that the purine 

pathway may be involved in the induction of peanut allergy, with peanut allergic children and 

mice undergoing peanut sensitization both demonstrating altered levels of uric acid, a 

product of purine metabolism (42). Depletion of uric acid in mice changes the development 

of peanut-specific IgE and IgG1 and anaphylaxis, while exogenous manipulation of uric acid 

can modulate the peanut allergic phenotype (42). It is possible that the altered purine 

metabolism associated with the early-life gut microbiota of egg allergic children in our study 

reflects a related role for purine metabolism in egg allergy.    

Genera from Lachnospiraceae and Ruminococcaceae (order Clostridia) were 

enriched in children with egg sensitization (Figure 5). In line with our findings, Kalliomaki 

and colleagues found that Clostridia were more abundant in fecal samples from infants 

sensitized to at least one food or environmental allergen (including egg) compared to 

nonatopic controls (12). In contrast, other studies have reported no association between gut 

microbiota and food allergen sensitization (7, 43, 44). The studies that found no association 

between sensitization and gut microbiota focused on sensitization to different foods (e.g. 

milk (7)) or several foods simultaneously (43, 44). Gut microbiota may be specific to 

individual food allergens (6). 
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Although a prior study identified bacterial taxa associated with milk allergy resolution 

(7), we found no significant differences in early-life gut microbiota based on egg allergy 

resolution vs. persistence by age 8 years. Power may have been a limitation, as this analysis 

was limited to the 66 subjects with egg allergy at enrollment. While this study’s sample of 

egg allergic children was large compared to most studies of the microbiome of food allergic 

subjects (6), it was smaller than the sample studied for milk allergy resolution (n=226).   

We recognize the limitations of our study. It would have been ideal for our controls to 

have been completely nonatopic, but we were constrained by the inclusion criteria for the 

overarching CoFAR study (17). That said, our controls had no egg allergy or other food 

allergy. Some were sensitized (without clinical allergy) and most had atopic dermatitis. 

Because large population studies have shown that a significant proportion of sensitized 

individuals have no clinical allergy (45), it was reasonable not to exclude sensitized non-

allergic individuals from the control group. Further, we specifically performed a secondary 

analysis focused on egg sensitization. To address the limitation of high atopic dermatitis 

prevalence, we adjusted for atopic dermatitis (and other potential confounders including age, 

breastfeeding, and antibiotic usage) in our analyses. We applied bioinformatic approaches to 

16S rRNA data to infer metabolic pathways affected by the gut bacteria differentially 

abundant in egg allergy. Bias by the 16S region targeted is possible and future work could 

include direct metabolite profiling to corroborate these inferences. Last, although our sample 

processing was consistent with well-established protocols (19-21) and was uniformly 

implemented for all samples, we cannot rule out that results for particular taxa could be 

influenced by methodological parameters (46-49). By studying children from CoFAR, we 

examined a well-established and large, multi-center sample of children with and without egg 

allergy determined by rigorous criteria (18) with contemporaneous stool collections at 

enrollment. We emphasize that this is one of the largest studies of the microbiome in food 

allergy (6), and the only to focus on egg allergy.  
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Conclusions  

This multi-center study is the first to characterize the early-life gut microbiome in 

children with egg allergy. The distinct gut microbiota in egg allergic and egg-sensitized 

children identified by our study may point to targets for preventive or therapeutic intervention, 

especially if specific strains within these taxa can be identified via deeper sequencing. Our 

finding of differential purine metabolism by gut microbiota associated with egg allergy should 

be independently validated. The results from this study contribute to an evolving picture of 

egg allergy and food allergy overall, where resident bacteria may have more mechanistic 

impact on allergy than previously thought. 
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Table 1: Baseline characteristics of the participating subjects 

Characteristics All subjects 
(n=141)

Egg Allergy 
(n=66)

Controls 
(n=75) 

P value* 

Sex- Female 46 (32.6%) 19 (28.8%) 27 (36.0%) 0.38

Age- Months 9.7 (3.4) 11.7 (2.8) 7.9 (2.8) 4.5x10-13 

Race- Caucasian 103 (73.0%) 47 (71.2%) 56 (74.7%) 0.71

Egg sIgE (kUA/L) 3.4 (5.9) 5.3 (7.6) 1.7 (3.2) 5.3x10-4

Egg SPT (wheal mm) 7.0 (4.3) 8.4 (4.0) 5.7 (4.2) 1.8x10-4

Atopic dermatitis 0.03

     None 7 (5.0%) 6 (9.1%) 1 (1.3%)  

     Mild 25 (17.7%) 16 (24.2%) 9 (12.0%)  

     Moderate 70 (49.6%) 27 (40.9%) 43 (57.3%)  

     Severe 39 (27.7%) 17 (25.8%) 22 (29.3%)  

Currently breastfeeding 55 (39.0%) 16 (24.2%) 39 (52.0%) 9.7x10-4 

Mode of delivery- vaginal 96 (68.1%) 44 (66.7%) 52 (69.3%) 0.86

Solid food intake 127 (90.1%) 65 (98.5%) 62 (82.7%) 1.5x10-3

Antibiotics– any during lifetime 88 (62.4%) 50 (75.8%) 38 (50.7%) 2.9x10-3 

Resolution of egg allergy by age 8 yrs n/a 40 (60.6%) n/a n/a 

 
Number (%) or mean (SD) reported. 
*Fisher Exact test for categorical variables, T test for continuous variables 
 
 
Figure Legends 

Figure 1. Study design. Participants were a subset of the multi-center CoFAR early-life 

observational cohort of children at risk for allergy. Children were enrolled at age 3-16 

months, at which time clinical profiling, allergy testing, and stool collection were performed. 

Children with non-egg food allergy at enrollment or at any time during the ensuing 

observational period were excluded from this study. The goal of this study was to examine 

for associations between early-life gut microbiome and egg allergy at enrollment (primary 
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outcome). We additionally examined for associations between early-life gut microbiome and 

egg sensitization at enrollment (secondary outcome) and early-life gut microbiome and the 

longitudinal outcome of egg allergy resolution by age 8 years (secondary outcome). 

 

Figure 2. Distinct gut microbiome composition in children with egg allergy. (A) 

Bacterial phyla in subjects with egg allergy and controls. (B) Bacterial genera associated 

with egg allergy after adjustment for potential confounders (age, breastfeeding, antibiotic 

usage and atopic dermatitis score). Genera from the Lachnospiraceae and 

Streptococcaceae families were enriched in subjects with egg allergy, whereas Leuconostoc 

was enriched in controls. Only genera with Linear Discriminant Analysis (LDA) scores > 2 

and P<0.05 are presented.  

 

Figure 3: Increased gut bacterial diversity in children with egg allergy. Alpha diversity 

estimated by  (A) Chao1 index (species-based richness), (B) Faith’s phylogenetic diversity 

(divergence-based richness), and (C) Shannon (H) index (richness and evenness) at 

rarefaction depth of 2000 reads for subjects with egg allergy and controls. Mean and 

standard deviation alpha diversity were estimated by subsampling 10 times for each sample 

at this rarefaction depth. P-values were calculated using the Wilcoxon rank sum test. 

 

Figure 4: Differential purine metabolism by gut microbiota of children with egg 

allergy. Prediction of metagenome functional content showed differential abundance of 

purine metabolic pathways based on egg allergy status. The vertical axis indicates 

proportion of sequences annotated as belonging to purine metabolic pathways based on 

predicted Kyoto Encyclopedia of Genes and Genomes (KEGG) orthologs. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Figure 5. Distinct gut microbiome composition in children with egg sensitization. (A) 

Bacterial phyla in subjects with and without egg sensitization (egg sIgE ≥ 0.35 kUA/L  vs. egg 

sIgE < 0.35 kUA/L, respectively). (B) Bacterial genera significantly associated with egg 

sensitization after adjustment for relevant confounders (age, race). Genera from 

Ruminococcaceae and Lachnospiraceae were enriched in egg sensitized children. Only 

genera with Linear Discriminant Analysis (LDA) scores > 2 and P<0.05 are presented.  

 

Figure 6: Increased gut bacterial diversity in children with egg sensitization. Alpha 

diversity estimated by  (A) Chao1 index (species-based richness), (B) Faith’s phylogenetic 

diversity (divergence-based richness), and (C) Shannon (H) index (richness and evenness) 

at rarefaction depth of 2000 reads for subjects with and without egg sensitization. Mean and 

standard deviation alpha diversity were estimated by subsampling 10 times. P-values were 

calculated using the Wilcoxon rank sum test. 

 

Supplementary Material 

 

Figure S1. Pairwise correlation between egg allergy and potential covariates. All five 

variables were significantly associated with egg allergy (Table 1). Based on canonical 

correlation analyses (30), age, antibiotic use, breastfeeding status, and atopic dermatitis 

were included as covariates in the adjusted model. Because of colinearity with age, solid 

food intake was not included in the adjusted model. 
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Figure S2. Alpha diversity indices in children with and without egg allergy stratified by 

age. Alpha diversity estimated by  (A) Chao1 index (species-based richness), (B) Faith’s 

phylogenetic diversity (divergence-based richness), and (C) Shannon (H) index (richness 

and evenness) at rarefaction depth of 2000 reads for subjects with egg allergy and controls, 

stratified by age. Mean and standard deviation alpha diversity were estimated by 

subsampling 10 times for each sample at this rarefaction depth. P-values were calculated 

using the Wilcoxon rank sum test. 

 

Figure S3. Alpha diversity indices in children with and without egg allergy stratified by 

atopic dermatitis. Alpha diversity estimated by  (A) Chao1 index (species-based richness), 

(B) Faith’s phylogenetic diversity (divergence-based richness), and (C) Shannon (H) index 

(richness and evenness) at rarefaction depth of 2000 reads for subjects with egg allergy and 

controls, stratified by atopic dermatitis. Mean and standard deviation alpha diversity were 

estimated by subsampling 10 times for each sample at this rarefaction depth. P-values were 

calculated using the Wilcoxon rank sum test. 

 

Figure S4. Alpha diversity indices in children with and without egg allergy stratified by 

current breastfeeding status. Alpha diversity estimated by  (A) Chao1 index (species-

based richness), (B) Faith’s phylogenetic diversity (divergence-based richness), and (C) 

Shannon (H) index (richness and evenness) at rarefaction depth of 2000 reads for subjects 

with egg allergy and controls, stratified by current breastfeeding status. Mean and standard 

deviation alpha diversity were estimated by subsampling 10 times for each sample at this 

rarefaction depth. P-values were calculated using the Wilcoxon rank sum test. 
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Figure S5. Alpha diversity indices in children with and without egg allergy stratified by 

antibiotic use (any during lifetime). Alpha diversity estimated by  (A) Chao1 index 

(species-based richness), (B) Faith’s phylogenetic diversity (divergence-based richness), 

and (C) Shannon (H) index (richness and evenness) at rarefaction depth of 2000 reads for 

subjects with egg allergy and controls, stratified by lifetime antibiotic use. Mean and standard 

deviation alpha diversity were estimated by subsampling 10 times for each sample at this 

rarefaction depth. P-values were calculated using the Wilcoxon rank sum test. 

 

Figure S6. Alpha diversity indices in children with and without egg sensitization 

stratified by age. Alpha diversity estimated by  (A) Chao1 index (species-based richness), 

(B) Faith’s phylogenetic diversity (divergence-based richness), and (C) Shannon (H) index 

(richness and evenness) at rarefaction depth of 2000 reads for subjects with and without egg 

sensitization, stratified by age. Mean and standard deviation alpha diversity were estimated 

by subsampling 10 times for each sample at this rarefaction depth. P-values were calculated 

using the Wilcoxon rank sum test. 

 

Figure S7. Alpha diversity indices in children with and without egg sensitization 

stratified by atopic dermatitis. Alpha diversity estimated by  (A) Chao1 index (species-

based richness), (B) Faith’s phylogenetic diversity (divergence-based richness), and (C) 

Shannon (H) index (richness and evenness) at rarefaction depth of 2000 reads for subjects 

with and without egg sensitization, stratified by atopic dermatitis. Mean and standard 

deviation alpha diversity were estimated by subsampling 10 times for each sample at this 

rarefaction depth. P-values were calculated using the Wilcoxon rank sum test. 
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Figure S8. Alpha diversity indices in children with and without egg sensitization 

stratified by current breastfeeding status. Alpha diversity estimated by  (A) Chao1 index 

(species-based richness), (B) Faith’s phylogenetic diversity (divergence-based richness), 

and (C) Shannon (H) index (richness and evenness) at rarefaction depth of 2000 reads for 

subjects with and without egg sensitization, stratified by current breastfeeding status. Mean 

and standard deviation alpha diversity were estimated by subsampling 10 times for each 

sample at this rarefaction depth. P-values were calculated using the Wilcoxon rank sum test. 

 

Figure S9. Alpha diversity indices in children with and without egg sensitization 

stratified by antibiotic use (any during lifetime). Alpha diversity estimated by  (A) Chao1 

index (species-based richness), (B) Faith’s phylogenetic diversity (divergence-based 

richness), and (C) Shannon (H) index (richness and evenness) at rarefaction depth of 2000 

reads for subjects with and without egg sensitization, stratified by lifetime antibiotic use. 

Mean and standard deviation alpha diversity were estimated by subsampling 10 times for 

each sample at this rarefaction depth. P-values were calculated using the Wilcoxon rank 

sum test. 

 

Figure S10. No difference in gut bacterial diversity between subjects with persistent 

vs. resolved egg allergy by age 8 years. Alpha diversity at rarefaction depth of 2000 reads 

for egg allergic subjects with and without egg allergy resolution by age 8 years. The vertical 

axis indicates alpha diversity measured using Faith’s phylogenetic diversity. Mean and 

standard deviation alpha diversity were estimated by subsampling 10 times.  
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