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Capsule Summary: Increased relative abundance of nine bacterial genera within the infant gut 

microbiota is associated with a reduced risk of developing a spectrum of atopic disease outcomes at 

age one year.

Key Words: Atopic Dermatitis; Atopy; Wheeze; Food Sensitization; Microbiota; Live Biotherapeutic 

Product.
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To the Editor:

Forty percent of the world’s population is sensitized to at least one environmental allergen and atopic 

diseases such as asthma, atopic dermatitis, and food allergy are among the most frequent health 

challenges faced by children today. Atopic conditions often manifest differently in similarly 

predisposed individuals and frequently co-occur within the same individual over time; a phenomenon 

best understood in the context of the “atopic march” (1). Yet the underlying causes of many allergic 

diseases are not fully understood and no effective curative or preventative immunomodulatory 

therapies exist. Recently, however, multiple converging lines of evidence suggest that the gut 

microbiota may play a role in the etiology of atopic disease, especially during a critical window early 

in life when both the microbiota and infant immune system are maturing (2,3). To date, most studies 

have focused on single atopic disease outcomes. Here we leverage the richness of the outcomes 

assessed in the CHILD Cohort Study to investigate the relationship between the early life gut 

microbiota and the development of several early life atopic conditions, with the goal of identifying 

specific ‘missing’ microbes involved in the natural history of the atopic march. Deliberate early life 

supplementation with specific ‘missing’ immunomodulatory microbes may represent a novel 

approach to the primary prevention of multiple human atopic diseases and atopic multimorbidity. 

We hypothesized that a common set of microbes in the early life gut microbiota of a precisely defined 

cohort of “healthy” children would be associated with a decreased risk of atopic dermatitis (AD), food 

and inhalant allergen sensitization, and recurrent wheeze (RW; one of the strongest risk factors for 

asthma) at age one year. To test this hypothesis, we applied a series of complementary machine 

learning approaches (Figures E1 & E2) to integrate comprehensive clinical data in the CHILD cohort 

with 16S rDNA amplicon sequencing data from stool samples collected at three months of age 

(n=837; see Supplement for full description of Methods and Table E1). Using this approach, we 

nominated a consortium of microbes in the infant gut as candidates for inclusion in a live 

biotherapeutic product (LBP) that can be tested for its potential to prevent the onset of a variety of 

frequently co-occurring atopic disease manifestations (see Supplement reference 43 and relevant 

patent applications listed in the Supplement describing current trials using a similar approach). 
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Clinical trials designed to test the efficacy of LBPs for the prevention of atopic disease are 

constrained by the necessity to evaluate early measures of efficacy, and age one year is thus a 

desirable end point. The clinical relevance of the one year allergic phenotypes used in this study is 

emphasized by the fact that infants with a positive atopic composite index (defined as having two or 

more atopic outcomes (AD, food sensitization (FS), RW, or atopy plus wheeze (AW)) at age one year 

were 2.1 times more likely than healthy controls to have a positive allergic composite index at age 

five years (defined as having two or more diagnoses of asthma, allergic rhinitis, AD, or FS) and 2-10 

times more likely to have one of asthma, allergic rhinitis, AD, or FS at age five years (Figure E3). 

Healthy controls were defined as children who were negative for all signs and symptoms of allergic 

disease (RW, asthma, AD, food allergy, allergic rhinitis, and sensitization to food or inhalant 

allergens) up to age five years. 

Consistent with previous studies (4), we observed differences in global measures of gut microbiota 

diversity at three months of age between infants who remained healthy and those with an allergic 

diagnosis at age one year. Specifically, increased bacterial diversity (as quantified by the Shannon α-

diversity index) was associated with protection against allergic sensitization (atopy), wheeze, AW, 

FS, and AD (Figures 1A & E4). We then sought to determine whether specific microbes might be 

involved in driving these effects as these may represent therapeutic targets. We applied three 

complementary machine learning techniques (details in Supplement) on 16S rRNA amplicon 

sequence data taxonomically annotated to the genus level to identify bacterial genera that differed in 

relative abundance between healthy children and children who developed an allergic disorder by age 

one year. As anticipated, specific allergic disorders showed significant overlap within single 

individuals at one year of age (Figure 1B): AD, FS, RW, and AW (Figure 1B). 

Bacterial genera identified by at least one machine learning method to be consistently reduced in 

relative abundance among cases relative to healthy controls and found in at least 15% of healthy 

control samples were included in the final nomination. Using these methods, we identified nine 

bacterial genera whose relative abundances were inversely related to the risk of developing at least 

two allergic disease manifestations at age one year (Table 1; Figure 2). 
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Although it is now well established that gut microbiota communities of infants who go on to develop 

allergic manifestations differ from those of healthy children (5), few clinical trials have been 

completed in an attempt to translate these findings to clinical practice. Moreover, many of the small 

clinical trials completed to date have shown disappointing results (6,7), likely at least in part because 

many LBPs used in these trials have focused on only one or a few microbes with little population-

based evidence to support their use in allergic disease. Lactobacillus, for instance, is commonly tested 

for its efficacy as a probiotic for allergy prevention, but has been found to have limited long-term 

efficacy. In light of our findings suggesting that Lactobacillus is not deficient in infants who develop 

atopic disease manifestations by age one year, these studies together suggest that the design of 

effective microbiota-based therapeutics requires tailoring to a carefully defined target population. 

Additionally, many functional features of the gut microbiota associated with protection against 

allergy, such as the production of short-chain fatty acid (SCFA) metabolites, depend on the existence 

of a complex, dynamic community of microbes. Thus, supplementation with a microbial consortium 

rather than individual microbes may be a more effective strategy for modulating the development of 

allergic disease (8,9). Based on our results, we propose the assessment of a nine-component microbial 

cocktail comprised of bacteria from the following genera for use in a clinical trial as a LBP for the 

primary prevention of allergic disease and atopic multimorbidity: Faecalibacterium, Lachnospira, 

Coprococcus (Anaerostipes/Eubacterium_E), Oscillospira (Intestinimonas/Flavonifractor), 

Roseburia, Blautia, Dorea (Tyzzerella), Parabacteroides, and Ruminococcus (Figure 2, Table 1, 

Table E3). Given that the functional capacities of bacterial species and strains within a specific genus 

can be vastly disparate, the cultivation and functional testing of bacterial strains isolated from healthy 

children in animal and other models will be critical to the development of such a LBP. 

Eight of the nine nominated bacterial genera belong to the class Clostridia, seven are known 

producers of SCFAs (Table 1; Table E4), none are known pathogens or pathobionts, and many of the 

nominated genera have been identified in other studies to be associated with atopic outcomes and/or 

have beneficial immunomodulatory effects (see Supplement for additional references). Consistent 

with our results, levels of fecal SCFAs including acetate, butyrate, and propionate are often found to 

be reduced in infants at risk of allergic diseases and data from animal models indicates that SCFA-

producing bacteria in the gut protect against allergic diseases through the promotion of anti-A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

inflammatory and tolerogenic immune responses. Thus, our results suggest that supplementation with 

a LBP comprised of multiple bacterial genera may prevent the onset or progression of a wide array of 

allergic disease manifestations. Future work will validate these findings, verify the functional SCFA-

producing capacities of the LBP through metagenomic sequencing and/or experimental approaches, 

and determine whether administration of the proposed LBP in infancy is safe and can protect against 

the onset and/or reduce the severity of allergic disease manifestations in mice and humans. We 

anticipate that these findings will be useful in guiding the development of future rigorous clinical 

trials.
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Figure legends:

Figure 1. (A) Risk of developing an allergic disease manifestation (RW: recurrent wheeze; ARW: 

Atopy+recurrent wheeze; AW: atopy+wheeze; Food sens: food sensitization; AD: atopic dermatitis) 

by age one year associated with one interquartile range (IQR) increase in the alpha diversity (Shannon 

index) of the three-month gut microbiota determined by univariate logistic regression in the CHILD 

cohort study sample included in this study. (B) Number of children with one or more of: atopy plus 

wheeze, food sensitization, recurrent wheeze, and atopic dermatitis at age one year.

Figure 2. Overlap of bacterial genera nominated as potentially protective against clinical indications 

of atopic dermatitis, food sensitization, recurrent wheeze, and atopy plus wheeze diagnosed one year 

after birth in a subset of infants from the CHILD Cohort Study based on 16S rRNA gene sequencing. 
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Table 1. Bacterial genera nominated as potentially protective against clinical indications of 

atopic dermatitis, food sensitization, recurrent wheeze, and atopy plus wheeze diagnosed one 

year after birth. Check marks indicate nominees for each clinical indication. 

Nominated genera Atopic 

dermatitis 

Food 

sensitization 

Recurrent 

Wheeze 

Atopy + 

Wheeze 

Faecalibacterium* √ √ √ √ 

Lachnospira†  √ √ √ 

Coprococcus† √ √ √ √ 

Oscillospira* √ √ √  

Roseburia*◊ √ √ √ √ 

Blautia* √ √  √ 

Dorea**
 

√ √   

Parabacteroides √   √ 

Ruminococcus* √ √  √ 

*=known butyrate producer 

**=possible butyrate producer 

†=known acetate producer 

◊=known propionate producer 
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SUPPLEMENTARY METHODS55

56
Ethics Approval57

The human clinical research ethics boards at all universities and institutions directly involved58

with the CHILD cohort (McMaster University, University of British Columbia, the Hospital for59

Sick Children, University of Manitoba, and University of Alberta) approved this study and a60

parent or legal guardian gave signed informed consent to participate in the study.61

62

Sample collection and sequencing data acquisition63

DNA from fecal samples collected at three months of age from CHILD cohort participants was64

extracted using the MO BIO PowerMag Soil DNA Isolation Kit. The V4 hypervariable region of65

the 16S rRNA gene was amplified by PCR using universal bacterial primers (V4-515f: V4-806r)66

and pooled PCR amplicons were subjected to paired-end sequencing on the Illumina MiSeq67

platform.68

69

CHILD cohort description and clinical definitions70

CHILD cohort recruited a total of 3,621 pregnant women aged 18 years or older (19 or older in71

Vancouver) from four cities across Canada (see (1,2) for a detailed description). Infants born72

after 34 weeks of gestation with no congenital abnormalities were eligible and 3,455 began the73

study at birth. The current analysis was based on a subset of 659 children for whom fecal74

microbiota data at three months of age had been analyzed and 1, 3, and 5 year clinical outcomes75

data were available.76

77
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The CHILD cohort has prospectively followed children prenatally to age 5 years and collected a78

comprehensive array of clinical objective measurements and assessments, allowing the diagnosis79

of atopic diseases including asthma, allergic sensitization, wheeze, allergic rhinitis, and atopic80

dermatitis (or eczema). The health status of the CHILD study subjects was recorded using a81

combination of questionnaires and structured in-person clinical assessments at 11 time points82

over a period of five years after birth.83

84

Children were diagnosed with IgE-mediated allergic sensitization (also referred to as atopy)85

based on skin prick testing to multiple common food and environmental inhalant allergens, using86

≥ 2 mm average wheal size as indicating a positive test relative to the negative control. Allergens87

tested at the one year visit were German cockroach, Alternaria alternata, house dust mites88

(Dermatophagoides psteronyssinus and Dermatophagoides farnae), cat hair, dog epithelium,89

cow’s milk, peanut, egg white and soybean. Glycerin and histamine served as the negative and90

positive controls, respectively. Additional allergens tested at three and five year visits were91

Cladosporium, tree mix, grass mix, Aspergillus fumigatus, weed mix, ragweed mix and92

penicillium mix. Food sensitization was defined at ages one, three, and five years after birth93

based on skin prick test measurements to the following foods: eggs, peanut, milk, and soy bean.94

95

Atopic dermatitis was diagnosed at ages one, three, and five years after birth based on a clinical96

assessment by a CHILD healthcare professional using the UK Working Party criteria (3).97

98

Recurrent wheeze was diagnosed at ages one, three, and five years after birth if the subject was99

reported to have two or more episodes of wheeze within the preceding year as indicated by the100
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response to the Child Health Questionnaire or clinical assessment. Asthma was diagnosed at ages101

3 and 5 years based on a study subspecialist pediatrician response to the question: “In your102

opinion, does this child have asthma? (Yes / Possible / No)”. The pediatric asthma specialist or103

the highly trained health care professional working under their supervision conducted a104

structured interview with the accompanying parent or guardian identifying symptoms consistent105

with asthma, namely recurrent wheeze and coughing without a cold, and noted any physical106

findings. Asthma was considered definite if the parent reported physician-diagnosed asthma, or107

use of a bronchodilator prescribed by a physician for episodes of coughing or wheezing, or use108

of a prescribed daily controller medication, or frequent wheezing (3 or more distinct episodes109

over the previous year) with no alternative diagnosis. Atopy was not essential for this diagnosis110

but, together with parental history, weighted the likelihood of diagnosing recurrent wheezing as111

definite asthma. Possible asthma was recorded if there were less frequent episodes of wheeze or112

coughing without colds, and no report of medication use. Only definite cases of asthma (“Yes” to113

the initial interview question) were considered as cases for the purposes of the present study.114

115

Healthy subjects were defined as CHILD study subjects who did not have asthma, recurrent116

wheeze, atopic dermatitis, atopy, or allergic sensitization (see table E1 for full description of117

sample sizes).118

119

Sequence processing and statistical analysis120

Demultiplexed fastq-files were processed in Qiime2 (4) to generate sub-Operational Taxonomic121

Units (sOTUs) as recommended by the deblur workflow (5) (https://github.com/biocore/deblur).122

The taxonomic assignment of the sOTUs was performed using the Greengenes database (6)123
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(version 13_8) (http://greengenes.secondgenome.com/downloads/database/13_8). All124

downstream microbiota data analyses were performed in the statistical software package R125

version 3.3.0, using packages including phyloseq (7) (https://github.com/joey711/phyloseq),126

randomForest (8) (https://www.stat.berkeley.edu/~breiman/RandomForests/), and127

mixOmicsCaret (9,10) (https://github.com/jonathanth/mixOmicsCaret). The overall data analysis128

workflow is described in Figure E1 and was designed to respect the compositional nature of129

amplicon sequencing data. Odds ratios (ORs) were calculated in R using logistic regression.130

131

The Data QC step defines the healthy cohort for all clinical measurements, removes rare sOTUs132

and low-quality reads. The microbiota data were examined at aggregated genus level given the133

taxonomic resolution afforded by 16S sequencing. At this order, the sequencing resulted in a134

mean of 11215 reads per sample ranging from 2 to 49915. In order to correct for sequencing135

variation across the samples and sequencing batch effects, the microbiota data were rarefied136

(5000 reads) and percentile normalized, respectively. Additionally, for some methods which can137

incorporate sequencing depth and batch effects as parameters in the modeling, raw microbiota138

data was used along with sequencing batch and depth information as additional parameters.139

140

Three distinct differential abundance methods were used to nominate taxa that were significantly141

and differentially abundant between individuals with a specific clinical phenotype and healthy142

individuals. Differences in the relative abundances at the genus level were analyzed using a143

number of differential abundance tests present in the R package DATest (11)144

(https://github.com/Russel88/DAtest) including t-test, Wilcoxon rank-sum test, linear145

regressions, limma, SAMseq, edgeR, DESeq2, metagenomeSeq, and ANCOM. The DATest146
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package allows comparison of different methods for differential abundance testing in order to147

select methods most appropriate for the specific microbiota dataset and assumes that most148

features are not associated with the outcome of interest. The importance of differentially149

abundant taxa (at genus level) for differentiating individuals with and without allergic disease150

was also determined using the sparse Partial Least Square – Discriminant Analysis (sPLS-DA)151

(10) and random forest classification (8). After log ratio transformation and total sum scaling of152

microbiota sequencing data to account for the compositionality of the dataset, sPLS-DA methods153

select the most predictive features in a dataset that help classify samples according to the154

outcome of interest. Random forest classification, in turn, is an accurate non-linear model for155

determining the most important features for predicting sample classification by training an156

outcome classification algorithm based on microbiota composition using a subset of samples and157

testing the accuracy of the model on the remaining samples. An optimized number of input158

variables were selected using repeated 10-fold cross-validation of the Area Under the Curve159

(AUC) statistic to avoid overfitting.160

161

Subsequently nominated taxa for each condition were further filtered for a prevalence greater162

than 15% in the healthy children and relative abundances greater than 0.2% (Figure E2). A163

statistical significance level of 0.05 and an AUC cut-off of greater than 0.6 were used in all164

analyses.165

166

Nomination for clinical measurements167

Using the above-mentioned methods, the microbiota data collected at three months of age was168

used to nominate taxa that were associated with protection against clinical measures/phenotypes169



S8
Submitted Manuscript: Confidential Boutin, Sbihi, Dsouza et al.

at age one year. The clinical measurements for which the method was applied were: atopic170

dermatitis, food sensitization, recurrent wheeze, and atopy plus wheeze. The nominated genera171

for each clinical measure are listed in Table E2. As anticipated, there was a significant overlap in172

the nominated genera for the individual clinical measurements. These genera were combined into173

a single nomination for a composite atopic disease which is defined as having two or more of the174

clinical measurements: atopic dermatitis, food sensitization, recurrent wheeze, and atopy plus175

wheeze. Taxa included in the final nomination were further refined by including only those176

present at greater relative abundance in controls relative to cases for at least three of the four177

clinical phenotypes assessed, regardless of whether this difference was statistically significant.178

No bacterial genera were identified to be consistently increased in cases relative to controls.179

180

The sequences of the nominated genera were also mapped to the Genomic Taxonomy Database181

(version 86) (http://gtdb.ecogenomic.org/) (12), and their corresponding genera are listed in182

Table E3.183

184

185
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186

187

Figure E1. An overview of the methods used to analyze amplicon-based microbiota data to188
nominate taxa enriched in healthy individuals versus individuals with an atopic disease189
manifestation at age one year.190

191
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192
193
194

Figure E2. Relative abundance of genera within the three-month-old gut microbiota reported as195
potential nomination for inclusion in a live biotherapeutic product by modeling methods in196
healthy subjects (blue box plots) and subjects with: (A) atopic dermatitis (orange box plots); (B)197
food sensitization (green box plots); (C) recurrent wheeze (red box plots); and (D) atopy plus198
wheeze (purple box plots) at one year of age. Taxa included in the final nomination (according to199
the Greengenes database) for each clinical measurement assessed at one year are indicated with200
an arrow.201

202
203
204
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205
206

Figure E3. Odds ratios and 95% confidence intervals for children with a positive atopic207
composite score (having at least two atopic disease manifestations (atopic dermatitis, food208
sensitization, recurrent wheeze, atopy+wheeze)) at age one year of being diagnosed with food209
sensitization, atopic dermatitis, allergic rhinitis, asthma, or two or more of these conditions210
(allergic composite score) at age five years.211

212
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213
Figure E4. Risk of developing an allergic disease manifestation by age one year associated with214
an interquartile range (IQR) increase in alpha diversity (Shannon index) of the three-month gut215
microbiota stratified by potentially modifiable risk factors ((A) mode of delivery and (B)216
prenatal smoking exposure) and non-modifiable risk factors ((C) sex and (D) parental asthma217
status). RW: recurrent wheeze; ARW: atopy plus recurrent wheeze; AW: atopy plus wheeze;218
AD: atopic dermatitis.219

220
221
222
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Table E1. Derivation of sample sizes used in each analysis according to 16S data processing.223
Description Total sample

size
Phenotype sample sizes

Total cohort with 16S data available 837 Healthy controls: 140
At least one allergic disorder: 316

Cohort with 16S data available after
data processing and rarefaction

659 Healthy controls: 112
At least one allergic disorder: 244

224
225

Table E2. Nominated genera from the three-month-old for each clinical measurement assessed226
at age one year.227
Atopic Dermatitis Food Sensitization Recurrent Wheeze Atopy+Wheeze
Blautia Blautia Blautia
Coprococcus Coprococcus Coprococcus Coprococcus
Dorea Dorea
Faecalibacterium Faecalibacterium Faecalibacterium Faecalibacterium
Oscillospira Oscillospira Oscillospira

Lachnospira Lachnospira Lachnospira
Parabacteroides Parabacteroides
Roseburia Roseburia Roseburia Roseburia
Ruminococcus Ruminococcus Ruminococcus

228
229

Table E3. Nominated genera correspondence across two taxonomic classification methods.230
Genus (Greengenes database v13_8) Genus (GTDB database v86)
Faecalibacterium Faecalibacterium
Lachnospira Lachnospira
Coprococcus Anaerostipes
Coprococcus Eubacterium_E
Oscillospira Intestinimonas
Oscillospira Flavonifractor
Roseburia Roseburia
[Ruminococcus] Ruminococcus_B
Ruminococcus Ruminococcus_E
Dorea Tyzzerella
Blautia Blautia
Blautia Blautia_A
Parabacteroides Parabacteroides

231
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Table E4. Short-chain fatty acid-producing capacity of bacterial general nominated for232
inclusion in a live biotherapeutic product designed for allergic disease prevention (13–50).233

234
Nominated genera Short-chain fatty acids

produced

Faecalibacterium Butyrate

Lachnospira Acetate

Oscillospira Butyrate
Roseburia Butyrate, Propionate
Blautia Acetate, Butyrate

235

236

237

238
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