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Abstract: Background  : The human lungs harbors a very poor microbial community, making it
necessary to develop methods to enhance the recovery of nucleic acids isolated from
bacteria and fungi, leading to a more efficient analysis of the lung tissue microbiota.
Here we describe five different extraction protocols including pre-treatment, bead-
beating and/or Phenol:Chloroform:Isoamyl alcohol steps, applied to non-selected lung
tissue samples from autopsied individuals.
Results  : The resulting total DNA yield and quality, bacterial and fungal DNA amount
and the microbial community structure were analyzed by DNA quantitation, qPCR and
Illumina amplicon sequencing of bacterial 16S rRNA and fungal ITS genes,
respectively. Bioinformatic modeling revealed that a large part of microbiome data from
lung tissue samples is composed of microbial contaminants, although our blank
controls clustered separately from biological samples. After removal of contaminant
sequences, the effects of DNA extraction protocols on the microbial community were
assessed. The major differences among samples could be attributed to inter-individual
variations rather than DNA extraction protocols. However, inclusion of the bead-beater
and Phenol:Chloroform:Isoamyl alcohol steps resulted in changes in the relative
abundance of some bacterial and fungal taxa. Furthermore, inclusion of a pre-
treatment step increased microbial DNA concentration but not diversity.
Conclusions  : The addition of a pre-treatment, bead-beater and
Phenol:Chloroform:Isoamyl alcohol steps affects the characterization of both fungal
and bacteria communities inhabiting the lung. In particular, the pre-treatment step
might be determinant, as it increases the microbial DNA concentration and it may
contribute to eliminate microbial DNA fragments resulting from dead microorganisms in
lung tissue samples, which would make the microbial profile closer to the actual one
living in the lung. Therefore, our data represent a comprehensive understanding of the
potential impact of technical variation on the lung microbiome, which will help to limit
preventable bias and to avoid controversy in the future on the live microorganisms
inhabiting the lung.
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Abstract 24 

Background: The human lungs harbors a very poor microbial community, making it 25 

necessary to develop methods to enhance the recovery of nucleic acids isolated from 26 

bacteria and fungi, leading to a more efficient analysis of the lung tissue microbiota. Here 27 

we describe five different extraction protocols including pre-treatment, bead-beating and/or 28 

Phenol:Chloroform:Isoamyl alcohol steps, applied to non-selected lung tissue samples from 29 

autopsied individuals. 30 

Results: The resulting total DNA yield and quality, bacterial and fungal DNA amount and 31 

the microbial community structure were analyzed by DNA quantitation, qPCR and Illumina 32 

amplicon sequencing of bacterial 16S rRNA and fungal ITS genes, respectively. 33 

Bioinformatic modeling revealed that a large part of microbiome data from lung tissue 34 

samples is composed of microbial contaminants, although our blank controls clustered 35 

separately from biological samples. After removal of contaminant sequences, the effects of 36 

DNA extraction protocols on the microbial community were assessed. The major 37 

differences among samples could be attributed to inter-individual variations rather than 38 

DNA extraction protocols. However, inclusion of the bead-beater and 39 

Phenol:Chloroform:Isoamyl alcohol steps resulted in changes in the relative abundance of 40 

some bacterial and fungal taxa. Furthermore, inclusion of a pre-treatment step increased 41 

microbial DNA concentration but not diversity. 42 

Conclusions: The addition of a pre-treatment, bead-beater and Phenol:Chloroform:Isoamyl 43 

alcohol steps affects the characterization of both fungal and bacteria communities 44 

inhabiting the lung. In particular, the pre-treatment step might be determinant, as it 45 

increases the microbial DNA concentration and it may contribute to eliminate microbial 46 
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DNA fragments resulting from dead microorganisms in lung tissue samples, which would 47 

make the microbial profile closer to the actual one living in the lung. Therefore, our data 48 

represent a comprehensive understanding of the potential impact of technical variation on 49 

the lung microbiome, which will help to limit preventable bias and to avoid controversy in 50 

the future on the live microorganisms inhabiting the lung. 51 

 52 

Keywords: Microbiome, 16S rRNA gene, environmental contamination 53 
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Background 54 

Despite the fact that lungs have traditionally been considered to be sterile, recent studies 55 

have revealed that the respiratory airways harbor a complex microbial community. While it 56 

is suspected that the airway microbiome is involved in colonization resistance of respiratory 57 

pathogens, as well as in the development and integrity of the immune system, its role is not 58 

yet well understood [1]. Therefore, the airway microbiome and particularly the lung-59 

associated microbiome may provide new perspectives in understanding the pathogenesis of 60 

airway infections and chronic lung disease. 61 

 However, analysis of the microbiome of lung tissue samples remains a technical 62 

challenge for researchers. Like all microbiome research based on culture-independent 63 

techniques, data quality is based on the effectiveness of extracting microbial DNA and 64 

removing polymerase chain reaction (PCR) inhibitors. As previously shown, different DNA 65 

extraction methods can generate different microbial profiles in the same fecal samples, 66 

mainly due to cell wall disruption [2-4]. Additionally, as the lung microbiome contains a 67 

low biomass, the microbial DNA extracted is not always sufficient for detection by PCR. 68 

Moreover, when human genomic DNA (gDNA) is present in higher concentrations than 69 

microbial DNA [5], it can inhibit the polymerase enzyme used in PCR. Thus, it is crucial to 70 

develop an efficient method of extracting DNA from microorganisms inhabiting the lung. 71 

Collectively, the presence of both microbial DNA and human gDNA can affect the 72 

efficiency and sensitivity of subsequent PCR reactions, which may distort the apparent 73 

composition of microbial communities obtained using PCR-based techniques such as high-74 

throughput sequencing [6,7]. 75 
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It is known that samples with low microbial biomass are more sensitive to DNA 76 

contaminants introduced during sample processing from consumables, laboratory reagents, 77 

commercial DNA extraction kits or the laboratory environment [8-11]. Although many 78 

microbiome studies analyze low microbial biomass samples, they do not routinely analyze 79 

negative controls from DNA extractions and/or sequencing; some studies have even 80 

reported statistically noteworthy taxa that overlap with those observed in negative controls 81 

[12,8,13]. Thus, microbial contaminants in low microbial biomass samples, such as lung 82 

tissue samples, can greatly alter the relative abundance of the microbial communities under 83 

analysis; however, this is often less of a concern for molecular microbiologist.  84 

Many investigations on the airway microbiome use DNA extraction methods that 85 

have not been previously validated. Thus, here we present validation of a new protocol for 86 

DNA extraction for use when analyzing the microbiome of lung tissue samples. The present 87 

study compares five protocols for assessing bacterial and fungal DNA recovery, subsequent 88 

microbial PCR detection, and the resulting bacterial and fungal community structures in 89 

order to define the optimal extraction method for use in lung microbiome studies. 90 

 91 

Results 92 

Quality and quantity of genomic DNA from five extraction protocols  93 

Lung tissue specimens collected from seven autopsied individuals were processed for DNA 94 

extraction following the five methods described in the methods section (Table 1). The 95 

concentration and quality of the extracted DNA was assessed using a NanoDrop™ 96 

spectrophotometer (Figure 1A). Both protocol 2, including the bead-beating, and protocol 97 

3, including the Phenol:Chloroform:Isoamyl alcohol step, had slightly increased DNA 98 

yields compared to the protocol 1 (the QIAamp DNA Mini kit, Qiagen); however these 99 
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finding were not significant. Combining these two additional steps, as in protocol 4, 100 

significantly increased DNA concentrations (1,104.8  522.7 ng/µl) compared to the 101 

protocols 1 (525.4  460.2 ng/µl, p=0.003) and 2 (557.4  245.2 ng/µl, p=0.036). Protocol 102 

5 (686.2  172.3 ng/µl) also showed a relative, but non-significant, increase in DNA 103 

compared to protocol 1.  104 

In terms of DNA quality, protocol 1 had the lowest 260/280-absorbance ratio (mean 105 

± SD) as compared to all the others protocol (Figure 1B). Compared to protocol 1 (1.39  106 

0.25), the 260/280-absorbance ratio was higher in protocols 3 (1.59  0.16, p= 0.090), 4 107 

(1.73  0.10, p=0.012) and 5 (1.63  0.12, p=0.036), which all include a 108 

Phenol:Chloroform:Isoamyl alcohol step.  109 

 110 

Evaluation of human, bacterial, and fungal DNA in the five extraction protocols 111 

We evaluated the content of human, bacterial, and fungal genomes in our extracted DNA 112 

through qPCR amplification of human β-actin, 16S rRNA and 18S rRNA genes 113 

respectively. We observed that the different DNA extraction methods did not affect the Ct 114 

obtained through qPCR amplification of the β-actin gene, suggesting that the level of 115 

human DNA was equivalent for all the DNA extraction protocols (Figure 2A). However, 116 

the Ct of the 16S rRNA gene (mean ± SD) was significantly decreased in samples 117 

processed with protocol 5 (22.9 ± 2.2) compared to all others (26.3 ± 2.2 for the protocol 1; 118 

25.3 ± 2.5 for the protocol 2; 26.3 ± 1.9 for the protocol 3; and 26.1 ± 2.4 for the protocol 119 

4) (Figure 2B). 120 

We detected low quantities of fungi in lung tissue samples, as the Ct values of 18S 121 

RNA gene ranged from 37.3 to 40 (Figure 3B). Although there were no significant 122 
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differences, the Ct of the 18S RNA gene tended to be decreased in samples processed with 123 

protocol 5 (38.9 ± 1.0) compared to others (39.6 ± 0.7 for protocol 1; 39.2 ± 0.9 for 124 

protocol 2; 40.0 ± 0.0 for protocol 3; and 39.7 ± 0.5 for protocol 4). 125 

 126 

Impact of bacterial and fungal contamination of DNA  127 

It is known that laboratory contamination can occur during the DNA extraction process, 128 

and that such contamination can compromise the results of NGS sequencing, particularly in 129 

low microbial mass samples, such as lung tissue samples.  130 

Thus, we analyzed sequencing data of negative controls. Sequencing of the 16S 131 

rRNA and ITS genes was carried out on four negative controls using the Illumina MiSeq 132 

platform, which yielded a total of 22,756 bacterial reads (mean ± SD, 5,689 ± 3,268 133 

sequences per sample) and 73,037 fungal reads (mean ± SD, 18,259 ± 5,228 sequences per 134 

sample). Overall, we detected 55 bacterial families belonging to 8 phyla in negative 135 

controls, represented by Proteobacteria (75.3%), Firmicutes (12.9%), and Actinobacteria 136 

(7.6%), followed by Bacteroidetes, Fusobacteria, Deinococcus-Thermus, Cyanobacteria 137 

and WPS-2 in lower abundance (<3% each) (Figure 3A). In addition, we detected archaeal 138 

taxa of the phylum Euryarchaeota (0.19%). In negative controls, 8 out of every 10 reads 139 

were assigned as Pseudomonaceae (38.5% of the reads), Rhizobiaceae (24.2%), 140 

Streptococcaceae (8.6%) or Nocardiaceae (4.3%) (Figure 3B and Additional file 1: Table 141 

S1). For fungi (Figure 3C & D), we identified 13 fungal families belonging to 3 phyla, 142 

namely: Ascomycota (86.2%), Basidiomycota (9.2%) and Chytridiomycota (0.23%). 143 

Nearly 9 out of every 10 reads corresponded to Aspergillaceae (53.9%), Nectriaceae 144 

(17.1%), Malasseziaceae (9.0%) or Cladosporiaceae (6.2%) (Additional file 1: Table S1).  145 
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To evaluate the contamination level of our samples, we identified contaminant reads 146 

in our lung tissue samples, reads mapping 100% identity with those of negative controls. 147 

For bacteria, the total number of reads removed after clustering sample reads with control 148 

reads at 100% of identity was 337,935 (representing 61.7% of the reads before clustering), 149 

reaching 9,655 ± 13,707 (mean ± SD) reads per sample. For fungi, those figures were 150 

lower, with 168,683 (representing 8.7% of the reads) and 4,820 ± 7,295 reads per sample. It 151 

is noteworthy that the negative controls contained only 1,580 reads (6.9%) showing 100% 152 

identity with at least one sample, whereas in fungi this figure was even lower, with only 153 

258 reads (0.4%). Those reads were removed from the samples. Despite the relatively high 154 

number of reads obtained for the negative controls, most of them were actually unique and 155 

restricted to negative samples, as a consequence the impact of the removal of reads due to 156 

potential contamination on the samples was relatively low. To ensure that the 157 

microorganisms detected in our lung tissue samples were not completely a result of 158 

contamination, we compared the microbial community of our samples with that of negative 159 

controls by performing a CCA based on Bray-Curtis distances for bacterial and fungal 160 

communities (Additional file 2 Figure S1 A and B). While some lung tissue samples were 161 

close to the negative control, we observed that the majority of lung tissue samples and 162 

negative controls clustered separately for both bacteria and fungi, which was confirmed by 163 

the Adonis test (p = 0.003 for bacteria and p = 0.017 for fungi). 164 

 165 

Lung microbial community diversity 166 

Sequencing of the V3–V4 regions of the 16S rRNA gene was carried out on the 35 samples 167 

processed from the 7 individuals by the 5 distinct DNA extraction methods, which yielded 168 

a total of 1,005,778 raw reads with a mean read count of 28,737 reads per sample, and a 169 
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range of 4,717 to 137,755 reads. The number of reads per sample did not differ between 170 

DNA extraction protocols (data not shown). Similarly, the different extraction protocols did 171 

not affect the sequencing of the ITS regions in these samples, resulting in a total of 172 

2,620,221 raw reads with a mean read count of 74,863 reads per sample, ranged from 173 

18,150 to 256,441 reads (data not shown).  174 

After sequence processing, including filtering, merging, chimera, and host reads 175 

removal, there were 547,468 reads (mean 15,642, ranging from 2,632 to 88,859 reads) for 176 

bacteria, and 1,945,654 reads (mean 55,590, ranging from 10,685 to 201,390 reads) for 177 

fungi. 178 

After removal of sequences that clustered with negative control reads at 100% identity (see 179 

above), the composition and abundance of the remaining 209,533 bacterial and 1,776,971 180 

fungal “contaminant-free” reads is summarized in Figure 4. 181 

For bacteria (Figure 4A & B), 54 families were identified, represented mainly by 182 

the phyla Firmicutes (68.7%), Proteobacteria (17.5%), Bacteroidetes (7.7%), Fusobacteria 183 

(3.5%) and Actinobacteria (1.70%), as well as Cyanobacteria, Dependentiae and 184 

Patescibacteria (<1% of the reads each). The three most abundant families found, 185 

Bacillaceae (28.7%), Veillonelaceae (11.8%), and Streptococcaceae (10.6%), accounted for 186 

half of the total sample reads. For a complete record of bacterial families present see 187 

Additional file 3–Table S2. 188 

In the case of fungi (Figure 4C & D), we identified 38 fungal families, divided 189 

mainly between two phyla, Ascomycota (32.6%) and Basidiomycota (11.7%); however, 190 

most reads could not be assigned to any phylum (55.7%). Unlike bacteria, no dominant 191 

families were identified for fungi, with the most abundant ones 192 

Hypocreales_fam_Incertae_sedis (6.6%), Aspergillaceae and Pneumocystidaceae (3.7% 193 
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each), Didymellaceae (3.6%) and Malasseziaceae (3.5%). These families accounted for 194 

only slightly more than 2 of every 10 reads, likely due to the lack of taxonomical 195 

identification. For a complete record of fungal families identified see Additional file 3 –196 

Table S2. 197 

 198 

Impact of DNA extraction protocol on the bacterial community 199 

We investigated the effect of the various extraction protocols on bacterial community 200 

detection in lung tissue samples. In the Figure 5A, CCA analysis shows that DNA 201 

extraction protocols did not drive significantly differences in bacterial community profiles. 202 

Rather, samples clustered together by individual more than by extraction protocol Figure 203 

5B. Furthermore, there were no significant differences in the Shannon index between the 204 

different DNA extraction protocols (Additional file 4 –Figure S2). 205 

Nevertheless we observed that variations in the DNA extraction protocols did drive 206 

changes in the relative abundance of some taxa (Figure 6 and Additional file–Table S3). 207 

The DESEQ2 software was used to analyze family-level fold changes in taxa between the 208 

distinct protocols. Overall, the addition of a bead-beating step (protocols 2 and 4) improved 209 

the detection of family-level taxa (40 and 37 families detected with protocols 2 and 4 210 

respectively) compared to protocol 1 (34 families detected). Based on log2 transformed 211 

relative abundance, twenty-two taxa were increased in protocol 2 compared to protocol 1. 212 

We observed increases (log2 fold-change >1) in families belonging to the phylum 213 

Firmicutes, such as Bacillaceae (log2 fold-change +26.2, p<0.001), Clostridiaceae_1 (log2 214 

fold-change +3.5) and Streptococcaceae (log2 fold-change +1.0). Also, in the phylum 215 

Bacteroidetes families such as Weeksellaceae (log2 fold-change +21.3, p<0.001) and 216 

Porphyromonadaceae (log2 fold-change +1.2) were increased in protocol 2; in the phylum 217 
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Actinobacteria the family Actinomycetaceae (log2 fold-change +7.3, p=0.010) was 218 

increased. Additionally, we also observed increases in the phylum Proteobacteria, including 219 

the families Halomonadaceae (log2 fold-change +21.8, p<0.001), Rhizobiaceae (log2 fold-220 

change +4.8), Unknown_Family (log2 fold-change +2.3), Sphingomonadaceae (log2 fold-221 

change +2.0), Xanthobacteraceae (log2 fold-change +1.5) and Burkholderiaceae (log2 fold-222 

change +1.0). 223 

The Phenol:Chloroform:Isoamyl alcohol step also affected the detection of some 224 

family taxa (34 families detected), although to lesser extent than bead beating. Comparisons 225 

between protocols 3 and 1 showed that the the Phenol:Chloroform:Isoamyl alcohol step 226 

improved the detection of 18 families of the phylum Fusobacteria, including 227 

Fusobacteriaceae (log2 fold-change +23.7, p<0001); the phylum Bacteroidetes, including 228 

the family Porphyromonadaceae (log2 fold-change +2.3); the phylum Actinobacteria, 229 

including Atopobiaceae (log2 fold-change +1.4); the phylum Firmicutes, including 230 

Clostridiaceae_1 (log2 fold-change +2.0) and Carnobacteriaceae (log2 fold-change +1.8); 231 

and the phylum Proteobacteria, including Beijerinckiaceae (log2 fold-change +4.4), 232 

Rhizobiaceae (log2 fold-change +4.4), Moraxellaceae (log2 fold-change +2.2), 233 

Reyranellaceae (log2 fold-change +1.5) and Pasteurellaceae (log2 fold-change +1.5).  234 

The combination of the bead-beater and Phenol:Chloroform:Isoamyl alcohol steps 235 

(Protocol 4) appeared to have a synergistic effect on the abundance of bacterial taxa (37 236 

families detected). Comparisons of the relative abundance observed in protocols 4 and 1 237 

revealed increased log2 fold changes in 20 bacterial families; these were the primarily the 238 

same families (18/20) that were increased in protocols 2 and/or 3. Increase family-level 239 

taxa (log2 fold-change >1) belonged to the phylum Actinobacteria, including Atopobiaceae 240 

(log2 fold-change +5.9, p=0.048) and Micrococcaceae (log2 fold-change +2.7); the phylum 241 
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Bacteroidetes, including Weeksellaceae (log2 fold-change +2.8), Porphyromonadaceae 242 

(log2 fold-change +2.1) and Prevotellaceae (log2 fold-change +1.2); the phylum Firmicutes, 243 

including Clostridiaceae_1 (log2 fold-change +3.6), Carnobacteriaceae (log2 fold-change 244 

+3.3), Leuconostocaceae (log2 fold-change +2.0), Lactobacillaceae (log2 fold-change +1.9), 245 

Streptococcaceae (log2 fold-change +1.2), Staphylococcaceae (log2 fold-change +1.2) and 246 

Veillonellaceae (log2 fold-change +1.2); the phylum Fusobacteria, such as Leptotrichiaceae 247 

(log2 fold-change +1.3); and the phylum Proteobacteria, such as Rhizobiaceae (log2 fold-248 

change +3.4), Sphingomonadaceae (log2 fold-change +2.9) and Neisseriaceae (log2 fold-249 

change +1.1). 250 

Fewer family taxa were identified in protocol 5 (31 families detected) as compared 251 

to the other protocols; however the pre-treatment step did increase the detection of a few 252 

family-level taxa. Comparisons between protocol 4 and 5 showed an average log2 fold-253 

change increase (>1) in 13 families, belonging to the phylum Firmicutes, including 254 

Lactobacillaceae (log2 fold-change +3.2), Ruminococcaceae (log2 fold-change +3.0), 255 

Family_XI (log2 fold-change +1.0) and Staphylococcaceae (log2 fold-change +1.0); the 256 

phylum Bacteroidetes, including Weeksellaceae (log2 fold-change +1.1); the phylum 257 

Proteobacteria, including Unknown_Family (log2 fold-change +6.1); and the phylum 258 

Fusobacteria, including Fusobacteriaceae (log2 fold-change +6.1). 259 

As compared to protocol 1, protocol 5 increased detection for 15 families. Among 260 

those, we observed an increased family abundance (log2 fold-change >1) in the phylum 261 

Firmicutes, including Lactobacillaceae (log2 fold-change +3.5), Carnobacteriaceae (log2 262 

fold-change +2,8), Staphylococcaceae (log2 fold-change +2.3) and Family_XI (log2 fold-263 

change +1,8); the phylum Actinobacteria, including Micrococcaceae (log2 fold-change 264 

+1.6); the phylum Bacteroidetes, including Weeksellaceae (log2 fold-change +4.3), 265 
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Porphyromonadaceae (log2 fold-change +2.5) and Prevotellaceae (log2 fold-change +1.5); 266 

the phylum Fusobacteria, including Fusobacteriaceae (log2 fold-change +6,2); and the 267 

phylum Proteobacteria, including Unknown_Family (log2 fold-change +1.1). 268 

In contrast, we observed that 13 family taxa were decreased in protocol 5 compared 269 

to protocol 1 (log2 fold-change < 0), primarily belonging to the phylum Proteobacteria 270 

(9/13), as well as the phyla Firmicutes (1/13), Bacteroidetes (1/13), Dependentiae (1/13), 271 

and Fusobacteria (1/13). The majority of these families (11/13) were also decreased in 272 

protocols 2, 3 and/or 4.   273 

 274 

Impact of DNA extraction protocol on the fungal community 275 

Similarly, we investigated whether the DNA extraction protocols affected the composition 276 

of fungal community. CCA analysis showed that samples tend to cluster according by 277 

extraction protocol, however this grouping is not statistically significant, suggesting that the 278 

DNA extraction method affects the fungal community (Figure 5C). In addition, we 279 

observed that samples cluster according to the subjects (Figure 5D).  280 

Compositional comparison revealed that the number of fungal families identified 281 

ranged from 9 in protocol 5 to 24 in protocol 2, with figures for the other protocols of 13 282 

(protocol 4), 15 (protocol 3), and 17 (protocol 1). We noted that the bead-beater step 283 

improved fungal retrieval at the family level (protocol 2), although this increase was not 284 

found for protocol 4, which includes the bead-beater and Phenol:Chloroform:Isoamyl 285 

alcohol steps.  286 

To determine the effect of bead beating, we compared changes in the relative 287 

abundance of taxa between protocols 2 and 1. The following families showed a log2fold 288 

change increase in protocol 2: Malasseziaceae (log2 fold-change +6.2, p=0.033) from the 289 
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phylum Basidiomycota and Cladosporiaceae (log2 fold-change +3.5), Dipodascaceae (log2 290 

fold-change +2.6) and Aspergillaceae (log2 fold-change +1.1) from the phylum 291 

Ascomycota (Figure 7 and Additional file–Table S3).  292 

In contrast, the Phenol:Chloroform:Isoamyl alcohol step appeared to induce fewer 293 

changes (protocol 3) compared to protocol 1, as similar number of family taxa were 294 

recovered (15 and 17 families detected with protocols 3 and 1, respectively). However, 295 

changes were observed in the phylum Basidiomycota, including the related family 296 

Malasseziaceae (log2 fold-change +5.8, p=0.044) and in the phylum Ascomycota, including 297 

Hypocreales_fam_Incertae_sedis (log2 fold-change +5.2) and Cladosporiaceae (log2 fold-298 

change +0.9). 299 

We observed that the combination of the bead-beater and 300 

Phenol:Chloroform:Isoamyl alcohol steps, protocol 4, as compared to protocol 1 increases 301 

the families Malasseziaceae (log2 fold-change +6.2, p=0.033) from the phylum 302 

Basidiomycota, which was also increased protocols 2 and 3. In addition, the family 303 

Saccharomycetales_fam_Incertae_sedis (log2 fold-change +28.3, p<0.001) from the 304 

phylum Ascomycota was also increased.  305 

Although protocol 5 recovered fewer family taxa than protocol 1 (9 versus 15 306 

families detected, respectively), comparison between protocols 5 and 4 revealed that the 307 

pre-treatment step seems to improve retrieval of the families Aspergillaceae (log2 fold-308 

change +1.6), Pneumocystidaceae (log2 fold-change +0.8), Didymellaceae (log2 fold-309 

change +0.6) and Saccharomycetales_fam_Incertae_sedis (log2 fold-change +0.1) from the 310 

phylum Ascomycota; and Malasseziaceae (log2 fold-change +0.4) from the phylum 311 

Basidiomycota.  312 
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All family taxa increased in protocol 5 compared to protocol 1 were also increased 313 

by the bead-beating, the Phenol:Chloroform:Isoamyl alcohol or the pre-treatment steps: 314 

Didymellaceae (log2 fold-change +29.3, p<0.001), Saccharomycetales_fam_Incertae_sedis 315 

(log2 fold-change +28.9, p<0.001), Aspergillaceae  (log2 fold-change +1.1) and 316 

Pneumocystidaceae (log2 fold-change +0.1) from the phylum Ascomycota; and 317 

Malasseziaceae (log2 fold-change +7.2, p=0,012) from the phylum Basidiomycota. 318 

 319 

Discussion 320 

Here we provide the first description of the bacterial and fungal community inhabiting the 321 

lungs in healthy human subjects. Furthermore, we evaluated the effect of five different 322 

DNA extraction protocols on the quantity and quality of nucleic acids, as well as on the 323 

bacterial and fungal community composition. We show that additional steps, including 324 

bead-beating, Phenol:Chloroform:Isoamyl alcohol, and pre-treatment affect the 325 

characterization of the microbial community in lung tissue samples; data that should 326 

considered in the future lung microbiome studies.  327 

Over the last decade, the development of culture-independent techniques for 328 

microbiological analysis has uncovered the existence of a microbial community in the lung, 329 

which was previously considered to be sterile. The lower respiratory tract of healthy 330 

subjects was mainly colonized by anaerobic bacteria, such as the phylum Bacteroidetes 331 

inlduing the family Prevotellaceae and the phylum Firmicutes including the families 332 

Veillonellaceae and Streptococcaceae, as well as aerobic bacteria, such as the phylum 333 

Proteobacteria including the families Pseudomonaceae, Neisseriaceae, and Pasteurellaceae. 334 

[14,15]. However, these data are based on studies whose samples were contaminated by 335 
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microorganisms of the upper respiratory tract (i.e. sputum, bronchial aspirate, lung biopsy 336 

and bronchoalveolar lavage), as during their collection they transited through the 337 

oropharynx; thus, they do not represent the commensal communities inhabiting the lung 338 

[16]. Except for sputum, the collection of these samples is ethically difficult to perform in 339 

healthy subjects, as they require invasive procedures, making the characterization of the 340 

healthy lung microbiome extremely difficult. We show that lung tissue samples from 341 

healthy subjects were composed mainly of the phylum Firmicutes, largely represented by 342 

the families Anaerobacillaceae, Streptococcaceae, Clostridiaceae and Veillonellaceae. We 343 

also detected the phyla Bacteroidetes (mainly represented by the family Prevotellaceae) and 344 

Proteobacteria (mainly represented by the families Neisseriaceae and Pasteurellaceae) in 345 

lower concentrations. We observed great diversity in the microbiome inhabiting the lung, 346 

which had been poorly characterized in the past. Although a large number of fungal 347 

sequences in our samples were not able been identified, specifically due to a lack of 348 

reference genomes [17], the fungal families we were able to identify came primarily from 349 

the phyla Ascomycota and Basidiomycota, as well as Saccharomycetae, Saccharomycetales 350 

family Incertae sedis, and Aspergillaceae. Interestingly, species of some identified fungal 351 

families such as Candida, Malassezia and Saccharomyces, have been previously reported 352 

to cause lung infection, suggesting that they may be also be present in the lungs as 353 

commensals [18].  354 

However, the study of the lung microbiota remains a technical challenge for 355 

researchers due to the low microbial biomass inhabiting the human lung, estimated at 356 

approximately 2.2x 103 bacterial genomes per cm2 [14,19]. Consequently, low microbial 357 

biomass samples are more sensitive to inherent contamination during the DNA extraction 358 

process, affecting sequencing data and interpretation of the microbiota. This is even more 359 
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of a concern for fungi, which were present in lower concentrations in our samples as 360 

compared to bacteria. This problem was well illustrated in a study by Lauder and 361 

collaborators, who characterized the microbiota of the placenta, which is also composed of 362 

a low microbial biomass [20]. The authors were unable to detect significant differences 363 

between the placental samples and contamination controls. In contrast, our study shows a 364 

significant separation between lung tissue samples and environmental contamination using 365 

CCA based on Bray-Curtis distances, (Adonis test, p<0.05).  366 

However, we did identify potential contaminants in our samples with bacterial 367 

contamination (67.7% of the sequence reads) more common than fungal contamination 368 

(8.7% of sequence reads). Contaminants were identified through a computational approach, 369 

based on 100% identity sequences present in both negative controls and lung tissue 370 

samples. This strategy appears more successful in removing sequences, which is vital as the 371 

lung microbiota can be contaminated by the bacterial content of inhaled air. It is likely that 372 

some bacterial species of the lung microbiota are the same species found in contaminant 373 

indoor air. Nevertheless, it is probable that some bacterial species in the lung microbiota 374 

were removed through our strategy. As the length of sequencing reads was only about 460 375 

bp, distinct microbial strains present in the lung microbiota and in the contaminants could 376 

have 100% identity sequences. Thus, we probably overestimated the level of contamination 377 

in our samples. Nevertheless, we considered it better to analyzing lung tissue samples that 378 

do not contain DNA contaminations, as the residing microbiota in the lung is still being 379 

discovered.   380 

In microbiome studies, it is well known that DNA extraction protocols are directly 381 

related to the quality of sequencing and taxonomic identification of microorganisms. The 382 

need for high concentration and quality of extracted DNA is of special concern in low 383 
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biomass samples, such as lung tissue samples. In addition to the low microbial 384 

concentration, lung tissue samples contain a larger part of host eukaryote as opposed to 385 

microbial DNA, making it harder to amplification and sequencing microbial DNA. In this 386 

context choosing and adequate DNA extraction protocol ensures not only an efficient 387 

recovery of all microorganisms present in the samples, but also the  quality of the extracted 388 

DNA.  389 

In our study, the addition of a bead-beating step in protocol 2 did not significantly 390 

increase the recovery of extracted DNA compared with protocol 1. However, it is known 391 

that the mechanical action of the beads on the microbial wall improves microbial 392 

disruption. We note that the bead beating step mainly favors the detection of taxa from the 393 

phyla Firmicutes (e.g. the families Bacillaceae and Clostridiaceae_1) and Actinobacteria 394 

(e.g. Actinomycetaceae and Atopobiaceae) that are gram positive bacteria and known to 395 

have many layers of peptidoglycan in their thick cell wall, which is not easily destroyed. 396 

Moreover, although the Proteobacteria was reduced, we also retrieved increased 397 

abundances in some gram-negative bacteria from the phyla Bacteroidetes (e.g. the families 398 

Weeksellaceae and Porphyromonadaceae) and Proteobacteria (e.g. the families 399 

Halomonadaceae, Rhizobiaceae and Sphingomonadaceae). Previously, DNA extraction 400 

methods based only on enzymatic treatment without physical disruption showed reduced 401 

recovery of Gram-positive bacteria and relatively elevated levels of Gram negatives 402 

[21,22]. It is noteworthy that yeasts and other fungi often have a cell wall that is harder to 403 

lyse than bacterial cell walls and DNA extraction kits are generally not optimized for fungal 404 

DNA extractions. Specifically, we observed a higher abundance of the families 405 

Malasseziaceae and Aspergillaceae in samples processed with bead beating. It has been 406 

previously shown extraction protocols that employ bead beating increase DNA yields of 407 
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genera begonging to the Aspergillaceae family [23] and improve the recovery of the 408 

Malasseziaceae family [24]. In addition to the families Aspergillaceae and Malasseziaceae, 409 

our study revealed that the bead-beating step also increased the recovery of other fungal 410 

taxa, such as the families Cladosporiaceae and Dipodascaceae. 411 

On the other hand, the additional of Phenol:Chloroform:Isoamyl alcohol step in the 412 

protocol 3 lead to modestly changes in the bacterial and fungal communities. However we 413 

observed that the Phenol:Chloroform:Isoamyl alcohol step ensured a better quality of the 414 

extracted DNA (ratio 260/280-absorbance) compared with protocol 1. While the phenol can 415 

aid in disrupting the cell wall by denaturing protein and lipids, it also permits the removal 416 

of PCR inhibitors by separating Nucleic Acids from other compounds.  417 

When the beat-beating and phenol chloroform steps were included in the same 418 

protocol (protocol 4), their respective effects tend to be additive. Protocol 4 produced the 419 

highest concentration and the best quality of extracted DNA. Nevertheless, the bacterial and 420 

fungal DNA, estimated by qPCR, was not significantly elevated as compared to protocol 1. 421 

Moreover, the majority of bacterial and fungal taxa increased in protocol 4 were also 422 

increased in protocol 2 (beat-beating) and/or the protocol 3 (phenol chloroform).  423 

Subsequently, we experimented with the addition of a pre-treatment step that 424 

consisted in disrupting the lung tissue in PBS 1X under agitation, followed by a filtering 425 

step on gauze and centrifugation to harvest microbes. Compared to protocol 1, we did not 426 

observe a loss of total DNA in lung tissue samples processed with the protocol 5. In 427 

contrast a higher concentration of bacterial and fungal DNA, determined by qPCR, was 428 

observed in protocol 5 compared with all other protocols. These results were expected, as 429 

the filtering and centrifugation steps in pre-treatment may both diminish the concentration 430 

of human DNA and concentrate microorganisms. Nevertheless, the estimation of human 431 
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DNA in the protocol 5 was not significantly different from other protocols. Although a 432 

better concentration of microbial DNA is observed in the protocol 5, fewer bacterial and 433 

fungal taxa were observed, suggesting that the addition of the pre-treatment step resulted in 434 

the loss of microorganisms. On the other hand, this may have resulted from the remove of 435 

microbial DNA from dead and/or broken-down microorganisms. No methodologies based 436 

on sequence analysis of polymerase chain reaction amplicons from microbial markers (such 437 

as 16SrRNA and ITS genes in our study) can differentiate living, dead, or ruptured bacteria, 438 

as all of these generate the same positive signals [25]. In our study, the centrifugation 439 

performed during the pre-treatment step contributed to pellet the live microorganisms and 440 

remove others particles in the supernatant such as free DNA, resulting in the enrichment of 441 

living microbes. Although we did not show that the pre-treatment step decreases the 442 

proportion of dead microorganisms, the protocol 5 including the pre-treatment step could 443 

be a very important issue. In effect, controversy exists regarding the presence of live 444 

commensal bacteria in the lung (as well as in the placenta) since the detected DNA 445 

sequences may be the result of the breakdown of microorganisms and not live/reproducing 446 

microbial community members.  447 

 448 

Conclusions 449 

Using lung samples from autopsied subjects, we describe for the first time the bacterial and 450 

fungal communities inhabiting the lung of healthy subjects. Collectively, our study shows 451 

that low microbial biomass samples, such as lung tissue samples, require particular care 452 

since high relative contaminate sequences could be retrieved. In addition, we found that the 453 

DNA extraction protocols affected the detection and abundance of bacterial and fungal 454 
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taxa, which may influence the interpretation of results, even though a small percentage of 455 

the total estimated microbial communities were affected. The bead-beating and 456 

Phenol:Chloroform:Isoamyl alcohol steps improved the detection of bacterial and fungal 457 

community through an efficient lysis of microorganisms and a higher quality of extracted 458 

DNA, respectively. Additionally, we found that the addition of a pre-treatment step 459 

improves the amplification of microbial DNA, but it may also eliminate microbial DNA 460 

fragments resulting from dead microorganisms in lung tissue samples. Therefore, the 461 

microbial community profiles from samples processed with protocol 5, which included a 462 

pre-treatment step, may be closer to those inhabiting the lung. As lung microbiome studies 463 

are needed to determine whether pathogenic relationships between the microbiome and 464 

lung disease exist, this protocol, including the pre-treatment step described in our study, 465 

may represent a good alternative to avoid controversy as to the live microorganisms 466 

inhabiting the lung.  467 

 468 

Methods 469 

Study design and sample collection 470 

Lung tissue samples were obtained from individuals, four children aged 4.7 ± 2.8 months 471 

and three adults aged 42.4 ± 17.4 years, whose autopsy was legally required at the Servicio 472 

Medico Legal (Chilean coroner's office) in Santiago. Subjects were selected on the basis of 473 

unexpected death at home (in the case of children) and unexpected or violent death 474 

occurring in the street (in the case of adults). Additionally inclusion criteria were: not 475 

having been admitted to the hospital, absence of known immunocompromising conditions, 476 

and absence of obvious pulmonary disease on macroscopic examination. Autopsy diagnosis 477 

 This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=3496909 



22 
 

was established on the basis of clinical history, results of post-mortem laboratory tests, and 478 

gross findings. Medical information (including age, date of death, autopsy findings, and 479 

autopsy diagnoses) was collected from the coroner's report. Lung biopsy specimens were 480 

anonymized after medical information from the autopsy was obtained.  481 

For each autopsied subjects, the right upper lobe was removed using sterile 482 

equipment and stored at −80°C in a sterile plastic bag until processing for analysis. The 483 

right upper lobe samples were transported to a biosafety cabinet, where they were removed 484 

from the bag and placed on a large sterile plate. For each sample, the pleura were carefully 485 

removed in order to access untouched tissue using separate sterile equipment. Small 486 

samples were obtained from deep lung tissue, cut into small pieces, divided into five 487 

aliquots (0.4 g) and frozen at -80ºC for DNA extraction.  488 

 489 

DNA extraction protocols 490 

In this study, we compared five DNA extraction protocols (Table 1) based on 491 

modifications to the QIAamp DNA Mini kit (Qiagen) used to detect Pneumocystis in lung 492 

tissue samples [26]. Protocol 1 was based on the use of the QIAmp kit alone. The altered 493 

protocols were as follows: in protocol 2 we introduced a bead-beating step; in protocol 3 494 

we added a Phenol:Chloroform:Isoamyl alcohol step; in protocol 4 we added both a bead-495 

beating and Phenol:Chloroform:Isoamyl alcohol step; and in protocol 5 we added a pre-496 

treatment step followed by the bead-beating and Phenol:Chloroform:Isoamyl alcohol steps. 497 

In all DNA extraction protocols, the DNA was eluted with 100-μL of elution buffer 498 

supplied with the kit. 499 

 500 
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Protocol 1: Small pieces obtained from the right upper lobe were homogenized in 200-μL 501 

of PBS using the Ultra Turrax® homogenizer (Biospec Products Inc.). DNA was extracted 502 

and purified from 200-µL of this solution using the QIAamp DNA Mini kit (Qiagen), 503 

according to the manufacturer's instructions. Briefly, the homogenate was mixed with 180-504 

μL ATL buffer and 20 μL of protease and incubated for 30 min at 56ºC. Then 200-μL AL 505 

lysis buffer was added and the mixture was incubated for 10 min at 70ºC. The remaining 506 

steps consisted of washing binding DNA to the column, according to the manufacturer’s 507 

recommendations. 508 

 509 

Protocol 2: DNA extraction was performed following the procedure in protocol 1 with an 510 

additional bead-beating step to increase the disruption of microbial cells. The only changes 511 

to protocol 1 are the following: i) samples were homogenized using the Ultra Turrax® 512 

homogenizer (Biospec Products Inc.) ii) 400 μL of sterilized zirconia beads (0.1 and 0.5 513 

mm) were added in the tubes that were then homogenized using a Mini-Beadbeater-8 514 

(BioSpec Product) at medium speed for 2x3 min, iii) the tubes were centrifuged at 4 °C for 515 

10 min (15,000 g) and the supernatant was transferred to a new 2-mL tube.  516 

 517 

Protocol 3: This protocol consisted in extracting DNA as in the protocol 1, supplemented 518 

with an additional Phenol:Chloroform:Isoamyl alcohol step. As in the protocol 1, tissue 519 

disruption and lysis step were performed using the QIAamp DNA Mini kit (Qiagen). Next, 520 

we added a volume of Phenol:Chloroform:Isoamyl alcohol (25:24:1) followed by vortexing 521 

for 1 min and centrifugation at 4 °C for 10 min (10,000 xg). We removed ~600-μL of the 522 

upper aqueous solution avoiding picking up any of the phenol/chloroform/isoamyl alcohol 523 

phase and it was used to purify the extracted DNA. Then DNA was washed and 524 

 This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=3496909 



24 
 

precipitated as in the protocol 1 using the column of the QIAamp DNA kit (Qiagen), 525 

following the manufacturer’s recommendations. 526 

 527 

Protocol 4: It consisted in the addition of both bead-beating and 528 

Phenol:Chloroform:Isoamyl alcohol steps to the protocol 1. The tissue disruption and lysis 529 

steps were performed as in the protocol 1, using the QIAamp DNA Mini kit (Qiagen). After 530 

the last lysis step, we added 400 μL of sterilized zirconia beads (0.1 and 0.5 mm) and a 531 

volume of Phenol:Chloroform:Isoamyl alcohol (25:24:1) followed by vortexing for 1 min. 532 

Next, the samples were homogenized using a Mini-Beadbeater-8 at middle speed for 2x3 533 

min and centrifuged at 4 °C for 10 min (15,000 xg). The supernatant corresponding to the 534 

aqueous solution was transferred to a new 2-mL tube and used for the washing and 535 

purification of the DNA, as performed in the protocol 1.  536 

 537 

Protocol 5: This protocol was performed according to the procedure of the protocol 4. 538 

However, small pieces of lung tissue were not homogenized with the Ultra Turrax® 539 

homogenizer (Biospec Products Inc.), instead they were homogenized by magnetic stirrer 540 

agitation in 20 mL of sterile PBS (pH 7.2) in ice pack–covered screw-capped flasks for 30 541 

min. The homogenate was then filtered using sterile gauze and the stirring flasks were 542 

washed with sterile PBS to collect any remnants of the specimens. The filtrate was 543 

centrifuged at 4°C for 10 min (2,900 xg) and the pellet was reconstituted in 200 µL of 544 

sterile PBS (pH 7.2). DNA was extracted in the same way as the protocol 4, which included 545 

the addition of both bead-beating and Phenol:Chloroform:Isoamyl alcohol steps. 546 

 547 

DNA extraction controls 548 
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Blank samples consisting of buffer supplied with the kit were processed together with the 549 

lung tissue samples. Four blank samples were processed with the Ultra Turrax® 550 

homogenizer and DNA was extracted according to the protocols 1-4; resulting in one blank 551 

sample per extraction protocol. One blank sample was processed with the pre-treatment 552 

step and processed according to the protocol 5. 553 

 554 

DNA quantitation and quality assessment 555 

DNA concentrations were initially measured using the Qubit double-stranded DNA 556 

(dsDNA) BR assay kit on a Qubit 2.0 fluorometer (Invitrogen, Carlsbad, CA). As high 557 

DNA concentrations may exceed the limit of Qubit capacity for PCR reactions, dilutions 558 

were also prepared and measured. In addition, since the extractions can contain proteins 559 

and other organic molecules that are known to affect downstream procedures such as DNA 560 

amplifications in PCR, we also determined DNA purity by measuring the concentration of 561 

undiluted DNA as well as absobence ratios at 260/280 using a NanoDrop 1000 562 

spectrophotometer (Thermo Scientific, Pittsburgh, PA, USA).  563 

 564 

Estimation of human, bacterial and fungal DNA levels in DNA extracted from lung 565 

tissue samples 566 

Levels of human, bacterial and fungal DNA present in DNA extracted from lung tissue 567 

samples were assessed using qPCR method by amplifying the human β-actin, the bacterial 568 

16S rRNA, and the 18S rDNA gene of fungi, respectively. qPCRs were carried out in 10 569 

μL reactions containing 2 μL of diluted template (~10 ng/μl) or water (negative template 570 

control), 2X LightCycler® 480 SYBR Green I Master (Roche Diagnostics), 0.3 μM each of 571 

the forward and reverse primers: the forward 5’-TTGTTACAGGAAGTCCCTTGCC-3’ 572 
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and the reverse 5’-ATGCTATCACCTCCCCTGTGTG-3’ to amplify the human β-actin; 573 

the forward 515F 5’-GTGCCAGCMGCCGCGGTAA-3’ and reverse 5’-574 

CTTGTGCGGKCCCCCGYCAATTC-3’ to amplify the V4 hyper variable region of the 575 

16S rRNA gene of bacteria [27]; and the forward 5'-576 

TTAGCATGGAATAATRRAATAGGA-3’ and reverse 5'-577 

TCTGGACCTGGTGAGTTTCC-3’ to amplify the V4 (partial) and V5 variable regions of 578 

the 18S rDNA of fungi [28], and 2.4 μL of water. PCR amplification consisted of an initial 579 

heating step at 95°C for 5 min, followed by 40 cycles at 95°C for 20 s, and 59°C (for the β-580 

actin gene), 58ºC and 57ºC for 30 s, the 16S rRNA and 18S RNA gene region, respectively, 581 

and 72ºC for 25 s. PCR reactions were performed on the Roche® LightCycler 480 582 

instrument (Roche Diagnostic, Switzerland). All samples and controls were run in 583 

duplicate. The human, bacterial, and fungal DNA in lung tissue samples was estimated by 584 

real-time PCR. All samples were adjusted to 10 ng/µL using the Qubit 4 Fluorometer 585 

(Invitrogen), allowing for comparison of Ct values. 586 

 587 

16S rRNA gene and ITS amplification, library construction, and sequencing 588 

For bacterial 16S rRNA gene amplification, primers (forward primer 5′-589 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3′ 590 

and reverse primer 5′- 591 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAAT592 

CC-3′) spanning the V3/V4 hypervariable regions were used. PCR conditions were as 593 

follows: 3 min of initial denaturation at 95 °C followed by 25 cycles of denaturation (30 s 594 

at 95 °C), annealing (30 s at 55 °C) and elongation (30 s at 72 °C), with a final extension at 595 
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72°C for 5 min. Internal controls of extraction and amplification were also analyzed 596 

together with the samples.  597 

As for the fungi, an internal transcribed spacer (ITS) region was amplified. A pre-598 

amplification with primers ITS1-F 5’-TAGAGGAAGTAAAAGTCGTAA-3’ and ITS2-599 

R_KYO2 5’-TTYRCTRCGTTCTTCATC-3’ spanning the small subunit and the 5.8S 600 

region of the rRNA operon, respectively, was carried out. PCR conditions were as follows: 601 

initial denaturation at 95°C for 3 min, followed by 30 cycles of denaturation (30 s at 95°C), 602 

annealing (30 s at 56°C) and elongation 20 s at 72 °C, with a final extension at 72°C for 5 603 

min. 604 

A second PCR amplification with internal primers (ITS1-FInt 5’- 605 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGAAGTAAAAGTCGTAACAAGG606 

-3’, positions 1737-1758, and ITS2_RInt: 5’-607 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCTRYGTTCTTCATCGDT-3’, 608 

positions 2026-2042) containing the adapters sequence (in italics), was performed on 10.5 609 

l of the primary PCR. Reaction conditions were: initial denaturation at 95°C for 2 min, 610 

followed by 28 cycles of denaturation (30 s at 95°C), annealing (30 s at 58°C) and 611 

elongation 30 s at 72 °C, with a final extension at 72°C for 5 min. 612 

The resulting products were verified in a 1.4% agarose gel run in 1x TBE and 613 

purified amplicons were quantified using a Qubit® 3.0 Fluorometer (Thermo Fisher 614 

Scientific). Next, dual indices were attached to both ends of the PCR products using 615 

Nextera XT Index Kit (Illumina). Equimolar amounts of DNA per sample were pooled and 616 

sequenced using the MiSeq® reagent kit version 3 (Illumina), on a MiSeq desktop 617 

sequencer (2 x 300 bp paired-end reads) (Illumina). 618 

 This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=3496909 



28 
 

 619 

Bioinformatic processing 620 

Demultiplexed raw sequencing data, delivered as forward and reverse fastq files containing 621 

reads in matched order, and free of primer, adapter and linker sequences were the input 622 

files for the DADA2 pipeline [29], which was used to analyse the quality profiles, for 623 

filtering and trimming to remove Ns, expected errors and low quality tails. After learning 624 

the error rates with the DADA2 algorithm, a dereplication step was used to reduce 625 

computation time by collapsing redundant reads into unique ones, but counting them. Next, 626 

using the dereplicated data, true sequence variants were inferred. Paired reads were then 627 

merged by aligning denoised forward and reverse reads, provided they had a minimum 628 

overlapping set in 15 identical bases. Merged reads were used to construct the amplicon 629 

sequence variant table, and chimeric sequences were identified and removed. Before 630 

taxonomy assignment, there was a step of removal of human sequences linked to bowtie2-631 

2.3.4.2 [30] against the reference human genome database GRCh38.p11, Dec 2013, using 632 

very sensitive parameters. The unaligned reads were used to assign taxonomy implemented 633 

by the naïve Bayesian classifier method, using the Silva reference database for bacteria and 634 

Unite database for fungi, extending the assignment to species level, when possible, with the 635 

silva_species_assignment_v132.fa.gz file for bacteria and 636 

sh_general_release_dynamic_01_12_2017.fasta files for fungi, respectively, and 637 

complemented with a blastn search. In the end, counts were obtained for operational 638 

taxonomic units (OTUs), and collapsed to the family level.  639 

 640 

Contaminated sequences assessment 641 
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The bacterial and fungal read sequences obtained in lung tissue samples, clustering with the 642 

DADA2 pipeline at 100% identity with those present in the negative controls, were 643 

removed from the analysis of samples, for each group, respectively. The proportion of 644 

removed sequences was calculated for each lung tissue sample.  645 

 646 

Bacterial and fungal community composition, abundance, and diversity analysis 647 

The table containing the collapsed taxonomy up to the species level was converted into 648 

Biom format, using the QIIME pipeline version 1.9.0 [31] for composition and absolute 649 

and relative abundance analyses, as well as for ecological diversity.  650 

For within sample diversity, or alpha diversity, 1,000 rarefactions of 2,600 random 651 

reads per sample in the case of bacteria; and 12,000 for fungi, with replacement, were 652 

carried out and the alpha diversity was calculated using the Shannon diversity index. As for 653 

diversity between samples, or beta diversity, variation was assessed using canonical 654 

correspondence analysis (CCA), implemented in R version 3.1.0 [32], on a Bray-Curtis 655 

dissimilarity matrices generated with the QIIME pipeline. 656 

 657 

Statistical analyses 658 

Diversity within groups of samples was analysed using a pairwise comparison according to 659 

the method and individual, using the qiime script compare_alpha_diveristy.py, with the 660 

default non-parametric t-tests (i.e Monte Carlo permutations). Boxplots were also generated 661 

by this script [33]. Fold change in relative abundance of family level taxa between distinct 662 

protocols was determined using the R DESEQ2 statistical software [34] within the 663 

phyloseq package [35]. Additional analyses, such as Wilcoxon-Mann-Whitney non-664 

parametrical tests for groups of samples were conducted using R version 3.5.1 [35]. 665 
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Additional files 667 

Additional file 1: Table S1. Total count and percentage of bacterial and fungal families 668 

identified in negative controls during the DNA extraction process. 669 

 670 

Additional file 2: Figure S1. Fungal and bacterial microbiomes of lung tissue samples 671 

cluster separately from those of negative controls. CCA plot of bacterial (A) and fungal (B) 672 

microbiomes according to sample type.  673 

 674 

Additional file 3: Table S2. Total counts and percentages of bacterial and fungal families 675 

identified in lung tissue samples. 676 

 677 

Additional file 4: Figure S2. Boxplots showing the Shannon diversity index for each 678 

extraction protocol. M1 to M5: Protocols 1 to 5. 679 

 680 

Additional file 5: Table S3. Percentage of bacterial and fungal families identified per 681 

sample in lung tissue samples, grouped by individual and by extraction method.  682 

Green color intensity is proportional to the relative abundance of a family in each sample. 683 

 684 

List of abbreviations 685 

CCA: Canonical Correspondence Analysis; Ct: Cycle threshold; gDNA: genomic DNA; 686 

ITS: internal transcribed spacer; OTU: Operational Taxonomic Unit; PCR: polymerase 687 

chain reaction; SD: standard deviation. 688 
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 835 

Table 1. DNA extraction protocols used in this study. 836 

 837 

Protocol 
Pre-treatment 

step 

Phenol:Chloroform:Isoamyl 

alcohol step 

Bead-beating 

step 

QIAamp DNA Mini 

kit (Qiagen) 

1 - - - + 

2 - - + + 

3 - + - + 

4 - + + + 

5 + + + + 

 838 

 839 

 840 
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Figure legends 841 

Figure 1: Comparison of the yield and purity of extracted DNA between protocols. (A) 842 

DNA yield and (B) DNA quality (n = 7 samples/protocol). DNA yield is expressed as DNA 843 

concentration (ng/μl) normalized by quantity of lung tissue used for DNA extraction. Solid 844 

black lines indicate the median, and the lower and upper bounds of the box represent the 25 845 

and 75% quartiles. Outliers, defined as falling outside the 10% and 90% quartiles, are 846 

indicated with black circles. Significant differences specified in the figure are based on 847 

ANOVA or the Kruskal-Wallis tests. 848 

 849 

Figure 2: Evaluation of human, bacterial and fungal DNA by extraction protocol. Boxplot 850 

of Ct values for β-actin gene (A), 16S rRNA (B) and 18S rRNA gene (C) obtained with the 851 

five extraction protocols. Solid black lines indicate medians, and the lower and upper 852 

bounds of the box represent the 25 and 75% quartiles. Outliers, defined as falling outside 853 

the 10% and 90% quartiles, are indicated with black circles. Significant differences based 854 

on the Kruskal-Wallis test are specified in the figure. 855 

 856 

Figure 3: Relative abundance of phyla and families identified in negative controls during 857 

the DNA extraction process. Sequencing of the 16S rRNA gene (A) and the ITS region (B) 858 

carried out on four negative controls using the Illumina MiSeq platform. A complete list of 859 

taxa is provided in the Additional file 1: Table S1. 860 

 861 

Figure 4: Relative abundance of phyla and families identified in lung tissue samples. 862 

Sequencing of the 16S rRNA gene (A) and the ITS region (B) carried out on 7 lung tissue 863 
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samples using the Illumina MiSeq platform. A complete list of taxa is provided in 864 

Additional file 3–Table S2. 865 

 866 

Figure 5: Canonical correspondence analysis (CCA) plots of bacterial and fungal 867 

microbiomes according to the DNA extraction protocol (A and C respectively) and 868 

according to individuals (B and D respectively).  869 

 870 

Figure 6: Bacterial changes associated with bead beating (comparison of protocol 2 with 871 

1); the Phenol:Chloroform:Isoamyl alcohol step (comparison of protocol 3 with 1); bead-872 

beating and the Phenol:Chloroform:Isoamyl alcohol steps (comparison of protocol 4 with 873 

1); pre-treatment steps (comparison of protocol 5 with 4); and pre-treatment, the bead-874 

beating and the Phenol:Chloroform:Isoamyl alcohol steps (comparison of protocol 5 with 875 

1). Average of log2 fold-cahnge in relative taxon abundance was calculated using the 876 

DESEQ2 software.   877 

 878 

Figure 7: Fungal changes associated with bead beating (comparison of protocol 2 with 1); 879 

the Phenol:Chloroform:Isoamyl alcohol step (comparison of protocol 3 with 1); the bead-880 

beating and the Phenol:Chloroform:Isoamyl alcohol steps (comparison of protocol 4 with 881 

1), the pre-treatment steps (comparison of protocol 5 with 4); and the pre-treatment, the 882 

bead-beating and the Phenol:Chloroform:Isoamyl alcohol steps (comparison of protocol 5 883 

with 1). Average of log2 fold-change in relative taxon abundance was calculated using the 884 

DESEQ2 software. 885 
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