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Objective: This study aimed to investigate the gut microbiome profile in different inflam-
matory phenotypes of treatment-naive newly diagnosed asthmatic adults, to gain insight on 
the associations between intestinal microbiota and phenotypic features that characterize 
asthma heterogeneity to develop new treatments for asthma.
Methods: Fresh stool samples were obtained from 20 healthy subjects and 47 newly 
diagnosed asthmatic patients prior to any interventions. The asthmatics were divided into 
allergic and non-allergic cohorts. Intestinal microbiota was analyzed by 16S rRNA next- 
generation sequencing. Demographic and clinical parameters were collected. Alpha and beta 
diversity analysis were calculated to detect differences within sample phylotype richness and 
evenness between controls and asthmatic patients. Statistically significant differences 
between samples were analyzed for all used metrics, and features of gut bacterial community 
structure were evaluated in relation to extensive clinical characteristics of asthmatic patients.
Results: Gut microbial compositions were significantly different between asthmatic and 
healthy groups. Alpha-diversity of the gut microbiome was significantly lower in asthmatics 
than in controls. The microbiome between allergic and non-allergic asthmatic patients were 
also different, and 28 differential species were identified. PPAR signaling pathway, carote-
noid biosynthesis, and flavonoid biosynthesis were significantly positively correlated with 
allergy-associated clinical index, including FENO value, blood eosinophil counts, and serum 
IgE and IL-4 levels. A combination of Ruminococcus bromii, Brevundimonas vesicularis, 
and Clostridium disporicum showed an AUC of 0.743 in the specific allergic/non-allergic 
cohort. When integrating C. disporicum, flavone, flavonol biosynthesis, and serum IL-4 
values, the AUC achieved 0.929 to classify asthmatics. At the same time, C. colinum and 
its associated functional pathway exhibited an AUC of 0.78 to distinguish allergic asthmatics 
from those without allergies.
Conclusion: We demonstrated a distinct taxonomic composition of gut microbiota in 
different asthmatic phenotypes, highlighting their significant relationships. Our study may 
support considerations of intestinal microbial signatures in delineating asthma phenotypes.
Keywords: asthma, phenotypes, gut microbiota, 16S rRNA next-generation sequencing, 
functional pathway

Background
Asthma is one of the most common chronic respiratory diseases that has affected 
more than 600 million people and caused 250,000 deaths each year.1 In addition, its 
pathogenesis is heterogeneous and includes multiple phenotypes with diverging 
clinical characteristics and outcomes.2 Asthmatic patients with different phenotypes 
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show a distinct, sometimes even completely refractory, 
response to standard inhaled corticosteroid (ICS) therapy 
and require a large amount of resources for management.3 

Allergic asthma is a highly prevalent phenotype of asthma 
displaying at least one form of allergy, usually character-
ized by type 2 (T2) inflammation4 defined by a high 
expression of cytokines interleukin-4 (IL-4), IL-5, and 
IL-13 in the serum, usually accompanied by elevated 
blood eosinophil (EOS) and immunoglobulin E (IgE) 
level.5 Most patients with “T2-high” inflammation respond 
well to ICS therapy. In contrast, those who respond poorly 
to ICS treatment have “corticosteroid resistance” and may 
progress to “refractory asthma”.6 The heterogeneous nat-
ure of asthma increases the disease’s burden and chal-
lenges for appropriate diagnosis and therapy. Therefore, 
improved understanding of the biological drivers under-
lying different endotypes will advance more precise 
approaches to define asthma and determine the best treat-
ment options.

The “hygiene hypothesis” was the first to suggest a link 
between microbes and allergy.7 Recently, the development 
of DNA/RNA sequencing technologies for microorganism 
identification has made more in-depth microbiome 
research possible. To date, growing evidence have 
revealed associations between bacterial composition and 
asthma. The different composition of lung microbiome 
between asthmatic and healthy individuals suggest that 
bacteria might contribute to the initiation of asthma8–10 

and to the immune responses for microbiota residing in 
other sites, such as the gut. This has led to the concept of 
the “gut–lung axis,” the dysbiosis of gut microbiota is 
linked to airway disease through modification of the 
immune response.11 The human gut in healthy subjects is 
colonized by 1014 bacteria and contains more than 1000 
bacterial species. The interaction of the human gut and its 
microbiome has been conditioned by dietary and environ-
mental variations, leading to various bacteria interacting 
both for defense and nutritional advantages.12

The potential for intestinal microbiota to modulate 
allergic airway inflammation has been demonstrated in 
a murine model.13 Altered gut microbiota of fetal age in 
mice has been reported to augment allergic sensitization.14 

In humans, several studies have linked a dysbiosis of the 
gut microbiome early in life with an enhanced risk for 
asthma development later in life.15–17 Moreover, in clinical 
studies, the relationships between microbial dysbiosis and 
asthma phenotypes have predominantly been explored 
among adults whose asthma heterogeneity is well 

recognized. Adults with allergic asthma have a higher 
concentration of histamine-secreting bacteria in their gut 
than healthy subjects, suggesting a microbial source of 
histamine that affects manifestations of allergic asthma.18 

Intestinal microbiota differences were also associated with 
sensitization to many aeroallergens and with differences in 
lung function among asthmatic adults.19 However, as the 
asthmatic patients included in the studies mentioned above 
had begun to use corticosteroids prior to the study period, 
it is unclear whether this difference in bacterial composi-
tion is a characteristic of asthma itself, related to corticos-
teroid use, or both. As asthma disease by itself, different 
phenotypes and medications (including corticosteroids) 
can significantly shape the microbiome profiles. Hence, 
these early findings invite a closer look into possible 
mechanisms by which the intestinal microbiota may influ-
ence features related to different endotypes of asthma in 
adult populations.

In this study, we investigated the composition of intest-
inal microbiota in newly diagnosed adults with asthma 
(had not received medication therapy) with different phe-
notypes and healthy controls from South China, analyzed 
their diversity at a taxonomic level, and explored the 
interaction of the dominant flora, to confirm the hypothesis 
that the characteristics of gut microbiome would be differ-
ent between different inflammatory phenotypes of asthma. 
Additionally, we further investigated the relationships 
between the profile of gut bacterial flora and clinical para-
meters, such as forced expiratory volume in one second 
(FEV1), a fraction of exhaled nitric oxide (FENO) values, 
and IgE levels. Our results may help later diagnose differ-
ent phenotypes of asthma better and allow us to use the 
microbiome as a biomarker in precision medicine 
approaches for the disease.

Methods
Study Subjects and Sample Collection
A total of 67 adults were recruited in this cross-sectional 
study from July 2020 to December 2020 in the Third- 
Affiliated Hospital of Sun Yat-Sen University, China. Of 
them, 47 were newly diagnosed with bronchial asthma 
(treatment-naive) according to Global Initiative for 
Asthma 2019 guidelines, and the other 20 were healthy 
individuals (controls). All the participants were aged 18– 
50 years. The exclusion criteria were as follows: abnormal 
body mass index (BMI >28 or <18.5); unusual dietetic 
regimen; smokers; history of colon cancer; autoimmune 
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diseases; inflammatory bowel disease; diarrhea 4 weeks 
before taking the stool sample; antibiotic, probiotic, or 
vitamin administration less than 1 month before fecal 
sampling; those who received immunosuppressive therapy 
and/or allergen-specific immunotherapy in the last 5 years; 
and those on oral or inhaled glucocorticoid treatment dur-
ing 6 months prior to the sample collection date. Clinical 
parameters of all the participants were collected. This 
study was conducted in accordance with the Declaration 
of Helsinki and approved by the institutional review 
boards of the Third-Affiliated Hospital of Sun Yat-sen 
University. Written informed consents were obtained 
from all individuals. Fresh stools were collected in sterile 
collection tubes and immediately transported and stored at 
−80°C, as previously described.19

16S rRNA Gene Sequencing and 
Microbiome Data Analysis
Fecal bacterial DNA of 100mg fecal material was 
extracted by a manufacturer’s instructions of the 
FastDNA Spin Kit for Feces. The DNA was diluted to 
1ng/µL across the sample set. The variable region V4 
encoded for the 16S rRNA gene was amplified using 
bacteria primer 515F/806R. PCR products operate electro-
phoresis on 2% agarose gel for qualification. Sequencing 
libraries were generated using TruSeq® DNA PCR-Free 
Sample Preparation Kit (Illumina, USA) and subjected to 
sequencing on an Illumina NovaSeq platform, and 250 bp 
paired-end reads were generated. Chimeric sequences 
were detected and filtered to obtain the effective tags 
using the UCHIME algorithm. Data were analyzed with 
the software “Quantitative Insights into Microbial 
Ecology.” Assembled sequences were clustered into opera-
tional taxonomic units (OTUs), picking at 97% sequence 
identity using UPARSE. The clustered OTUs were classi-
fied against Greengenes Databases (Release 13.8).20,21

Alpha and beta diversity analyses were calculated. 
Principal component analysis (PCA) was performed 
using the ade4 package in the R platform (version 4.0.2). 
Partial Least Squares Discriminant Analysis (PLS-DA) 
was used to discriminate the clustering effect of different 
phenotypes. To assess the proportion of microbiome var-
iance explained by different clinical factors, the adonis 
function of R package vegan was used to estimate the 
“one-to-all” effect size (R2). The area under the receiver 
operating characteristic curve (AUC/ROC) was used to 
appraise the disease prediction. In addition, the symbiotic 

relationship between microbiota was displayed using 
Cytoscape (v3.8.1) according to Spearman’s rank correla-
tion coefficient. Functional analysis was predicated with 
the Phylogenetic Investigation of Communities by 
Reconstruction of Unobserved States (PICRUSt) based 
on the high-quality tags of the microbiota.15

Random Forest Model
The predictability of the microbiome to disease stratifi-
cation was estimated using a random forest package. 
The Random forests (RF) model tried to grow multiple 
decision trees with different samples and different initial 
variables to produce a strong classifier. Lists of taxa 
ranked by RF in order of importance of characteristics 
were determined over 100 iterations. The number of 
marker taxa was identified using 10-fold cross- 
validation implemented with the function in the 
R package RF with five repeats.22 The accuracy of the 
model was examined using a ROC curve.

LASSO Logistic Regression Model
LASSO logistic regression model was constructed by 
glmnet package in R. Models were validated by 10-fold 
stratified cross-validation testing. Lambda.min returned the 
value of λ that gives minimum mean cross-validated error. 
Based on the value of Lambda.min, the most relevant micro-
biome units were obtained in the detection of asthma. The 
accuracy of the model was examined using a ROC curve.

Measurement of Serum IgE and Cytokine 
IL-4 Levels
Total serum and allergen-specific serum IgE levels were 
examined based on a previous study.15 Total serum IgE 
level was measured by ImmunoCAP (Phadia), and specific 
IgE levels to food (egg protein, milk, peanut, soybean, 
wheat, buckwheat, cashew nut, pistachio nuts, filbert, 
beef, mutton, shrimp, crab, peach, apple, mango, and 
strawberry) and inhalant (Dermatophagoides pteronyssi-
nus and Dermatophagoides farinae) allergens were deter-
mined using a commercial assay for IgE (ImmunoCAP 
Phadiatop Infant; Phadia). Serum cytokine IL-4 level was 
measured according to the manufacturer’s instructions.

Bioinformatical and Statistical Analysis
All statistical analyses were performed using Prism 8 
(GraphPad Software, San Diego, CA) unless otherwise sta-
ted in individual method sections above. 
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Differences between the two groups were evaluated using 
the Student’s t-test (parametric) or Mann–Whitney U-test 
(non-parametric). For comparisons of more than 3 groups, 
one-way ANOVA (parametric) or Kruskal–Wallis test (non- 
parametric) were performed. Differences of adjusted p < 
0.05 were considered significant (*p < 0.05; **p < 0.01).

Results
Demographic and Clinical Characteristics 
of Study Subjects
Subjects were considered as allergic if they had evidence 
of allergic sensitization to one or more allergens. Of all the 
asthmatic patients, 27 were considered to be allergic. None 
of the healthy controls showed evidence of allergy. 
Clinical parameters and asthmatic characteristics were 
shown in Table 1. FENO values, serum IgE and IL-4 
levels were significantly higher in asthmatic patients than 
healthy control subjects. At the same time, FEV1/ 
FEV1prediction (FEV1%pred) and FEV1/Forced vital 
capacity (FEV1/FVC) ratio were significantly lower in 
asthmatic subjects.

Characterization of the Gut Microbiota in 
Asthmatic Patients
Two negative sequencing controls (feces-free blanks pro-
cessed with the same sequencing procedure) were intro-
duced as quality controls to exclude the contamination of 
our samples. As expected, no bacterial DNA was detected 
in quality controls. In addition, the rarefaction and the rank 
abundance curves were shown in Supplementary 
Figure 1A and B, indicating the rationality of sequencing 
data.

Permutational multivariate ANOVA (PERMANOVA) 
was performed to identify any clinical characteristics that 
affected gut microbiota. Demographic parameters such as 
age, gender, and BMI were not statistically different 
between asthmatic and healthy subjects. Instead, the dis-
ease status and the serum IL-4 level were two main rea-
sons for the difference in intestinal microbiome between 
patients and controls (Supplementary Figure 1C). The 
overall microbial composition was significantly different 
between asthmatic and healthy groups (Adonis, p = 0.004) 
(Figure 1A). We subsequently measured the 

Table 1 Demographic and Clinical Characteristics of Study Subjects

Healthy 
(N=20)

Asthma 
(N=47)

p value Asthma

Non- 
Allergy (N=20)

Allergy (N=27) p value

Age 20.64±14.53 39.91±16.02 0.8604 42.7±17.44 37.85±14.88 0.3102

Gender >0.9999 0.513

Male 10 22 12 10
Female 10 25 8 17

Height (cm) 163.2±8.36 161.3±7.96 0.3812 160.2±9.20 162.11±6.99 0.442

Weight (kg) 57.85±10.18 60.2±12.87 0.4709 58.48±11.46 61.48±13.90 0.4346

BMI (kg/m2) 21.58±2.39 23.09±4.42 0.1554 22.74±11.46 23.35±4.87 0.6497

FEV1 (L) 3.2±0.47 2.57±0.79 0.0007* 2.49±0.83 2.64±0.76 0.5327

FEV1%pred 95.43±7.77 87.60±14.91 0.0301* 87.46±13.24 87.71±16.28 0.9559

FEV1/FVC 90.565±3.94 80.47±9.83 <0.0001* 78.61±10.50 81.85±9.27 0.2677

FENO (ppb) 20.25±5.72 38.87±14.41 <0.0001* 31.3±10.16 44.48±14.66 0.0012*

EOS (*10E9/L) 0.3485±0.14 0.42±0.33 0.3473 0.174±0.10 0.61±0.33 <0.0001*

IgE (IU/mL) (0–48, 27) (0–531, 111) 0.0005* (0–142, 46) (56–531, 213) <0.0001*

IL-4 33.41±5.78 45.61±9.45 <0.0001* 37.3±6.80 51.77±5.62 <0.0001*

Notes: Data were presented by median (range) or mean ± standard deviation (x±s) (continuous). *p < 0.05. 
Abbreviations: BMI, Body Mass Index; FEV1, forced expiratory volume in one second; FEV1%pred,  FEV1/FEV1 prediction; FVC, Forced vital capacity; FENO, Fractional 
exhaled nitric oxide; EOS, Eosinophil; IgE, Immunoglobulin E; IL-4, Interleukin-4.
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microbial diversity using Shannon indices and found that 
the alpha-diversity of asthmatic patients was significantly 
lower than those from control (p = 0.031) (Figure 1B).

We next assessed the general landscape of gut micro-
biome composition in all subjects and revealed the pre-
sence of similar communities (Figure 1C). Linear 
discriminant analysis of effect size showed that multiple 
species such as Ruminococcus gnavus, Bacteroides ple-
beius, and Clostridium clostridioforme were enriched in 
asthmatic patients while Roseburia inulinivorans and 
Clostridium disporicum were enriched in healthy controls 
(Figure 1D). To further clarify the microbial difference, we 
compared the bacterial at the species level. Species sig-
nificantly enriched in asthmatic patients included 
Ruminococcus gnavus, Clostridium clostridioforme, and 
Bifidobacterium pseudocatenulatum (Figure 1E–G). 
Significantly depleted species included Roseburia intesti-
nalis and Roseburia inulinivorans (Figure 1H and I).

In order to investigate the potential role of the gut 
microbiome, we constructed random-forest and LASSO 
logistic regression classifiers to discriminate asthma 
patients from healthy controls. The AUC/ROC achieved 
0.964 for the Random-forest classifier (Figure 1J), while 
similar results were obtained by LASSO logistic regres-
sion classifier (Supplementary Figure 2).

Differences of Intestinal Microbiome 
Between Different Asthma Phenotypes
As expected, FENO values, blood EOS counts, serum IgE 
and IL-4 levels were higher in allergic asthmatic patients 
than non-allergic ones (Table 1). Although there were no 
significant differences in α-diversity between allergic and 
non-allergic asthmatic patients (Supplementary Figure 3), 
we found an apparent difference in microbiome between 
them (Figure 2A). Twenty-eight differential species were 

Figure 1 Characterization of the gut microbiota in asthmatic patients. (A) The overall microbial composition was different between asthmatic and healthy groups (Adonis, 
p = 0.004). (B) Alpha-diversity of the intestinal microbiome was lower in asthmatic patients compared to control subjects by using Shannon indices (p = 0.031). (C) General 
landscape of gut microbiome in asthmatic patients and control subjects. (D) Differentially abundant bacterial communities between asthmatic patients and healthy control 
subjects by using LEfSe. (E–I) Species significantly enriched in asthmatic patients (E–G) and healthy controls (H and I) by using Student’s t-test. (J) ROC analysis of the 
bacterial biomarkers in RF model achieved an AUC of 0.964 to classify asthmatic patients from healthy controls. *, p < 0.05;  **, p < 0.01.
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identified, and 17 of these species were significantly dif-
ferent from those in healthy controls (Figure 2B and C). 
To establish a microbiotic signature for disease prediction, 
we tested the diagnostic potential of these 17 differential 
species in asthmatic stratification. It showed an AUC of 
0.953 to detect a patient with asthma and 0.967 to stratify 
allergic/non-allergic asthma (Figure 2D and E). These data 
indicated the close association of gut microbiome and 
different status of the disease.

Specifically, a combination of Ruminococcus bromii 
(R. bromii), Brevundimonas vesicularis (B. vesicularis), 
and Clostridium disporicum (C. disporicum) resulted in 
an AUC of 0.839 in the healthy/asthma cohort 

(Figure 2F) and 0.743 in allergic/non-allergic cohort 
(Figure 2G). As serum IL-4 level was significantly dif-
ferent among patients of three groups, we then tested its 
addition to the three-species signature. As expected, the 
AUC drastically increased to 0.915 to classify a patient 
with asthma (Figure 2F), while it improved to 0.967 in 
allergic/non-allergic stratification (Figure 2G). Moreover, 
C. disporicum was significantly positively correlated 
with FEV1 (r = 0.2564, p = 0.0362) and FEV1/FVC 
ratio (r=0.3237, p=0.0075) (Figure 2H and I). 
Meanwhile, R. bromii was significantly positively corre-
lated with FENO (r=0.2475, p=0.0435) and blood EOS 
count (r = 0.2503, p = 0.041) (Figure 2J and K). These 

Figure 2 Differences of intestinal microbiome between different asthma endotypes. (A) PLS-DA of intestinal microbiome difference between allergic and non-allergic 
asthmatic patients (Adonis, p = 0.014). (B and C) Differential species of gut microbiome in allergic, non-allergic asthmatic patients, and healthy controls. (D and E) The AUC 
of 17 differential species reached 0.953 to predict asthma from healthy controls (D), and 0.967 to distinguish allergic/non-allergic cohort (E). (F and G) Combination of 
Ruminococcus bromii, Brevundimonas vesicularis and Clostridium disporicum resulted in an AUC of 0.839 to discriminate healthy/asthma cohort (F) and 0.743 in allergic/non- 
allergic cohort (G). (H and I) Clostridium disporicum was positively correlated with FEV1 (r = 0.2564, p = 0.0362) (H) and FEV1/FVC ratio (r = 0.3237, p = 0.0075), (I). (J and 
K) Ruminococcus bromii was positively correlated with FENO (r = 0.2475, p = 0.0435) (J) and EOS level (r = 0.2503, p = 0.041) (K).
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data indicated the clinical significance of the gut micro-
biome in different statuses of asthma patients.

Functional Analysis of Gut Microbiota and 
Their Association with Asthma
We subsequently investigated functional changes within the 
gut microbiome between asthmatic patients and controls. 
Functional pathways were identified using HMP tool 
HUMAnN2 and annotated using KEGG, which indicated 
the involvement of metabolic pathways (Supplement 
Figure 4A). Further PICRUSt analysis also found that various 
metabolic pathways were enriched in the asthmatic group 
(Figure 3A). In contrast, some signal pathways such as bac-
terial motility proteins, bacterial chemotaxis, and flagellar 
assembly were down-regulated in the asthmatic group. We 
applied a LASSO logistic regression model to identify their 
clinical association, revealing an optimal set of 16 micro-
biome-encoded pathways. The AUC reached 0.977 in distin-
guishing asthma from controls (Figure 3B). Specifically, three 

pathways (PPAR signaling pathway, Carotenoid biosynthesis, 
and Flavonoid biosynthesis) were significantly positively 
correlated to allergy-associated clinical indexes, including 
FENO value, serum IgE/IL-4 level, and blood EOS count. 
Instead, D-Arginine and D-ornithine metabolism and mRNA 
surveillance pathway were both significantly negatively cor-
related with FEV1/FVC ratio (Figure 3C). However, the 
pathways bacterial chemotaxis did not exhibit any significant 
association with various clinical parameters. These data indi-
cated the clinical significance of the microbial functional 
signals in the development of asthma.

Distinct Gut Microbiotic Community to 
Mediate the Development of Different 
Asthma Phenotypes
We finally integrated the microbiome, clinical indexes, and 
functional pathways for analysis to further depict the 
intestinal microbiotic community. It exhibited distinct 
characteristics of intestinal microbiome among different 

Figure 3 Functional analysis of gut microbiota and their association with asthma. (A) Differential pathways presented in asthmatic and control groups with PICRUSt analysis. 
(B) Model created by 16 microbiome-encoded pathways showed an AUC of 0.977 to distinguish asthma from healthy controls. (C) Correlation analysis between functional 
pathways and clinical indexes in asthmatic patients. *, p < 0.05; **, p < 0.01.
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groups (Figure 4A and Supplementary Figure 4B). 
Moreover, C. disporicum was positively correlated with 
flavone and flavonol biosynthesis (r = 0.3924, p = 0.001) 
(Figure 4B). To explore the role of C. disporicum- flavone 
and flavonol biosynthesis axis in asthma, we evaluated 
their performance in disease stratification. It showed an 
AUC of 0.852 to distinguish asthma from controls 
(Figure 4C). When IL-4 was added, the AUC increased 
to 0.929 (Figure 4D).

Although C. disporicum was depleted in asthmatic 
patients, its role in subgroup classification was compro-
mised, indicating the involvement of other bacteria in 
disease progression. As shown in Figure 4A and B, the 
role of Clostridium colinum (C. colinum) in asthmatic 
patients with allergic histories was different from those 
without allergic histories. Furthermore, C. colinum from 
allergic asthmatic patients was significantly negatively 
correlated with GPI anchor biosynthesis, mRNA surveil-
lance pathway, and Indole alkaloid biosynthesis 
(Figure 4E). In contrast, C. colinum from non-allergic 
ones was significantly positively correlated with bacter-
ial chemotaxis, PPAR signaling pathway, and Second 
bile acid biosynthesis, indicating the characteristics of 
the microbiome in different asthmatic phenotypes. 
Combining C. colinum and its associated pathways 
exhibited an AUC of 0.78 to stratify allergic asthmatic 
patients from those without allergy (Figure 4F).

Discussion
The present study profiled the feces bacteria compositions 
in newly diagnosed adult asthmatic patients from South 
China using the 16S rRNA gene sequencing approach. Our 
findings disclosed dysbiosis of intestinal microbiota make-
ups in asthmatic patients compared to healthy people. We 
evaluated the microbiome profiles in different inflamma-
tory phenotypes of asthma and demonstrated a correlation 
between gut microbiota anomalies and different asthma- 
associated phenotypes.

Lower bacterial phylotype richness and diversity were 
observed in feces from patients with asthma compared to 
healthy controls in this study.19,23 It was consistent with 
some previous reports but converse to the others.24,25 The 
differences between our results and others can be attribu-
ted to the different demographics and ages of the cohorts. 
Individuals originating from different populations might 
contribute to this variability because of exposure to differ-
ent environments and risk factors.26,27 Other factors 
include multiple asthma phenotypes studied, use of 

corticosteroid or other medications,28 and different dietary 
habits.29 Moreover, the sample size is a huge determining 
factor that should be considered while designing the 
microbiome asthma studies.

To our knowledge, adult asthma is phenotypically 
heterogeneous,30 which is usually responsible for failure 
of asthma therapy. However, the mechanistic underpin-
nings of many asthma phenotypes remain poorly under-
stood. Increasing research has shown that microbiota in 
the intestinal tract plays a critical role in the complex 
pathological process of different asthma phenotypes.18,31

The present study refined the list of bacterial groups 
previously associated with asthma to a more specific set of 
bacterial candidates associated with symptoms, such as 
allergy and Th2 inflammation. Apparent differences of 
microbiome between allergic and non-allergic asthmatics 
were observed, and three species (R. bromii, B. vesicularis, 
and C. disporicum) were indicated to be significantly 
associated with asthma phenotype. B. vesicularis has 
been found in the sputum of cystic fibrosis patients and 
used as potential bioremediation of polyaromatic 
hydrocarbons.32 Reduction of R. bromii in the gut was 
demonstrated to contribute to the occurrence of Crohn’s 
disease.33 Neither of the two bacteria mentioned above has 
been reported to be associated with asthma phenotypes 
before. The present study was the first time to point out 
this. Moreover, R. bromii was significantly positively cor-
related with FENO and blood EOS level, indicating 
a harmful role in disease development, especially in aller-
gic patients. C. disporicum, one of the first and most 
dominant bacterial species that colonize the intestines of 
healthy infants, has been found associated with gastroin-
testinal dysfunctions.16,33 Even though its role in asthma is 
unknown yet, its presence at the initiation of microbiome 
colonization in healthy infants led us to hypothesize that 
reducing C. disporicum positively affects asthma. 
Consistent with our hypothesis, the present study showed 
that C. disporicum was significantly positively correlated 
with FEV1 and FEV1/FVC ratio in asthmatic patients. 
Interestingly, though C. disporicum was significantly posi-
tively correlated with FEV1 and FEV1/FVC, it was not 
correlated with FENO levels, and likewise, only R. bromii 
was significantly positively correlated with FENO but not 
with FEV1 and FEV1/FVC. The possible reason may be 
that although changes in FEV1, FEV1/FVC ratio, and 
FENO levels usually go hand-in-hand, they do not always 
appear together in asthma. Spirometry is typically used to 
diagnose and characterize asthma, and change in %FEV 1 
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can be used as part of risk assessment for asthma 
outcomes.34 Meanwhile, FENO correlates well with eosi-
nophilic airway inflammation. But it is not present in all 

asthma patients, as eosinophilic bronchitis or a part of 
COPD also shows eosinophilic inflammation.35 Thus 
FENO is only used as an adjunct for asthma diagnosis. 

Figure 4 Distinct intestinal microbiotic community to mediate development of different asthma endotypes. (A) Integrated analysis of microbiome, clinical index and 
functional pathways in asthmatic patients with and without allergic history. (B) Correlation analysis between Clostridium disporicum (C. disporicum) and functional pathway of 
flavone and flavonol biosynthesis. (C) Clinical performance of C. disporicum and functional pathway for prediction of asthma. (D) Combination of C. disporicum, Flavonoid 
biosynthesis pathway and serum IL-4 level exhibited an AUC of 0.929 to classify asthmatic patients and healthy controls. (E) Correlation analysis between C. colinum and 
associated functional pathways. (F) Combination of C. colinum and its associated functional pathways resulted in an AUC of 0.780 to distinguish asthmatic patients with 
allergic history from non-allergic ones.  *, p < 0.05; **, p < 0.01.
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Change in FENO did not predict outcomes.36 Our finding 
indicated that C. disporicum alone was associated with 
asthma and potential to predict asthma, but not allergy 
status of asthmatic patients. These gut microbiota in select 
asthma phenotypes, coupled with these associations, sug-
gest either a colonizing or a potential pathogenic role. 
Their difference in different phenotypes suggests that 
they might be useful, either alone or as part of a cluster 
of other biological or clinical markers, to delineate clinical 
asthma endotypes.

We further explored the potential correlations between 
bacteria-associated functions and clinical features with 
PICRUSt analysis. Durack et al37 demonstrated significant 
enrichment of amino acid and carbohydrate metabolism in 
atopic asthma. Another study identified significant rela-
tionships between bacteria-encoded functions and 
pathways.38 In this study, we also found that various 
metabolic pathways were enriched in the asthmatic 
group. The PPAR signaling pathway, Carotenoid biosynth-
esis, and Flavonoid biosynthesis were significantly posi-
tively correlated with FENO, serum IgE and IL-4, and 
blood EOS count. In contrast, flavone and flavonol bio-
synthesis was negatively correlated with these indexes. 
Peroxisome proliferator-activated receptors (PPARs) are 
nuclear hormone receptors important in cellular processes, 
including inflammation and immune response. It was con-
sidered a potential predictive and prognostic molecular 
marker in asthma. The PPAR signaling pathway was over- 
represented in asthmatics, aligned with asthma susceptibil-
ity, and correlated with asthma risk and prognosis.39,40 

Carotenoid biosynthesis is also involved in the pathogen-
esis of asthma. A higher concentration of ɑ-carotene was 
suggested as evidence of increased risk of asthma in chil-
dren by the age of 5 years.41,42 Recent reports have shown 
beneficial effects of flavonoids as anti-allergic and anti- 
inflammatory through decreasing the incidence of asthma 
by inhibiting histamine release, synthesis of IL-4 and IL- 
13, and CD40 ligand expression on basophils.43,44 Clinical 
research has suggested that Arg was negatively linked to 
airway hyperreactivity development and served as 
a determinant in the physiologic characteristics that typify 
human asthma.45,46 We also found that D-Arginine meta-
bolism might play protective roles in the development of 
asthma as they were both significantly negatively corre-
lated with FEV1/FVC ratio. The results in our study were 
in agreement with previous studies that demonstrated 
a relationship between these pathways with asthma.

As mentioned above, a combination of C. disporicum 
and the flavone and flavonol biosynthesis axis together 
distinguished asthmatics from healthy controls. Hence, 
we subsequently integrated the gut microbiome, clinical 
index, and functional pathways to further identify the role 
of the microbiome in asthma. When IL-4 was added, it 
exhibited a better performance to classify asthmatic 
patients from controls than that only used microbiome or 
other signal indexes alone. In addition, adding of C. coli-
num and its associated pathways also performed well to 
stratify asthmatic patients with allergic history from those 
without allergy. Thus, this analysis integrated the clinical 
data, gut microbiome, and function to enhance the role of 
the microbiome in the pathogenesis of specific asthmatic 
phenotypes. It suggested potentially important relation-
ships between gut microbiota functions and asthma phe-
notypes in established disease of adults.

Whereas there are still limitations in the present study. 
Firstly, our study was conducted at a single medical center 
located in South China. As a result, the demographic and 
other characteristics of subjects analyzed are more homo-
geneous due to the lack of differences on dietary intake 
and environmental pollution associated with asthma. 
Secondly, the sample size is relatively small, even though 
many key comparisons achieved statistical significance 
with this small dataset. Moreover, there are no allergic 
subjects among the healthy controls, which is a limitation 
to the analysis of the allergic subgroup compared to non- 
allergic asthmatics. Thirdly, gut microbiota and functional 
pathways to predict asthma phenotype were not verified in 
this study. Hence, further work is needed to validate our 
findings in larger multicenter cohorts from different 
regions and determine the mechanistic pathways involved.

In conclusion, our study demonstrates potential asso-
ciations between gut microbiota and phenotypes in estab-
lished asthma of treatment-naive adults. We also 
highlighted correlations between select predicted bacterial 
functional pathways and clinical parameters. Our findings 
provide potential new biomarkers that might be useful, 
particularly when combined with other clinical and biolo-
gical markers, to distinguish asthma endotypes. It also 
suggests a possibility of more targeted therapies for 
asthma by modulating select bacterial genera.
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ICS, inhaled corticosteroid; IL, interleukin; DNA, deoxyr-
ibonucleic acid; RNA, ribonucleic acid; BMI, body mass 
index; OTUs, operational taxonomic units; PCA, principal 
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Forced vital capacity; FENO, Fractional exhaled nitric 
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