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Abbreviation List: AUC: Area under the curve; COPD: Chronic obstructive 28 

pulmonary disease; ENA: European Nucleotide Archive; FDR: False discovery rate; 29 

FEV1: Forced expiratory volume in 1 s; FVC: Forced vital capacity; GOLD: Global 30 

Initiative for Chronic Obstructive Lung Disease; LDA: Linear discriminant analysis; 31 

LEfSe: Linear discriminant analysis effect size; IL: Interleukin; INF-γ: Interferon-γ; 32 

OTUs: Operational taxonomic units; PBS: phosphate-buffered saline; PCoA: 33 

Principal Coordinate Analysis; QIIME: Quantitative Insights into Microbial Ecology; 34 

sRAGE: Soluble receptor for advanced glycation endproducts; TGF-β: Transforming 35 

growth factor-β; TNF-α: Tumor necrosis factor α; VEGF: Vascular endothelial growth 36 

factor. 37 
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Abstract 40 

Background: Little is known about airway mycobiome, and its relationship with 41 

bacterial microbiome in chronic obstructive pulmonary disease (COPD). 42 

 43 

Methods: Here we report the first simultaneous characterization of sputum bacterial 44 

and fungal microbiome in 84 stable COPD and 29 healthy subjects, using 16S 45 

ribosomal DNA and fungal internal transcribed spacer DNA sequencing.  46 

 47 

Results: Ascomycota predominated over Basidiomycota in fungal microbiome both 48 

in COPD patients and healthy controls. Meyerozyma, Candida, Aspergillus and 49 

Schizophyllum were most abundant at the genus level. There was a significant inverse 50 

correlation between bacterial and fungal microbial diversity, both of which altered in 51 

opposite directions in COPD patients versus controls, and in frequent versus 52 

non-frequent exacerbators. An enhanced bacterial-fungal ecological interaction was 53 

observed in COPD patients, which was characterized by higher proportion of 54 

co-occurrence intrakingdom interactions and co-exclusive interkingdom interactions. 55 

In COPD, four mutually co-occurring fungal operational taxonomic units (OTUs) in 56 

Candida palmioleophila, Aspergillus and Sordariomycetes exhibited co-exclusive 57 

relationships with other fungal OTUs, which was specifically present in frequent 58 

exacerbators but not in non-frequent exacerbators. Conversely, the mutual 59 

co-occurrence interactions between bacterial OTUs in Rothia mucilaginosa, 60 

Streptococcus, Veillonella and Prevotella, showed up in non-frequent exacerbators 61 
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but not in frequent exacerbators. The perturbed bacterial-fungal interactions in COPD 62 

were associated with increased airway inflammatory mediators such as IL-6 and IL-8. 63 

 64 

Interpretation: The disruption of airway bacterial-fungal community balance, 65 

characterized by the loss of commensal bacterial taxa and enriched pathogenic fungal 66 

taxa, is implicated in COPD. The airway mycobiome is an important cofactor 67 

mediating COPD pathogenic infection and host inflammation. 68 

 69 

Clinical Trial Registration: www.clinicaltrials.gov (NCT 03240315). 70 

 71 

Keywords: COPD, frequent exacerbator, airway microbiome, mycobiome, 72 

bacterial-fungal interactions  73 
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Introduction 74 

Chronic obstructive pulmonary disease (COPD) is characterized by chronic airway 75 

inflammation resulting in irreversible decline in respiratory function and capacity. 76 

Bacterial, fungal and viral infections drive airway inflammation, and are associated 77 

with poorer disease outcome(1) and declined lung function(2, 3). The airway 78 

microbiome, the collective airway microbial community, is hypothesized to mediate 79 

the interactions between pathogenic infection and host inflammatory response(4, 5). 80 

Through interacting with bacteria and mucosal immune system(6), the fungal 81 

community can be a cofactor for airway inflammation and COPD progression(7). 82 

Essentially all previous airway microbiome studies, however, have focused on 83 

bacterial community in COPD(4, 8-14). The non-bacterial members of airway 84 

microbiome in particular the fungal microbiome (or mycobiome), despite being of 85 

clinical relevance, have been largely underappreciated(7). Recent studies have 86 

reported the airway fungal composition in asthma(15), bronchiectasis(16), cystic 87 

fibrosis(17, 18), HIV(19) and lung transplantation(20); however, little is known on the 88 

mycobiome in COPD. The ecological interaction between airway bacterial and fungal 89 

microbiome and its role in COPD pathogenesis remains unexplored. 90 

 91 

Susceptibility to frequent exacerbations represents an independent clinical phenotype 92 

in COPD, the ‘frequent exacerbator’ phenotype, and is associated with poorer clinical 93 

outcome(21, 22). The Global Initiative for Chronic Obstructive Lung Disease (GOLD) 94 

2019 has redefined the measure of disease severity to recognized the high 95 
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exacerbation risk(23) (>=2 exacerbations and /or 1 hospitalization in the previous 96 

year). The pathophysiology underlying the frequent exacerbation phenotype is 97 

manifested by an interplay between enhanced airway immune responses, bacterial and 98 

fungal colonization and dynamic lung hyperinflation, that together predispose patients 99 

to persistent inflammation and recurrent exacerbations(22). Identifying markers that 100 

predict patient exacerbation frequency is of great importance for COPD management. 101 

Difference in baseline respiratory microbiome composition was hypothesized to 102 

explain the different exacerbation frequency in COPD patients(21). However, studies 103 

assessing baseline airway microbiome have not found significant differences in 104 

bacterial composition between frequent and non-frequent exacerbators(4, 14). Recent 105 

longitudinal studies suggested that temporal variability of the sputum microbiome 106 

could be associated with COPD exacerbation frequency(14, 24). However, measuring 107 

microbial temporal variability requires serial sampling of sputum microbiome in 108 

multiple timepoints and is therefore not clinically practical. Assessing the airway 109 

fungal microbiome might open up opportunities in identifying novel markers for the 110 

frequent exacerbator phenotype. 111 

 112 

Here we characterized the airway bacterial and fungal microbiome simultaneously in 113 

clinically stable COPD patients. We hypothesize that the ecological interactions 114 

between bacterial, fungal microbiome and host inflammation are associated with 115 

disease and exacerbation frequency. We showed that bacterial and fungal microbiome 116 

co-altered in COPD. The perturbation of bacterial-fungal interactions in COPD was 117 
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associated with host inflammation and the frequent exacerbator phenotype. 118 

Materials and Methods 119 

Subjects and samples 120 

Sputum samples of 113 individuals, including 84 stable COPD patients and 29 121 

healthy controls, were collected in the First Affiliated Hospital of Guangzhou Medical 122 

University. COPD patients were divided into frequent (FE: exacerbation events >=2 123 

or 1 hospitalization due to exacerbation of COPD/past year) and non-frequent 124 

exacerbators (NE). The study was approved by the ethics committee of the First 125 

Affiliated Hospital of Guangzhou Medical University and was registered in 126 

www.clinicaltrials.gov (NCT 03240315). All subjects provided written informed 127 

consent in accordance with the Declaration of Helsinki.  128 

 129 

Bacterial and fungal microbiome sequencing 130 

Bacterial genomic DNA was extracted from selected sputum plugs using a Total 131 

Nucleic Acid Extraction Kit (Bioeasy Technology, Inc., Shenzhen, China) as per the 132 

manufacturer’s instructions. Negative controls for extraction (no sputum) and PCR 133 

amplification (no DNA template, ddH2O only) were included in each experiment. The 134 

extraction negative controls were subsequently sequenced to identify any potential 135 

contaminating bacterial/fungal species. The V4 hypervariable region of bacterial 16S 136 

rRNA gene and fungal 18S–28S rRNA gene internally transcribed spacer region ITS1 137 

DNA were amplified using barcoded primers, and were sequenced using iTorrent 138 

sequencing platform. 139 
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 140 

Sequence processing and analysis 141 

Sequence processing and analysis were performed using QIIME 1.9.1(25). The 142 

obtained sequences were de-multiplexed, trimmed of barcodes and primers, and 143 

filtered if they contained ambiguous bases or mismatches in the primer regions, 144 

according to the BIPES protocol(26). Chimeras were filtered out using UCHIME in 145 

de novo mode(27). After quality filtering and chimera removal, 16S rRNA gene 146 

sequencing resulted in a median read depth of 4,380, ITS1 DNA sequencing resulted 147 

in a median read depth of 9,783. Both 16S rRNA V4 region and ITS1 DNA 148 

sequencing data of all subjects were subsampled to a uniform depth of 1,000 reads 149 

based on rarefaction curve asymptotes and Good’s coverage values. Comparable 150 

rarefaction depth has been used in airway microbiome analyses(4, 28). 151 

 152 

High-quality sequence reads for bacterial 16S rRNA V4 and fungal ITS1 region were 153 

clustered into operational taxonomic units (OTUs) using USEARCH v11(29) in de 154 

novo mode with 97% sequence similarity cutoff. The taxonomy of representative 16S 155 

rRNA gene sequences were determined using PyNAST with the Greengenes 13_8 156 

database as reference(30). The taxonomy of representative ITS sequences were 157 

determined using the QIIME_ITS database as reference (version information: 158 

sh_qiime_release_s_28.06.2017)(25). The taxonomy of highly abundant unclassified 159 

fungal OTUs was further determined using the phylotyping algorithm in MEGAN5 160 

(http://ab.inf.uni-tuebingen.de/software/megan5/)(31). Briefly, the OTU representative 161 
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sequence was BLASTn-searched (BLAST v2.5.0) against the non-redundant 162 

reference database and the last common taxonomic rank of all sequence hits with >97% 163 

was assigned to that OTU. OTUs with >0.5% average abundance were selected for 164 

downstream analysis. The sequences were deposited in the European Nucleotide 165 

Archive (ENA) under accession numbers PRJEB27507.  166 

 167 

The biome data were filtered using the filter_otus_from_otu_table.py script with the 168 

parameter (˗s 3) to remove low-abundance OTUs. Fifty-four OTUs (28 bacterial and 169 

16 fungal OTUs) were selected that were >0.5% average abundance for the major of 170 

OTU-based analysis. Airway microbial alpha diversity (diversity within samples) was 171 

calculated using the Shannon indices. Airway microbial beta diversity (composition 172 

dissimilarity between samples) was determined by using the unweighted UniFrac 173 

distance and visualized in Principal Coordinate Analysis (PCoA). Adonis was used to 174 

estimate statistical significance. Differential features between groups were identified 175 

using a linear discriminant analysis (LDA) effect size (LEfSe) method with a 176 

threshold of logarithmic LDA score 2.0(32). Random forest analysis was performed 177 

using the OTU data selected by LEfSe using Weka 3.8 178 

(https://www.cs.waikato.ac.nz/ml/weka/) with a 7-fold cross-validation(33). 179 

Co-occurrence and co-exclusion relationships between the 54 abundant bacterial and 180 

fungal OTUs were estimated using SparCC algorithm(34), known for its robustness to 181 

compositional effects in microbiome dataset. The p-value was estimated by 100 182 

bootstraps and the correlations with p<0.05 were retained. Association between 183 
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bacterial and fungal OTUs and inflammatory mediators was assessed using Spearman 184 

correlation. Network was visualized using Cytoscape 3.6.0 185 

(https://cytoscape.org/)(35). The false discovery rate (FDR)(36) method was used to 186 

adjust P-values for multiple testing wherever applicable. 187 

 188 

Results 189 

Overview of sputum bacterial and fungal microbiome 190 

Sputum samples were collected from 84 stable COPD patients and 27 healthy controls 191 

(Table 1, Table S1). Consistent with previous studies(4, 8-11, 14, 24, 37), the majority 192 

of bacterial taxa belongs to Firmicutes (28.3%), Bacteroidetes (27.2%), Proteobacteria 193 

(24.6%), Actinobacteria (7.0%) and Fusobacteria (5.7%) at the phylum level. For the 194 

fungal microbiome, 76.6% sequences belong to Ascomycota (71.7%) or 195 

Basidiomycota (4.9%) and 17.7% sequences to unidentified fungi taxa. The most 196 

abundant fungal genera are Meyerozyma, Candida, Aspergillus and Schizophyllum (>1% 197 

average) (Fig. 1). There was a significant negative correlation between bacterial and 198 

fungal alpha diversity (Shannon, Spearman’s rho=-0.172, p=0.04). No significant 199 

association was found between bacterial or fungal microbiome with age, gender, 200 

smoking status and predicted FEV1% (Fig. 1). 201 

 202 

Sputum bacterial and fungal microbiome in COPD patients and healthy controls 203 

The bacterial composition shifted in COPD patients compared to healthy subjects, 204 

with a slight decrease in alpha diversity (Fig. 2a) and a significant decreased 205 
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abundance of genera Streptococcus, Peptostrptococcus, Porphyromonas, Lautropia 206 

and Actinomyces (Wilcoxon, FDR p<0.05, Fig. 1). Conversely, the fungal diversity 207 

significantly increased in COPD (Fig. 2b), with a significant increased abundance in 208 

Candida and Schizophyllum, and three unclassified genera in Sordariomycetes, 209 

Saccharomycetales and Hypocreales (Wilcoxon, FDR p<0.05, Fig. 1). Beta-diversity 210 

analysis indicated a better separation between healthy and COPD groups using fungal 211 

than bacterial composition (Adonis, bacteria: R
2
=0.016, p<0.01; fungi: R

2
=0.061, 212 

p<0.01, Fig. 2a-b). LEfSe analysis identified seven bacterial OTUs (bOTUs) and 213 

seven fungal OTUs (fOTUs) associated with disease state (LDA>2.0, Fig. S1-2). 214 

Random forest analysis discriminated COPD patients from controls with an area 215 

under the curve (AUC) of 0.83, 0.91 and 0.97 using these bacterial, fungal and their 216 

combined OTUs, respectively (Fig. 2c). Sub-analysis using 52 age, gender and 217 

smoking-status matched subjects indicated that the observed microbiome differences 218 

were not related to these factors (Table S2, Fig. S3).  219 

 220 

Sputum bacterial and fungal microbiome in frequent and non-frequent exacerbators 221 

COPD patients were divided into frequent (FE: exacerbation events ≥2 or 1 222 

hospitalization due to exacerbation of COPD/past year) and non-frequent exacerbators 223 

(NE). Patient demographic factors are overall comparable between the two groups 224 

except for a significantly higher FEV1% predicted in NE group (Table 1). Bacterial 225 

alpha diversity was significantly higher (Fig. 3a) in FE compared to NE group, 226 

whereas fungal alpha diversity showed the opposite trend (Fig. 3b). Veillonella was 227 
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significantly decreased in FE group (Wilcoxon, FDR p<0.05, Fig. 1), whereas fungal 228 

genera Candida was significantly increased. Beta-diversity analysis also indicated a 229 

better separation between FE and NE for fungal compared to bacterial composition 230 

(Adonis, bacteria: R
2
=0.019, p<0.01; fungi: R

2
=0.046, p<0.01, Fig. 3a-b). Seven 231 

bOTUs and seven fOTUs were associated with exacerbation frequency using LEfSe 232 

(LDA>2.0, Fig. S4-5). Random forest analysis showed an AUC value of 0.78, 0.74 233 

and 0.81 in separating the two groups using these bacterial, fungal and their combined 234 

OTUs respectively (Fig. 3c). 235 

 236 

Bacterial-fungal interactions in COPD patients and healthy controls 237 

To explore ecological interactions between airway bacterial and fungal microbiome, 238 

we performed network analyses using 54 bacterial and fungal OTUs (>0.5% average 239 

relative abundance) using the SparCC algorithm(34). We observed considerable 240 

differences in bacterial-fungal interactions between COPD patients and controls. For 241 

COPD patients, 244 significant correlation pairs comprising of 144 bacteria-bacteria 242 

(B-B), 32 fungi-fungi (F-F) and 68 bacteria-fungi (B-F) interactions were identified 243 

(Fig. 4a-b, Fig. S6, p<0.05). Among them, 100 (69.4%) B-B, 23 (71.9%) F-F and 21 244 

(30.9%) B-F correlations were positive, indicating predominant co-occurring 245 

intrakingdom interactions and co-exclusive interkingdom interactions in COPD (Fig. 246 

4a). Among the inverse relationships between bacterial and fungal OTUs, the 247 

correlations between bOTU2 Prevotella melaninogenica and fOTU15 248 

Leucosporidium scottii, and between bOTU22 Veillonella dispar and fOTU2 Candida 249 
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palmioleophila were most significant (Table S3-4). In comparison, the same analysis 250 

yielded a reduced interaction network for healthy controls with 86 significant 251 

correlations, the majority of which (78, 90.7%) were B-B interactions (Fig. 4a-b). To 252 

adjust for sample size, we reconstructed disease network using a balanced sample size 253 

with healthy subjects (n=29). Despite a relatively smaller network, the network 254 

topology generally resembled that using all subjects (Fig. 4a, Fig. S7a), indicating 255 

sample size was likely not confounding the different networks between the two 256 

groups. 257 

 258 

Bacterial-fungal interactions in frequent and non-frequent exacerbators 259 

We further performed sub-analysis on the interaction network for the FE and NE 260 

groups. Despite comparable network size, there were notable differences between 261 

bacterial and fungal interactions between the two groups (Fig. 4d, Fig. S6c-d). For 262 

example, in the FE group, four fOTUs, fOTU141 Candida palmioleophila, fOTU2 263 

Candida palmioleophila, fOTU9 Aspergillus spp. and fOTU3 Sordariomycetes spp. 264 

showed strong mutual positive correlations in a subnetwork (module 1), which 265 

together exhibited co-exclusive relationships with most other fOTUs (Fig. 4c, Fig. 266 

S6b). This module was however absent in the network for NE group. On the other 267 

hand, another subnetwork, consisting of the mutual co-occurrence relationships 268 

between bOTU29 Rothia mucilaginosa, bOTU226 Veillonella spp., bOTU2 269 

Prevotella melaninogenica, bOTU15 Prevotella spp. and bOTU5 Streptococcus spp. 270 

(module 2), was specifically present in the network for NE group. Again, network 271 
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reconstruction using a balanced sample size (n=26) indicated that the different 272 

networks observed were not related to sample size (Fig. S7b). Network reconstruction 273 

using Spearman correlation mostly recapitulated the findings using SparCC (FDR 274 

p<0.2, Fig. S8), indicating the differences in interaction network were robust to the 275 

algorithm used. 276 

 277 

Correlations of bacterial and fungal microbiome with inflammatory mediators in 278 

COPD 279 

To investigate interactions between bacterial and fungal microbiome and host 280 

response, we performed correlation analysis between bacterial, fungal OTUs and 281 

inflammatory mediators on a subset of 40 COPD patients with all data available. 282 

Fifty-nine correlations were found between blood or sputum mediators and bacterial 283 

or fungal OTUs (FDR p<0.20, Fig. 5). Of them, blood IL-6 was negatively correlated 284 

with bOTU8 Lactobacillales spp. and bOTU12 Porphyromonas spp. that were the hub 285 

OTUs in healthy controls, while it was positively correlated with fOTU8 286 

Cryptococcus spp. that was present in the COPD network. Sputum IL-6 was 287 

negatively correlated with bOTU5 Streptoccocus spp. and bOTU29 Rothia 288 

mucilaginosa that was part of the module 1, and positively correlated with fOTU5 289 

Aspergillus spp. Sputum IL-8 was positively correlated with fOTU3 Sordariomycetes 290 

spp., fOTU9 Aspergillus spp., fOTU15 Leucosporidium scottii and fOTU85 291 

Aspergillus penicillioides, the former two being part of module 2 featured in the 292 

network for FE group. We were not able to perform the sub-analysis for frequent and 293 
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non-frequent exacerbators separately due to the small number of patients in each 294 

subgroup with available mediator measurements. 295 

 296 

Discussion  297 

Here we reported the first simultaneous characterization of the airway bacterial and 298 

fungal microbiome in COPD. The airway mycobiome was predominated by the 299 

phylum Ascomycota over Basidiomycota, consistent with observations in the airways 300 

of bronchiectasis and cystic fibrosis(17, 18, 38) but opposite to one study in 301 

asthma(15). We observed significant increases of pathogenic fungal taxa including 302 

Candida, Cryptococcus and Schizophyllum in COPD patients. Members of 303 

Schizophyllum and Aspergillus participate in invasive infections and provoke host 304 

immune recognition(39). Cryptococcus is known to interact with airway epithelium 305 

and lead to enhanced allergic inflammation(40). Overall there were greater 306 

community shifts for fungi than bacteria in COPD patients versus controls, and in FE 307 

versus NE. Supervised learning analysis identified a set of bacterial and fungal OTUs 308 

that together showed the optimal discriminatory potential for COPD patients and the 309 

frequent exacerbator phenotype, although cross-validation of these features in 310 

independent cohorts is warranted. 311 

 312 

Importantly, there was a significant negative correlation between bacterial and fungal 313 

alpha diversity, both of which altered in opposite directions between COPD and 314 

healthy subjects and between FE and NE. Accordingly, individual bacterial and fungal 315 
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OTUs showed disproportionately higher co-exclusive than co-occurrence 316 

relationships with each other. In particular, commensal bacterial taxa such as 317 

Prevotella and Veillonella exhibited inverse relationships with pathogenic fungal taxa 318 

such as Candida palmioleophila and Aspergillus spp. These results support the notion 319 

that there was a delicate balance between bacterial and fungal communities in the 320 

airways. The disruption of such community balance, characterized by the loss of 321 

commensal bacterial taxa and enriched pathogenic fungal taxa, is implicated in COPD 322 

pathogenesis(41, 42). 323 

 324 

We observed distinct patterns of bacterial-fungal interactions both between COPD 325 

patients and healthy controls and between FE and NE. In particular, there was an 326 

enhanced and more sophisticated microbial interaction in COPD compared to healthy 327 

controls, which reflected a more active crosstalk between members of microbiome in 328 

response to altered local airway environments in disease. In healthy state, the airway 329 

microbiome was dominated by commensal bOTUs that mostly exhibited 330 

co-occurrence interactions. In COPD, additional B-F and F-F interactions were 331 

involved. While a higher number of F-F interactions were positive, a larger proportion 332 

of B-F interactions were negative, a finding that coincides with one recent study on 333 

the gut fungal microbiome in colorectal cancer(43). Thus the co-occurrence 334 

intrakingdom and co-exclusive interkingdom interactions may be a signature for 335 

disease-associated human microbiome in general. This is also in align with the 336 

opposite trend of changes between bacterial and fungal diversity, and suggests that 337 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted October 6, 2020. ; https://doi.org/10.1101/2020.10.05.327536doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.05.327536
http://creativecommons.org/licenses/by-nc-nd/4.0/


18 
 

disruption of normal bacterial communities may provide pathogenic fungi with a 338 

favorable condition for intra-fungi interaction in COPD. Furthermore, several 339 

pro-inflammatory mediators such as blood and sputum IL-6 and sputum IL-8 that are 340 

known to associate with lung microbiome(4), were negatively correlated with 341 

commensal bOTUs in the health-related network, and positively correlated with 342 

disease-associated pathogenic fOTUs. Thus the perturbation of ecological interactions 343 

in COPD was also associated with increased airway and systemic inflammations. 344 

 345 

There were also important differences in bacterial-fungal interactions between FE and 346 

NE. The most remarkable difference was the disappearance of five mutually 347 

co-occurring commensal bOTUs (module 2) and emergence of four mutually 348 

co-occurring pathogenic fOTUs (module 1) in FE. Our results suggest that there was 349 

further airway dysbiosis in frequent exacerbators characterized by the displacement of 350 

commensal bacterial interactions by pathogenic fungal interactions, which was also 351 

associated with enhanced airway inflammation. The emergence of pathogenic fungi in 352 

particular Candida palmioleophila and Aspergillus spp. could be a marker for the 353 

frequent exacerbators that drives the greater microbial perturbation and inflammation, 354 

and together lead to the accelerated disease progression and increased vulnerability to 355 

subsequent exacerbations. 356 

 357 

There are several caveats to our study. First, the study design is single-centred and 358 

cross-sectional. Further bacterial and fungal microbiome surveys preferably in cohorts 359 
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with different demographic background is warranted to validate our findings. Second, 360 

targeted amplicon sequencing has insufficient resolution in species-level identification, 361 

in particular for the fungal population with a lack of well-characterized reference 362 

database(6). Despite the attempt to improve the fungal taxonomy assignment using 363 

phylotyping algorithm, the fungal taxa that can be assigned to genus or species level 364 

remain limited. Third, due to limited sputum available, inflammatory mediators were 365 

characterized only for a subset of patients and not for healthy subjects, which limits 366 

our ability to perform more detailed analysis on host-microbiome interactions 367 

between COPD and healthy subjects and within different patient subgroups. 368 

 369 

Interpretation 370 

In summary, we characterized the collective airway bacterial and fungal microbiome 371 

in COPD. We showed that the disruption of airway community balance, characterized 372 

by the enriched pathogenic fungal taxa over commensal bacterial taxa, is implicated in 373 

COPD and associated with airway inflammation. The airway mycobiome is an 374 

important cofactor mediating pathogenic infection and airway inflammation, and 375 

should be taken into account when assessing the role of airway microbiome in COPD. 376 

 377 
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Figure Legends 523 

Figure 1. Heatmaps showing the major bacteria and fungi genera (>1% average 524 

abundance) in COPD patients and healthy controls. Each column represents an 525 

individual grouped first by healthy or COPD subjects and then clustered by bacterial 526 

or fungal microbiota composition. The rows on the top represent demographic factors.  527 

 528 

Figure 2. Airway bacterial and fungal composition between COPD patients and 529 

healthy controls. Shannon index for (a) bacterial and (b) fungal microbiome in 530 

COPD patients and healthy controls. Beta diversity was assessed based on unweighted 531 

UniFrac distances and plotted in PCoA. (c) The AUC curves for the random forest 532 

models in separating COPD and healthy groups using the LEfSe-selected bacterial, 533 

fungal and their combined OTUs.  534 

 535 

Figure 3. Airway bacterial and fungal composition between COPD frequent and 536 

non-frequent exacerbators. Shannon index for (a) bacterial and (b) fungal 537 

microbiome in COPD frequent (FE) and non-frequent exacerbators (NE). Beta 538 

diversity was assessed based on unweighted UniFrac distances and plotted in PCoA. 539 

(c) The AUC curves for the random forest models in separating FE and NE using the 540 

LEfSe-selected bacterial, fungal and their combined OTUs.  541 

 542 

Figure 4. Airway bacterial and fungal interaction networks. (a) The number of 543 

significant bacterial-bacterial (B-B), bacterial-fungal (B-F) and fungal-fungal (F-F) 544 
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interactions in the networks of healthy controls, COPD patients, the subgroup of 545 

COPD patients with healthy-matched sample size (COPD-match), non-frequent 546 

exacerbators (NE), frequent exacerbators (FE) and the subgroup of NE with 547 

FE-matched sample size (p<0.05). (b) Venn diagram for the shared and unique B-B, 548 

B-F and F-F interactions between COPD patients and healthy controls, and between 549 

FE and NE. (c-d) Bacterial and fungal interaction networks for healthy controls and 550 

COPD patients (c), and for NE and FE (d). Nodes were shaped by bacterial or fungal 551 

OTUs, and colored by their fold changes in COPD versus healthy groups or in FE 552 

versus NE groups. The size of the node is proportional to its degree of connectivity. 553 

Edges were colored by co-occurrence (blue) and co-exclusive (red) interactions. Edge 554 

width is proportional to the absolute correlation score. Only significant interactions 555 

with SparCC correlation>0.3 were shown for visualization purpose. Module 1 is 556 

highlighted in red dotted ellipse. Module 2 is highlighted in blue ellipse. The full 557 

interaction networks are in Fig. S6. 558 

 559 

Figure 5. Interaction network between airway bacterial and fungal microbiome 560 

and host inflammatory mediators. Nodes were shaped by bacterial or fungal OTUs 561 

or inflammatory mediators. Bacterial and fungal OTUs were colored by their fold 562 

changes in COPD patients versus healthy controls. The size of the node is 563 

proportional to its degree of connectivity. Edges were colored by co-occurrence (blue) 564 

and co-exclusive (red) interactions. Edge width is proportional to the absolute 565 

correlation score in Spearman correlation (FDR p<0.20). Only correlations between 566 
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bacterial/fungal OTUs and host inflammatory mediators were shown for visualization 567 

purpose. 568 

TABLE 1. Major clinical characteristics of subjects. 569 

 

Healthy 

(n=29) 

 

COPD 

(n=84) 

Historical exacerbation 

frequency 

 

NE group 

(n=52) 

FE group 

(n=27) 

Age, mean (SD) 

44.28 

(23.10) 

64.55 

(8.83)*** 

66.02 (7.72) 61.50 (9.76) 

Gender, 

n(male/female) 

21/8 

81/3*** 50/2 25/1 

Smoking, n(yes/no) 9/20 74/7*** 45/7 23/0 

FEV1% predicted, 

mean (SD) 

NA 51.11 (23.46) 55.63 (23.54) 41.71 (19.91)* 

ICS+LABA, n(yes/no) NA 51/33 34/18 17/9 

FEV1: forced expiratory volume in 1s. ICS+LABA: Combination of inhaled 570 

corticosteroid and long-acting bronchodilators. ***p<0.001, **p<0.01, *p<0.05 571 

 572 
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