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SUMMARY

Metagenomic sequencing is a promising approach
for identifying and characterizing organisms and
their functional characteristics in complex, poly-
microbial infections, such as airway infections in
people with cystic fibrosis. These analyses are often
hampered, however, by overwhelming quantities of
human DNA, yielding only a small proportion of mi-
crobial reads for analysis. In addition, many abun-
dant microbes in respiratory samples can produce
large quantities of extracellular bacterial DNA origi-
nating either from biofilms or dead cells. We describe
a method for simultaneously depleting DNA from
intact human cells and extracellular DNA (human
and bacterial) in sputum, using selective lysis
of eukaryotic cells and endonuclease digestion.
We show that this method increases microbial
sequencing depth and, consequently, both the num-
ber of taxa detected and coverage of individual
genes such as those involved in antibiotic resistance.
This finding underscores the substantial impact of
DNA from sources other than live bacteria in micro-
biological analyses of complex, chronic infection
specimens.
INTRODUCTION

Sequencing-based microbiome methods have greatly improved

our understanding of the microbial inhabitants of the human

body in both health and disease and have been particularly
Cell Rep
This is an open access article under the CC BY-N
instrumental in expanding our view of microbes in polymicrobial

communities and infections. Polymicrobial lung infections in indi-

viduals with cystic fibrosis (CF) serve as a paradigm for studying

many chronic, complex human infections. CF is a genetic disor-

der that is characterized by aberrant ion and fluid balances at

multiple body sites. These defects result in lifelong multiorgan

disease, with the respiratory tract most prominently affected.

The resulting buildup of thick mucus in the airways is associated

with chronic infections and progressive respiratory disease,

the leading cause of morbidity and mortality in people with CF

(Cystic Fibrosis Foundation, 2015; Emerson et al., 2002; Gibson

et al., 2003). Historically, CF respiratory infections have been

characterized, diagnosed, and treated using culture methods

that are optimized for detecting species readily grown under

routine clinical laboratory conditions, including Pseudomonas

aeruginosa and Staphylococcus aureus (Cystic Fibrosis Founda-

tion, 2015; Saiman et al., 2014). The declining cost of high-

throughput, next-generation sequencing (NGS) technology has

permitted culture-free analysis of CF sputum, a respiratory spec-

imen that variably samples secretions from the mouth to the

lower airways, most often by sequencing the bacterial 16S ribo-

somal RNA gene (16S amplicon sequencing). These culture-free

methods have shown the microbiota (the full complement of

bacterial taxa present) in CF respiratory samples to be more

diverse than previously thought, often comprising species not

detected by routine clinical culture (Cox et al., 2010; Rogers

et al., 2004; Rudkjøbing et al., 2011).

Despite a growing body of work characterizing CF respiratory

microbiota, the determinants of clinical decline and microbial

persistence remain incompletely understood, as is the case

for many chronic, polymicrobial infections. Current therapies

in CF generally target culture-identifiable organisms, but CF

lungs remain persistently infected with these ‘‘standard patho-

gens’’ throughout patients’ lifetimes despite frequent antibiotic
orts 26, 2227–2240, February 19, 2019 ª 2019 The Author(s). 2227
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treatments. CF sputum microbial communities are resilient

to therapy, typically rebounding to pre-exacerbation profiles

regardless of antibiotic treatment (Carmody et al., 2015; Fodor

et al., 2012; Price et al., 2013; Stressmann et al., 2011; Zhao

et al., 2012a). Furthermore, microbial communities in CF sputum

can differ dramatically between individuals with similar clinical

characteristics (Kramer et al., 2015). These observations,

together with the diagnostic imprecision of routine clinical cul-

ture, make it difficult to infer which taxa are the most responsible

for clinical status or response to treatment. Thus, a deeper un-

derstanding of sputum microbial community constituency and

function than that provided by current methods could determine

mechanisms by which microorganisms persist, and how these

infections may be more effectively treated.

Although bioinformatic pipelines exist to infer the functional

capacity of a community from 16S amplicon sequencing (Lan-

gille et al., 2013), these methods can only use what is available

in annotated bacterial genomic databases and can miss differ-

ences in accessory genomes across strains. Sequence analysis

of the ‘‘metagenome,’’ the total complement of genes present in

a community, can provide insight into not only the taxonomic

composition of the microbiota but also its functional capacity

directly from sequencing data (Yatsunenko et al., 2012). Metage-

nomic analysis has been used in fecal samples (Lloyd-Price

et al., 2017) and, to a limited extent, in respiratory samples (Fei-

gelman et al., 2017; Lim et al., 2013; Moran Losada et al., 2016)

and has the potential to identify functional traits that are required

for persistence in chronic infections like those of the CF lung.

Unlike some complex microbiota communities, such as those

in fecal samples from the healthy GI tract and in soil, many com-

plex clinical samples include large quantities of immune cells and

comparatively low microbial loads. As a result, metagenomic

sequencing of sputum and other respiratory samples can be hin-

dered by the overabundant proportions of human DNA, relative

to microbial DNA; for example, approximately 95% of metage-

nomic sequencing reads from CF sputum samples are anno-

tated as human (Feigelman et al., 2017; Moran Losada et al.,

2016). High ratios of human-to-microbial DNA are a barrier

shared by many complex, human-associated microbial commu-

nities, such as those found in healthy oral (Horz et al., 2010), skin

(Ferretti et al., 2017), vaginal (Goltsman et al., 2018), blood

(Bright et al., 2012), middle ear, and nasopharyngeal samples

(Jervis-Bardy et al., 2015). Human-to-microbial DNA ratios may

be even higher in samples from inflamed and/or infected sites

due to the influx of immune cells (Bhatt et al., 2014; Chiodini

et al., 2013). The cost of metagenomic analysis of samples

with high human-to-microbial DNA ratios can thus become pro-

hibitive when considering the depths required for the thorough

investigation of the microbiome in a large number of such com-

plex samples. For this reason, functional characterization of

sputum and other samples containing relatively high ratios of hu-

man-to-microbial DNA has lagged behind studies investigating

stool and other microbial communities that contain a high micro-

bial abundance.

A related problem affecting metagenomic analyses of infected

tissues is the presence of extracellular DNA derived from human

cells and/or microbes. Extracellular DNA in complex infections

can be produced as a result of the processes that occur during
2228 Cell Reports 26, 2227–2240, February 19, 2019
and in response to such infections, including cellular turnover

accelerated by antibiotic therapy, inter-bacterial competition,

and host defense, as well as from the production of microbial

biofilms (DNA is an abundant component of these extracellular

matrices for certain microbes). Failing to address the impact of

extracellular DNA on molecular microbial analyses has the po-

tential for systematic bias when the intended focus is on viable

microbial cells. For example, proportions of extracellular micro-

bial DNA may vary when collected before and after antibiotic

treatment (Rogers et al., 2010a) and may bias the characteriza-

tion of live bacteria persisting after antibiotic treatment if not

accounted for during processing. Therefore, methods to more

accurately characterize the functional capacity of infecting com-

munities usingmetagenomic sequencing require not only human

DNA depletion but also enrichment for the cellular DNA fraction.

A number of studies have detailed techniques for depleting hu-

man DNA from microbial communities (Hasan et al., 2016; Horz

et al., 2010; Lim et al., 2014a; Marotz et al., 2018; Thoendel et al.,

2016; Zhou and Pollard, 2012). Few have evaluated the effi-

ciency of these different methods for depleting human DNA

from inflammatory and (relatively) low-abundance infections,

their ability to remove extracellular DNA of either human or mi-

crobial origin, or the bias introduced by these methods to the

phylogenetic composition of these samples. The aim of this

study is to compare the results of different methods designed

to deplete human DNA extracted from complex clinical speci-

mens, focusing in particular on (1) the relative effect of each

method on the calculated taxonomic constituency of the com-

munity and (2) how accurately the results of each method reflect

the viable microbial fraction. We quantified human DNA deple-

tion via both NGS and qPCR, demonstrating that a combination

of hypotonic lysis and nuclease digestion most effectively re-

duces human and extracellular microbial DNA. Using phyloge-

netic analysis of metagenomic and 16S amplicon sequencing

data, we compared the effects of this and other methods on

microbial sequence read depth and on the detection of rare

taxa, as well as the contribution of extracellular bacterial DNA

to apparent community composition, in clinical sputum samples.

We then compared the accuracy of thesemethods formeasuring

the constituency of mock communities containing cultured

bacterial species common in CF sputum. Finally, we demon-

strate that the increased read depth afforded by this method

enhanced sensitivity for detecting genes of potential clinical

importance. Our ultimate goal is to apply this optimized method

to a large number of clinical samples to determine the relative

importance of this viable microbial fraction as a correlate of

clinical outcomes.

RESULTS

Efficiency of Human DNA Depletion
We first compared 4 methods, each used in published studies

(Hasan et al., 2016; Horz et al., 2010; Lim et al., 2014a; Marotz

et al., 2018; Thoendel et al., 2016; Zhou and Pollard, 2012) or

available as commercial kits specific for human DNA depletion,

for their ability to deplete human DNA from CF sputum

samples. ‘‘Antibody depletion’’ uses immunoglobulins against

methylated epitopes specific to eukaryotic DNA; ‘‘cell lysis’’



Figure 1. Comparison of 4 Methods for

Selective Depletion of Human DNA from CF

Sputum Samples

DNAwas extracted from 8CF sputum samples with

standard extraction and 4 different methods for

selectively depleting human DNA.

(A) Proportion of human DNA to total calculated

DNA as determined by qPCR of both human and

bacterial DNA.

(B) Proportion of human to total reads, calculated

by mapping all metagenomic sequencing reads to

the human genome.

(C) Ratio of microbial metagenomic sequencing

reads yielded by each extractionmethod compared

to standard extraction.

(D) Total bacterial load yielded by each extraction

method, calculated by qPCR targeting the 16S

rRNA gene. The colored lines connect data

points from the same sample, and the dotted line

indicates the limit of detection.

Boxes represent the interquartile region, and black

lines within boxes indicate the median value. Pair-

wise Wilcoxon signed rank tests were used

to compare results from selective human DNA

depletion methods to standard extraction, with

a Benjamini-Hochberg correction for multiple

comparisons with all of the comparisons combined

(A–D). No comparison reached the level of signifi-

cance (p < 0.05).
uses selective eukaryotic cell lysis with trypsin-EDTA and

Tween-20; ‘‘ MolYsis ’’ uses the chaotropic lysis of human cells

followed by the endonuclease digestion of extracellular DNA;

and ‘‘benzonase1’’ uses the hypotonic lysis of human cells fol-

lowed by the endonuclease digestion of extracellular DNA.

Each of these methods was used to supplement a standard

phenyl:chloroform-based DNA extraction method, which was

also tested without pre-processing (‘‘standard extraction’’).

Sputum samples from 8 CF patients (a collection we refer to

here as ‘‘test set 1’’) were processed using each method for

the selective depletion of human DNA followed by standard

DNA extraction or standard extraction alone. To assess the de-

gree of selective human DNA reduction, we calculated the pro-

portion of human to total (human and bacterial) DNA in terms

of genome equivalents (GEs) per microliter identified in respec-

tive broad-range qPCR reactions (Figure 1A), for all samples

and extraction methods. In parallel, we performed metagenomic

sequencing of all of the DNA extracts and then calculated the

proportion of human to total sequence reads by mapping reads

to the human genome (Figure 1B). By both sequencing and

qPCR measures, non-depleted samples contained 96% human

DNA on average, which is consistent with previous reports (Fei-

gelman et al., 2017; Lim et al., 2014b). In the present study, the

benzonase1 method was the most efficient for selective human

DNA removal from test set 1; on average, 68% of the reads

from benzonase1-treated samples mapped to the human

genome. This reduction in human reads resulted in a 5-fold in-

crease in microbial reads on average and increased microbial

sequencing depth (Figure 1C). Reduction in human DNA did

not correspond to a decrease in the total bacterial load after
any extraction method, indicating that increased microbial

sequencing depth could be achieved (Figure 1C) without signif-

icant loss of bacterial DNA (Figure 1D).

Effect of Human DNA Depletion on Apparent Microbial
Community Composition
We next assessed the effect of the different depletion methods

on apparent microbial community structure for test set 1. We hy-

pothesized that selectively depleting human DNA in these sam-

ples would result in higher effective microbial sequence read

depth and would improve the detection of low-abundance taxa

in these samples. MetaPhlAn2 (Truong et al., 2015) was used

to define the taxonomic composition of test set 1 metagenomes,

and the effects of different depletion methods on the resulting

calculated sputummicrobial taxonomic profiles were compared.

We identified more microbial taxa (Figure 2A), as well as an

apparent shift in the relative abundance of a number of taxa, in

samples processed by either nuclease-based method ( MolYsis

and benzonase1; Figures 2B and S1). Although this difference

between each depletion method and standard DNA extraction

was not statistically significant, we did observe a large decrease

in P. aeruginosa relative abundance, an important CF pathogen

that is known to exude extracellular DNA (Mulcahy et al., 2008;

van Tilburg Bernardes et al., 2017), with both nuclease-based

processing methods. Because of this pronounced effect of the

nuclease-based processing methods on P. aeruginosa relative

abundance (Figures 2B and S1) and because of the importance

of this pathogen in CF, we wondered whether our sample collec-

tion (which routinely includes freezing at �80�C) or processing
methods could have affected the viability of P. aeruginosa. First,
Cell Reports 26, 2227–2240, February 19, 2019 2229



Figure 2. Effect of Extraction Method on Metagenomic Sequencing Taxonomic Profile and Viable Counts of the 8 Test Set 1 CF Sputum

Samples

(A) Number of distinct genera detected by metagenomic sequencing from DNA prepared with each extraction method. Results from extractions, including

selective depletion of human and extracellular DNA, were compared to standard extraction conditions. Boxes represent the interquartile region, and black lines

indicate the median value. Pairwise Wilcoxon signed rank tests were performed comparing each extraction method to standard extraction with a Benjamini-

Hochberg correction for multiple comparisons, with no comparison reaching the level of significance (p < 0.05).

(B) Difference in relative abundance identified by each extraction method (compared with standard extraction) for the 10 most abundant taxa. Each data point

indicates an individual sample.

(C) Effect of benzonase treatment on viable P. aeruginosa counts. Cultures of 6 separate P. aeruginosa clinical isolates were subjected to both benzonase1 and

benzonase2 processingmethods, which differ only in the order in which EDTA is added. Viable counts weremeasured after the hypotonic, host-cell lysis step and

after enzyme inactivation, as indicated.

See also Figures S1–S4.
we compared DNA extracted from 4 test set 1 samples both

before and after freezing and showed no appreciable alteration

in microbiota profiles (Figure S2). Second, we tested whether

the observed impact of nuclease-based extraction methods

was due to the premature lysis of bacterial cells during initial pro-

cessing with EDTA, which is used to inactivate the endonuclease

used in benzonase1 extraction and has been demonstrated to

kill P. aeruginosa growing planktonically (Haque and Russell,

1974) and in biofilms (Banin et al., 2006). We tested the effect

of hypotonic lysis followed by nuclease treatment (benzonase1)

on viable counts of 6 clinical P. aeruginosa isolates cultured from

test set 1. We also modified the benzonase1 protocol by adding

EDTA later during processing (referred to here as ‘‘benzonase2’’)

and tested this procedural change on the viability of
2230 Cell Reports 26, 2227–2240, February 19, 2019
P. aeruginosa. These experiments demonstrated that, while ben-

zonase1 extraction resulted in an average 1.3 log10 reduction in

P. aeruginosa colony-forming units (CFUs), the benzonase2

method had no detectable impact on viable count (Figure 2C).

We did not observe a similar effect with other taxa commonly

identified in CF sputum (Figure S3). We also enumerated viable

counts of P. aeruginosa directly from a single CF sputum sample

(309) before and after benzonase2 processing, similarly demon-

strating no difference in viable counts (data not shown).

Effect of Adapted Benzonase2 Protocol on
Metagenomic and 16S Amplicon Sequencing
To assess the effect of the benzonase2 method on taxonomic

profiles from metagenomic sequencing, we constructed a



Figure 3. Sequence-Based Phylogenetic Composition of DTT-Treated Test Set 2 Samples after Standard and Benzonase Extraction

DNA extracted from each of 4 DTT-treated, homogenized CF sputum samples was analyzed using both metagenomic sequencing (MetaPhlAn2, top row) and

16S amplicon sequencing (16S Amplicon, bottom row).

See also Tables S1–S4.
smaller set of 4 sputum samples (‘‘test set 2’’), 1 from test set 1

(186), and 1 sample each from 3 additional CF patients. Each

sample was treated with the mucolytic agent dithiothreitol

(DTT) (Burns and Rolain, 2014) and then mixed to fully homoge-

nize, thus limiting bias from potential regional differences among

the different sputum aliquots used for extraction. DNA was

extracted with standard extraction and benzonase1 and benzo-

nase2 methods, and taxonomic profiles were defined by meta-

genomic sequencing followed by MetaPhlAn2 analysis. As

before, we observed a decrease in the relative abundance of

P. aeruginosa and an increased detection of lower-abundance

taxa with both benzonase methods compared with standard

extraction (Figure 3, top).

This observed decrease in the relative abundance of

P. aeruginosa may be due solely to an increase in reads from

other microbes after benzonase processing, perhaps as a result

of increased microbial sequencing depth, rather than reduction

of the absolute abundance of Pseudomonas. Because taxo-

nomic coverage in 16S amplicon sequencing is less affected

by large quantities of human DNA due to the amplification

of a bacterial-specific gene, we addressed this possibility by

analyzing each sample and extraction method using 16S ampli-

con sequencing (Figure 3, bottom). It is important to note that

although large quantities of human DNA can inhibit amplification

of the 16S gene (Glassing et al., 2015), we saw similar total

16S amplicon read numbers and proportions of amplicon

sequencing reads annotated as human across different extrac-
tion methods when applied to test set 1, suggesting that this ef-

fect was minimal (Table S1). 16S amplicon sequencing demon-

strated decreases in the relative abundance of P. aeruginosa

after benzonase1 and benzonase2 extractions that were similar

to those demonstrated by metagenomic sequencing, although

of a lower magnitude. On average, 97% of metagenomic

sequencing reads from DNA prepared with the standard extrac-

tion and 60% of reads in the benzonase-treated extracts map-

ped to the human genome (Figures 4A and 4B). Microbial reads

increased 15-fold following benzonase1 treatment and 14-fold

following benzonase2 treatment, on average, compared with

standard extraction (Figure 4C). As before, the total bacterial

load was similar between extraction methods, indicating a min-

imal effect of these processing methods on microbial DNA

extraction efficiency (Figure 4D). Pretreatment with DTT alone

did not lead to an appreciable difference in community structure

(Figure S4), but our data indicate a further decrease in the pro-

portion of human reads and increase in microbial reads when

comparing standard extraction to benzonase treatment in test

set 1 versus test set 2 (68% versus 60%, Figures 1B and 1C

versus Figures 4B and 4C), suggesting that DTT-based homog-

enization may increase the efficiency of nuclease-mediated

reduction in host DNA.

Finally, the number of genera detected after both benzonase

treatments compared to standard extraction alone was

increased in metagenomic sequencing but not 16S amplicon

sequencing (Figures 4E and 4F). Notably, for 3 of the 4 samples
Cell Reports 26, 2227–2240, February 19, 2019 2231



Figure 4. Effect of the Refined Benzonase2

Extraction Method on Selective Human

DNA Depletion and Microbial Sequencing

Depth

Total DNA from the 4 test set 2 sputum samples

was extracted using standard, benzonase1, and

benzonase2 extraction methods and analyzed to

show the following.

(A) Proportion of human DNA relative to total DNA

as determined by qPCR.

(B) Proportion of human to total reads calculated

by mapping all of the metagenomic sequencing

reads to a reference human genome.

(C) Ratio of microbial shotgun sequencing reads

yielded by each extraction method compared to

the standard extraction.

(D) Total bacterial load (genome equivalents [GEs])

yielded from each extraction method, as deter-

mined by qPCR targeting the 16S rRNA gene.

Boxes represent the interquartile region, and black

lines indicate the median value.

(E and F) Number of genera detected in each

extract using (E) metagenomic sequencing or (F)

16S amplicon sequencing. Each color represents a

different sample.

Results from each extraction method were

compared to the standard extraction conditions

using pairwise, 2-sided t tests with a Benjamini-

Hochberg correction for multiple comparisons,

identifying no significant differences.
analyzed, a similar number of genera were detected by metage-

nomic sequencing and16Samplicon sequencing following either

benzonase treatment, suggesting that nuclease-based methods

provide similar microbial sequencing depths via both metage-

nomic sequencing and amplification of a bacterial-specific gene.

Nuclease-Based Extraction Better Reflects True, Viable
Diversity in the Sputum Microbiota Than Other Tested
Methods
Because benzonase treatment depletes human reads by digest-

ing extracellular DNA, it remained possible that the taxonomic

differences found with benzonase processing compared with

standard extraction (Figure 3) were due primarily to the degrada-

tion of extracellular microbial DNA rather than improvedmicrobi-

al sequence read depth. Extracellular DNA is also excluded from

sequencing by another processing method, treatment with pro-
2232 Cell Reports 26, 2227–2240, February 19, 2019
pidiummonoazide (PMA), a chemical that

cross-links extracellular DNA and selec-

tively prevents its amplification (Nocker

et al., 2007). PMA has been used in clin-

ical samples to specifically focus on

viable microbial cells (Bellehumeur et al.,

2015; Exterkate et al., 2015) (similar to

the intended use of benzonase process-

ing) and has been used in CF sputum

16S amplicon sequencing studies for

this reason (Rogers et al., 2008; van Til-

burg Bernardes et al., 2017). PMA has

also been used to deplete human DNA
from human-associatedmicrobiota (Marotz et al., 2018). Howev-

er, these prior studies focused on complex clinical samples, as in

our experiments, and thus did not determine the relative effects

on the exclusion of microbial versus human DNA. Therefore, to

more rigorously define and compare the effects of benzonase

and PMA processing onmicrobial community structure, we con-

structed an in vitro bacterial mock community containing

cultured cells of taxa commonly present in CF respiratory

samples. DNA was extracted from these communities using

6 methods: standard extraction, standard extraction with addi-

tional cell lysis, MolYsis, benzonase1, benzonase2, or PMA

treatment. We cultured the mock community to determine the

viable cell counts of each community member and to confirm

viable relative abundances. We were also able to detect extra-

cellular DNA in the supernatant of these cultured taxa using

qPCR (Figure S5). We then compared phylogenetic composition



Figure 5. Effect of Extraction Method on Sequencing-Based Taxonomic Profile of a Bacterial Mock Community

Data represent a single mock community extracted in parallel with each extractionmethod. Phylogenetic tree constructed using Bray-Curtis dissimilarity (‘‘Tree’’)

and the corresponding phylogenetic composition (‘‘Community Composition’’) determined via (left) metagenomic sequencing and (right) 16S amplicon

sequencing. Input refers to the relative abundance of the mock community before extraction based on quantitative culture. Viable counts were corrected for 16S

copy number in the analysis of 16S amplicon sequence data.

See also Figure S5.
identified by 16S amplicon sequencing and metagenomic

sequencing to culture-validated input community composition

(Figure 5). We predicted that the benzonase2 taxonomic profile

from 16S amplicon sequencing would most closely resemble

PMA (reflecting depletion of extracellular bacterial DNA), and

that the benzonase2 taxonomic profile from metagenomic

sequencing (which is less subject to the amplification bias of

16S amplicon sequencing [Jovel et al., 2016]) wouldmost closely

resemble calculated input. As predicted, the taxonomic compo-

sition identified by metagenomic sequencing after benzonase2

processing was most similar to culture-validated input (Figure 5,

left), indicating that DNA extracted after benzonase2 processing

most closely resembles the DNA of the viable bacterial commu-

nity, whereas relatively low concordance was observed between

cultured results and the PMA-treated DNA extracts. In contrast,

community composition identified by 16S amplicon sequencing

after MolYsis and benzonase2 processing was most similar to

PMA-treated communities (rather than calculated input), consis-

tent with the ability of PMA to prevent the amplification of extra-

cellular DNA (Figure 5, right). MolYsis, which differs from the ben-

zonase methods in both the nuclease and eukaryotic cell lysis

method used, produced a community structure similar to that

produced by benzonase2 as identified by both metagenomic

sequencing and 16S amplicon sequencing, further underscoring

the effect of endonuclease digestion of extracellular DNA on

apparent phylogenetic composition. Therefore, nuclease-based
processing before DNA extraction performed at least as well

(16S amplicon sequencing) or better (metagenomic sequencing)

than PMA at identifying the viable bacterial constituency of poly-

microbial mixtures.

Selective Depletion of Human DNA Increases Coverage
of Microbial Genes in Metagenomic Sequencing
To assess the effect of selective human DNA depletion on

sequence coverage of microbial genomes, we computationally

constructed contigs from the metagenomic sequencing dataset

from all 4 test set 2 sputum samples using standard, benzo-

nase1, and benzonase2 processing. We then mapped all of the

microbial reads from the dataset to these contigs, quantifying

the mean coverage (average sequencing depth at each base

pair) of each DNA extract as a measure of microbial sequence

read depth. For both benzonase methods, mean coverage

increased across all of the contigs compared to standard

extraction (Figure 6A), despite similar raw read counts between

extraction methods (Table S2), indicating that higher microbial

sequencing coverage was achieved by benzonase processing.

Subsamplingmetagenomic sequencing reads followed byMeta-

Phlan2 analysis suggested that this increased microbial

sequencing depth was adequate to profile community structure

(Figure S6A). For both benzonase extractions, the graph of spe-

cies richness versus number of sequences reached a plateau for

3 of 4 samples at 1–5million reads, with sample 186 beginning to
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Figure 6. Increase in Microbial Sequence Coverage after Human DNA Depletion of the 4 Test Set 2 Sputum Samples

(A) Contigs were assembled using the same 4 sputum samples and processing methods as in Figures 3 and 4, and all of the reads were subsequently mapped

back onto these contigs. Each radial line represents a single contig ordered by Euclidean distance based on sequence content. The height of each bar of darker

shading represents the average coverage across that contig (average of the sequence coverage of each nucleotide across a given contig) in a given sample from

0 to 103. Radial black lines in the outermost ring indicate contigs annotated as human.

(B) Average coverage of 145 identified antibiotic resistance genes in each sample as a proportion of 103 coverage. Each radial line represents an individual

antibiotic resistance gene. Three genes described in the text are indicated. The height of the bars represents mean coverage for each gene, from 0 to 103.

See also Figures S6 and S7 and Methods S1–S3.
plateau at 7million reads. These data concur with the results pre-

sented in Figures 4E and 4F, which demonstrated that benzo-

nase extraction results in taxonomic richness that is similar to

16S amplicon sequencing. It is interesting to note that although

the rarefaction curves for standard extraction plateau for all of

the samples, fewer species were detected with standard than

with benzonase extraction, further revealing the improvedmicro-

bial detection afforded by benzonase-based extraction (Fig-

ure S6A). Furthermore, Figure 3 indicates that the microbiota

identified by metagenomic sequencing only resembles that of

16S amplicon sequencing when the latter was performed after

nuclease-based extraction, again suggesting that the species

richness calculated after benzonase-based extraction more

closely resembles the ‘‘true’’ CF sputum microbiota, at least as

determined by the sequencing method used most often in this

field (16S amplicon sequencing).

We next assessed the effects of benzonase processing on the

detection and characterization of individual microbial genes in

the sputum metagenome data. We focused our analysis on anti-

biotic resistance genes due to their potential clinical importance.

All of the reads from all of the samples were mapped against the

Comprehensive Antibiotic Resistance Database (CARD), an an-

notated database of antibiotic resistance genes and their asso-

ciated proteins and phenotypes (McArthur et al., 2013). Of the

2,239 genes in this collection, 145 were detected in 4 samples

(at least 1 read mapping to a given gene in at least 1 sample).

Across all 4 samples, an average of 67% of the antibiotic resis-

tance genes detected from extracts prepared with either benzo-

nase method were not detected from DNA prepared using the

standard extraction. No resistance genes were detected solely
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in standard extraction samples. For benzonase2 extracted sam-

ples, the mean coverage for detected resistance genes was

11.03, 17.83, 6.53, and 35.43 in samples 186, 205, 309, and

312, respectively. In contrast, the highest mean coverage across

all standard extractions was 0.43 (Figure 6B). This increased

coverage was seemingly independent of the degree to which a

given taxon was detected by metagenomic sequencing or 16S

amplicon sequencing. For example, sequencing coverage for

the chromosomal aminoglycoside acetyltransferase from Steno-

trophomonas, AAC(60)-IZ, was <13 after standard extraction but

303 after benzonase2 (Figures 6B and S7A), despite this genus

being detected at a similar relative abundance after standard or

benzonase extractions (Figure 3). Metagenomic sequencing also

detected differences in species-specific antibiotic resistance

gene profiles among different samples with that species. For

example, both mecA, a gene that confers methicillin-resistant

S. aureus (MRSA) status to S. aureus, and mecI, encoding an

inhibitor of mecA, were detected in sample 312, whereas only

mecA was detected in sample 309, despite a similar relative

abundance of S. aureus in both samples (Figure 3). Standard

extraction afforded <13 average coverage for both of these

genes (Figures 6B, S7B, and S7C). It is particularly useful to

note that that we used the lowest limit of detection possible

(1 read mapping to a given gene), and it is likely that higher

stringency criteria required to confidently detect antibiotic

resistance genes using metagenomic sequencing would have

further limited the sensitivity of standard extraction. Finally, sub-

sampling metagenomic sequencing reads followed by mapping

these rarefied reads against the same antibiotic resistance gene

database indicated that the increased microbial sequencing



depth provided by benzonase extraction was sufficient to char-

acterize the inferred antibiotic resistance profile of our commu-

nities (Figures S6B–S6D).

DISCUSSION

As the price of NGS technology continues to drop, the prospect

of metagenomic analysis is becoming a realistic goal for a wide

variety of clinical samples. Metagenomic sequencing offers

particularly enticing advantages for complex samples, including

from chronic, inflammatory infections of the lung, nose, sinuses,

skin, and other surfaces. Current methods for analyzing these

polymicrobial infections are insufficient to handle samples with

overwhelming quantities of human DNA relative to microbial

DNA. For example, metagenomic sequencing of sputum from

people with chronic airway infections due to CF results in a ma-

jority of human reads that must be computationally identified

and removed before downstream analyses, a process that

commonly results in inadequate microbial sequence read depth.

Bacteria in the CF lung can undergo frequent cellular turnover

due to interspecies competition, antibiotic therapy, and host de-

fense, resulting in large quantities of extracellular bacterial DNA

that can persist in infected tissues and secretions. Copious

amounts of extracellular DNA can lead to inaccurate estimates

of viable bacterial cell abundance and can undermine the

ability of metagenomic sequencing to analyze the functional ca-

pacity of amicrobial community bymasking functions or taxa in a

community, especially those persisting after antibiotic therapy.

Here, we describe an optimized method for DNA extraction

from complex sputum microbiomes that enriches for microbial

DNA from viable cells by (1) selective lysis of human cells with hy-

potonic treatment and (2) endonuclease digestion of both human

and microbial extracellular DNA. Our analysis demonstrated that

this approach has a superior ability to deplete human DNA from

CF sputum compared with 4 other published or commercially

available methods, resulting in a 14-fold increase in microbial

readswithoutaffecting the totalbacterial loadmeasuredbyqPCR.

The benzonase2 method also shifted the community structure

compared with the standard extraction method, most notably by

reducing the relative abundance of the canonical CF pathogen

P. aeruginosa. A similar decrease was observed for a related

Gram-negative taxon, Achromobacter, which is also an oppor-

tunist and biofilm-former common in CF infections (Chmiel

et al., 2014; Nielsen et al., 2016), in one test set 1 sample (Fig-

ure S1). There are several potential reasons for these observa-

tions. For example, it is possible that heterogeneity in microbial

distributionwithin sputum samples led repeatedly to these differ-

ences occurring by chance; however, we consider this to be un-

likely, as we observed similar differences between standard and

benzonase extraction for all of the samples with Pseudomonas.

While it was also possible that treatment with benzonase selec-

tively lyses Pseudomonas and Achromobacter cells, we identi-

fied no change in the viable counts of either taxon after benzo-

nase2 treatment (Figures 2C and S3). Instead, the analysis of

mock communities suggests that the reduction of extracellular

bacterial DNA by nuclease treatment explained the relative

abundance shifts that were observed for sputum samples.

Thus, nuclease treatment likely enables a more optimized char-
acterization of viable bacterial communities than standard

DNA extraction methods. Furthermore, the increased sequence

read depth afforded by the digestion of all extracellular DNA en-

ables higher microbial gene coverage and, thus, may allow

improved detection of taxa present at low relative abundance.

This increased sensitivity, in turn, allows a more in-depth study

of the contribution of these less-well-studied taxa to disease sta-

tus and response to therapy.

There are a number of lines of evidence supporting this inter-

pretation. For example, wewere able to culture taxa from 5/8 test

set 1 samples that were detected only by sequencing after

nuclease processing (both MolYsis and benzonase1, results

not shown), confirming their presence in the samples. Although

this does not provide conclusive evidence that those taxa de-

tected after benzonase2 extraction are solely those that were

alive in CF sputum, it does indicate that standard extraction

methods would fail to detect potentially important, viable spe-

cies in CF respiratory samples and that benzonase2 extraction

provides a more focused reflection of the viable microbial com-

munity in these samples. In addition, several taxa detected by

metagenomic sequencing only after nuclease processing were

detected via 16S amplicon sequencing after all of the extraction

methods. These findings suggest that benzonase treatment

achieved metagenomic coverage to determine microbial com-

munity composition reflecting that of a method less biased by

sequence read depth. These results indicate that the increased

microbial sequence read depth provided by nuclease process-

ing improves the detection of lower abundance taxa by metage-

nomic sequencing. Nevertheless, the relative abundances of

Pseudomonas and Achromobacter yielded by the 2 nuclease

methods (benzonase and MolYsis) were similar, despite differ-

ences in human DNA depletion, indicating that the depletion of

human DNA alone was not responsible for this effect. Pseudo-

monas is known to extrude extracellular DNA into its environ-

ment, particularly when forming biofilms (Jakubovics et al.,

2013), further supporting the idea that the taxonomic differences

observed after benzonase2 extraction were due to the depletion

of extracellular bacterial DNA.

Using mock bacterial communities, we further demonstrated

that endonuclease treatment results in a more accurate repre-

sentation of viable community diversity compared with standard

DNA extraction. When analyzed by metagenomic sequencing,

mock community profiles generated from DNA prepared with

benzonase2 processing most closely resembled the input

community structure, again suggesting that extracellular DNA

may influence sequencing-based taxonomic profiling, even

with in vitro cultured bacteria. The larger reduction in the relative

abundance of Pseudomonas that we observed for some sam-

ples after benzonase1 processing, which differs from the benzo-

nase2 protocol only in the timing of EDTA treatment, reflected

the loss of viable counts seen with this extraction method,

providing further support for the close relation between results

from sequencing and culture. Results after extraction with the

MolYsis method, another nuclease-based processing method

that does not use EDTA to inhibit enzymatic digestion of extra-

cellular DNA, also closely resembled the input mock community,

further underscoring the effect of extracellular DNA depletion on

phylogenetic composition defined by sequencing.
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When mock communities were analyzed via 16S amplicon

sequencing, results from both benzonase2 and MolYsis pro-

cessing, which involve nuclease treatment, closely resembled

those fromPMA extraction (amethod used commonly to prevent

the amplification of extracellular DNA), further underscoring

the negative impact that extracellular DNA can have on the

sequence-based characterization of viable community struc-

ture. PMA treatment creates double-strand breaks and DNA

aggregates only in DNA that it can access (e.g., extracellular)

(Emerson et al., 2017; Soejima et al., 2007), limiting the amplifica-

tion of longer targets (e.g., amplicon sequencing). Because

metagenomic sequencing principally uses smaller fragments

and involves little amplification, it is less likely to be affected by

this depletion method, a prediction that is supported by the dif-

ferences that we found between the results from PMA and

nucleasemethods bymetagenomic versus 16S sequencing (Fig-

ure 5). Two previous studies used PMA to exclude extracellular

DNA before metagenomic sequencing (Erkus et al., 2016;

Thoendel et al., 2016), but both used an additional whole-

genome amplification step before sequencing. Our results indi-

cate that PMA is not ideal with limited-amplification sequencing

methods currently in use (such as in the present study). Marotz

et al. (2018) successfully used PMA to deplete human DNA

from saliva for metagenomic sequencing, although they did not

specifically explore its effects on extracellular bacterial DNA. It

is unclear why PMA was not as useful in reflecting viable input

than were nuclease methods in our mock communities by meta-

genomic sequencing. It is possible that PMA efficacy is limited

by the physical properties of either extracellular DNA or sample

chemistry. For example, in the limited number of sputum sam-

ples tested, we did not see an effect of PMA on the proportion

of human DNA (data not shown). The complexity and viscosity

of these CF sputum samples compared to saliva may explain

this effect.

We found that benzonase processing substantially increased

metagenomic sequencing coverage of microbial genes in CF

sputum compared with standard extraction. While people with

CF are frequently treated with antibiotics, the microbial determi-

nants of response (or lack of response) to these treatments are

poorly understood. Metagenomic sequencing offers a promising

approach to this problem; for example, these methods can

detect, classify, and quantify longitudinal changes in antibiotic

resistance genes in infectious bacterial communities during

treatment. However, the sequencing read depth provided by

standard extraction is insufficient for confident detection or clas-

sification of many of these genes and gene variants, which will

limit the utility of metagenomic sequencing to infer functionality.

These limitations can be overcome through the increased micro-

bial coverage yielded by benzonase2 processing. Furthermore,

metagenomic sequencing with benzonase2 processing identi-

fied differences in antibiotic resistance gene profiles among

samples with similar relative abundances of a given taxon; by

contrast, functional inferences from 16S amplicon sequencing

of the same samples would not indicate any differences, high-

lighting the potential of metagenomic sequencing and this

extraction method for infectious disease studies. Comparison

of sequencing results from mock communities revealed the po-

tential bias introduced by extracellular DNA in defining viable
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community structures in infections, which are continuously per-

turbed and remodeled by host immune activity, antibiotics and

other treatments, nutrient limitation, interspecies interactions,

and natural cell turnover, and during biofilm production. This

creates the potential for the extracellular DNA load to be system-

atically larger among subjects in the treatment arms of antibiotic

therapy trials, which would bias the comparison of metage-

nomes between sample groups if extracellular DNA was not

excluded. We found that the nuclease-based processing tech-

nique benzonase2 resulted in the most accurate representation

of viable community structure among the tested methods. While

MolYsis also provided an accurate picture of the viable bacterial

community, thismethodwas not as effective in enriching for bac-

terial reads in our samples.

Many of the methods used in this comparative study have

been used individually in CF respiratory microbiome studies.

For example, PMA treatment has been used in advance of 16S

amplicon sequencing (Rogers et al., 2010b, 2013) and metage-

nomic sequencing (Marotz et al., 2018). Regarding nuclease

treatment, Lim et al. (2013) used DNaseI to reduce human DNA

in sputum samples before metagenomic sequencing and

demonstrated a reduction in human genome equivalents, but

did not define the impact of this processing on microbial reads

or coverage. Furthermore, 25 mM EDTA was used to inactivate

the enzyme in these studies; here, we show that EDTA concen-

trations as low as 5 mM can lyse P. aeruginosa, with unclear ef-

fects on community profiles. Leo et al. used the MolYsis method

to treat CF bronchoalveolar lavage fluid (BALF) (Leo et al., 2017),

a method that resulted in 72% human DNA after depletion.

By comparison, we found this method to be less efficient at

reducing human DNA in CF sputum, perhaps due to the relatively

high viscosity and complexity of sputum compared to BALF. In

addition, we are aware of a commercially available kit for the

depletion of human DNA that uses detergent-mediated lysis of

human cells followed by benzonase digestion of extracellular

DNA, but differs from the methods described here in the use of

proteinase K to inactivate the endonuclease. Although not tested

here, we believe that this method may not be optimal for

analyzing CF sputa or perhaps other clinical samples, which

often require enzymatic digestion steps after extracellular DNA

removal to efficiently extract DNA from common taxa, such as

S. aureus (Zhao et al., 2012b).

There are several important considerations from this work that

may extend beyond the samples tested in this study. While ben-

zonase2 was shown here to work well for metagenomic studies

of CF sputum, this method is likely equally suited for other types

of samples from inflamed, infected tissues with overwhelming

amounts of human DNA such as wound, vaginal, blood, oral,

sinus, or upper airway respiratory specimens that sample more

directly from the lower airways (e.g., bronchoalveolar lavage), or

other chronic infection samples. It is also easy to append benzo-

nase2 to a variety ofDNAextractionprotocols,whether customor

kit based. We also found little change in calculated taxonomic

profiles in samples extracted before versus after freezing, indi-

cating utility for previously banked samples. Nevertheless, it is

important to consider that the mock communities tested here

were constructed to reflect the microbiota found in CF sputum,

but contained neither added human DNA nor the complex matrix



of proteins, glycans, and cellular debris that binds extracellular

DNA in vivo. We did construct bacterial mock communities

with exogenous human DNA (constituting approximately 95% of

total DNA), but found that even standard extraction efficiently

removed >99% of this host DNA, highlighting the differences be-

tween purulent sputum and liquid culture. Therefore, to demon-

strate generalizable results, this method should be tested and

optimized on samples and mock communities based on other

sample types. Furthermore, we did observe taxonomic changes,

occasionally marked, with benzonase2 as compared to standard

extraction. Althoughwepresent a numberof lines of evidence that

this revised method, coupled with metagenomic sequencing,

results in a microbial profile that more closely reflects the viable

bacterial constituencies in both mock communities and CF

sputum samples in comparison to 16S amplicon sequencing,

this analysis does not rigorously quantify the bias introduced

by benzonase2-aided metagenomic sequencing compared to

more standard 16S amplicon sequencing. We should also note

that 16S amplicon sequencing carries its own biases and limita-

tions: differences in the amplification efficiency of the 16S gene

between taxa and the inability to directly infer the genetic capacity

of the community.

There are also logistical considerations for benzonase2

extraction. Because nuclease-based methods such as benzo-

nase2 decrease the total DNA yield from samples, sometimes

by 1–2 logs (Table S2), these techniques often require extraction

from larger sample volumes to make a sequencing library

compared with standard extraction methods, an issue that likely

would be compounded for samples with lower microbial

abundance compared to sputum. This issue may improve with

newer library-construction technologies that require lower

amounts of DNA input. Benzonase2 is also a lengthy protocol

that is not commercially available as a kit, raising the potential

for both contamination and errors, particularly when processing

large sample sets.

Regardless, this method represents an important step toward

extending metagenomic sequencing, a powerful and promising

technology for analyzing complex clinical samples such as

those from chronic infections. While this method affords both

enhanced sequencing coverage adequate for functional meta-

genomics and a sharper focus on viable bacterial cells, it is not

yet known whether microbiome analyses focused on viable bac-

terial cells would correlate more closely with clinical outcomes

than would the results from other microbiological approaches.

This study involved an in-depth comparative analysis of a

relatively small sample set, precluding clinical correlation. We

therefore plan to apply this refined extraction method to a large

sample set of CF sputa collected before, during, and after anti-

biotic treatment, with matched clinical data, and compare with

standard extraction. We hope that such a large, more refined

sample set will allow us to further define the association of the

viable bacterial community and their functional characteristics

and clinical outcomes.
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Lucas R.

Hoffman (lhoffm@uw.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Sputum Samples
This study was approved by the Seattle Children’s Hospital (SCH) Institutional Review Board. Sputum samples were collected from

children diagnosed with CF who presented to Seattle Children’s Hospital as part of regular clinical care, were willing to provide sam-

ples and provide informed consent, and were able to expectorate at least 1mL of total sputum (so that we would have enough sputa

to split each sample into multiple aliquots). Participants were selected to reflect a range of prior sputum culture results (both in terms

of dominant culturable species and abundances), and they were on a mix of inhaled, oral and/or IV antibiotics and presented with a

range of clinical statuses (stable, exacerbation, in treatment). Finally, samples 183 and 189 were from the same individual, collected

on different days. Test Set 1 samples were homogenized by passing through a 1mL syringe approximately 10 times, aliquoted, and

either processed immediately or frozen at �80�C prior to extraction. Test Set 2 samples were diluted 1:1 with 10% Sputolysin (EMD

Millepore, 56-000-010ML), aliquoted evenly and frozen prior to extraction.

Bacteria
All bacterial isolates used in this study were derived from the sputum samples detailed above, see Method Details.

METHOD DETAILS

Mock Community Construction
Seven individual taxa isolated from CF sputa (Pseudomonas aeruginosa, Staphylococcus aureus, Neisseria sp. unclassified,

Achromobacter xylosoxidans, Streptococcus salivarius, Stenotrophomonas maltophila and Rothia mucilaginosa), were grown in

liquid culture in to mid-log phase in Brain Heart Infusion broth (Neisseria, R. mucilaginosa, S. salivarius) or Tryptic soy broth

(P. aeruginosa, S. aureus, A. xylosoxidans, S. maltophila) and taxonomy confirmed by Sanger sequencing of the 16S rRNA gene.

Specified volumes of each culture were mixed by gently vortexing and inverting and were then diluted to generate a mock commu-

nity. Serial dilutions of each taxa were simultaneously grown on 5% Sheep’s Blood Agar for viable counts to retrospectively

determine viable community composition, resulting in the following calculated relative abundances: 63.8% Pseudomonas, 29.5%

Staphylococcus, 2.89% Neisseria, 0.398% Achromobacter, 1.02% Streptococcus, 2.04% Stenotrophomonas and 0.370% Rothia.

For comparison with 16S amplicon sequencing, we adjusted relative abundances by 16S rRNA copy number, resulting in 60.0%

Pseudomonas, 34.3% Staphylococcus, 2.89% Neisseria, 0.398% Achromobacter, 1.02% Streptococcus, 2.04% Stenotrophomo-

nas and 0.370% Rothia. DNA extraction was performed immediately after mock community construction as detailed below.

To quantify extracellular DNA in in vitro culture supernatants, three separate isolates of A. xylosoxidans, three of P. aeruginosa, two

of R. dentocariosa, two of S. aureus and one of R. aeriawere cultured as indicated above and 1mL of culture was removed. Bacterial

cells were pelleted by spinning at 10,000 g for 3 min, supernatant was collected and syringe filtered using a 0.22 mm PES filter. DNA

was extracted using Standard extraction as detailed below, beginning at the Proteinase K step. Total bacterial load was determined

via 16S qPCR as detailed below.

DNA Extraction
For all samples and depletion methods, Standard DNA extraction was performed as follows: approximately 200 mg of sputum or

200 mL of mock community was suspended in 1 mL of PBS and centrifuged at 13,000 g for 3 min. The pellet was suspended in

400 mL TE. A mixture of 1 mm and 0.1 mm silica:zirconia beads and a single tungsten-carbide bead was added to TE solution

and followed by bead-beating for 1 min in a BioSpec MiniBeadBeater. The resulting solution was boiled for 5 min at 95�C. Lysozyme

(Sigma L6876, 3 mg/mL final) and lysostaphin (Ambi LSPN, 0.14 mg/mL final) were added, and the sample was incubated for 1 h at

37�C. Proteinase K (Invitrogen 25530049, 1.4 mg/mL final) and SDS (1.8% final) were added, and the resulting solution incubated at

56�C for 30min before cooling to room temperature. The solutionwas removed to a separate tube and 5MNaCl was added (2M final)

before adding phenol:chloroform:isoamylalcohol (25:24:1) at a 1:1 volume. The solution was then incubated for 20 min at room

temperature, centrifuged at 13,000 g for 20 min and the top aqueous layer was collected. 0.133 volume equivalent of 7.5 M

ammonium acetate was added to the aqueous layer, and the resulting solution diluted 1:1 with cold 100% ethanol to precipitate

DNA. DNA product was cleaned with a spin column.

For the ‘‘Antibody Depletion’’ method, 1 mg of total extracted DNA was processed with the NEBNext Microbiome DNA Enrichment

Kit (NEB E2612S) according to the manufacturer’s instructions. For the ‘‘Cell Lysis’’ method (Hunter et al., 2011), prior to Standard

DNA extraction sputum was suspended in 1 mL PBS, vortexed and centrifuged at 13,000 g for 2 min. The resulting pellet was sus-

pended in 1 mL TrypZean (Sigma T3449) and 0.05% Tween-20 (Sigma P9416) and incubated at 37�C for 60 min. The solution was

then vortexed to mix and centrifuged at 5,000 g for 2 min to pellet eukaryotic cells. The supernatant was then removed and
Cell Reports 26, 2227–2240.e1–e5, February 19, 2019 e3
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centrifuged at 13,000 g for 10min to pellet any prokaryotic cells and suspended in PBS before proceeding with Standard DNA extrac-

tion. For the ‘‘Molysis’’ method, prior to Standard DNA extraction sputumwas initially processed with Molzym’s Molysis Human DNA

removal kit (D-300-050) according to manufacturer’s instructions, pausing before the ‘‘Buglysis’’ step. Cells were washed once with

PBS and suspended in TE before proceeding with Standard DNA extraction. For the ‘‘Benzonase1’’ method (Hunter et al., 2011),

sputumwas suspended in 7mL dH2O and incubated at room temperature for 1 hwith gentle agitation. 10x strength Benzonase buffer

(200 mM Tris-HCl, 10 mM MgCl2) to a final 1X and 250U Benzonase (Sigma E-1014) was added and the sample was incubated at

37�C for 2 h with gentle agitation. The Benzonase reaction was quenched by adding EDTA (5 mM final) and NaCl (150 mM final).

The resulting solution was spun at 8000 g for 10 min and the pellet washed once with PBS, then suspended in 400 mL TE before pro-

ceeding with Standard DNA extraction. The ‘‘Benzonase2’’ method differed from Benzonase1 in the moving of one step: after the

two-hour nuclease incubation and before EDTA inhibition, the bacteria were pelleted by centrifugation at 8000 g for 10 min and

washed once in PBS, then suspended in 400 mL TE, at which point EDTA (5 mM final) was added to inactivate the endonuclease

before proceeding directly to Standard extraction. For the ‘‘PMA’’ method, 300uL PBS was added to 200uL of the bacterial mock

community, 1 mL propidium monoazide (20mM in water) was added and the solution incubated at room temperature for 5 min.

The solution was then incubated under 160 LED white light for 15 min with gentle agitation. The bacteria were pelleted

by centrifugation at 13,000 g for 10min, washed once in PBS and then suspended in 400 mL TE before proceeding with Standard

extraction. Reagent blanks consisting of PBS alone were processed for each extraction method and sequenced via 16S amplicon

sequencing.

Quantitative PCR
Total bacterial load was determined using quantitative PCR with PowerUp SYBR Green Master mix (Applied Biosystems A25742)

and previously published primers and reaction conditions (Nadkarni et al., 2002). Total human DNA load was determined using

primers targeting the beta-globin gene, as previously described (Handschur et al., 2009). Data were analyzed with the Bio-Rad

CFXManager 3.1 software, using software-defined Cq thresholds. Proportion of human DNAwas determined by calculating quantity

of human and bacterial DNA from genome equivalents (GE), using a genome size of 6.5x109 bp for human and 5x106 bp for the

average microbial genome. GEs for human cells and bacterial cells were multiplied by their respective genome sizes to calculate

number of base pairs per microliter. ‘‘Total DNA’’ per microliter was calculated by adding the total bacterial and human base pairs.

The proportion of human DNA was calculated by dividing total human base pairs per microliter by total base pairs per microliter.

Based on the following commonly used definition of limit of detection (LOD) for qPCR (Burns and Valdivia, 2007; Bustin et al.,

2009), ‘‘the lowest copy number associated with the serial dilution that gave a positive PCR response on 95% of occasions,’’ the

LOD of our qPCR assay is approximately 8.24 Genome Equivalents (GE) per uL.

Effect of Benzonase processing on bacterial viability
Six separate isolates of P. aeruginosa, three separate isolates of S. aureus, two separate isolates of Rothia dentocariosa and one

isolate each of Streptococcus salivarius,Rothia aeria and Achromobacter xylosoxidans cultured from Test Set 1 samples were grown

in liquid culture to mid-log phase. Cells were washed in PBS and plated for viable counts on Brain Heart Infusion agar or Tryptic Soy

Agar. Cells were then subjected to Benzonase1 and Benzonase2 extraction as described above, with aliquots plated for viable

counts at input, after hypotonic lysis and after enzyme inactivation.

Phylogenetic composition from metagenomic shotgun sequencing
Next generation sequencing libraries were prepared for all samples using the Nextera DNA Sample Prep Kit (Illumina FC-121-1031)

following manufacturer’s instructions. Three of the Test Set 1 samples (183-185) were sequenced on the Illumina MiSeq platform,

producing an average of 2.55 3 106 reads per sample. The remaining samples (186-190, 205, 309 and 312) were sequenced on

the Illumina HiSeq platform, producing an average of 1.55 3 107 reads per sample in our first set of 8 (Test Set 1) sputum samples

and 3.483 107 reads in Test Set 2. Sequencing data from all samples were de-duplicated using SeqUniq (version 0.1) https://github.

com/standage/sequniq) and quality filtered using KneadData (version 0.6.1) and Trimmomatic (version 0.33) (Bolger et al., 2014).

Human readswere identified and removedwith BMTagger (version 3.101) and community phylogenetic composition was determined

using MetaPhlAn2 (Thompson et al., 2017; Truong et al., 2015) (version 2.2.0) to produce a MetaPhlAn2 taxa table. All commands

were executed with default settings, with the exception of KneadData, which was used with the ‘‘–run-bmtagger’’ flag. For our

mock communities, theAchromobacter genus represents reads originally annotated either asAchromobacter orBordetella, the latter

of which we believe represents misidentified Achromobacter reads. We have found MetaPhlAn2 consistently splits this taxon

into Achromobacter and Bordetella even when this later taxon was not added to mock communities and was not detected in 16S

amplicon sequencing of the same samples.

Phylogenetic composition from 16S amplicon sequencing
The V4 region of the 16S rRNA gene was amplified using primers from the Earth Microbiome Project (Thompson et al., 2017) and

barcodes adapted from Kozich et al. (Kozich et al., 2013). (detailed at https://github.com/SchlossLab/MiSeq_WetLab_SOP/blob/

master/MiSeq_WetLab_SOP.md). 16S amplicons were made under the following conditions: 94�C for 3min, 30 cycles of the

following sequence: [94�C for 45 s, 50�C for 60 s, 72�C for 90 s], and then 72�C for 10min. Libraries were constructed by pooling
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equimolar amounts of each sample or of each blank at the volume of the least concentrated sample. Libraries were sequenced on the

Illumina MiSeq platform producing paired 300 bp reads.

16S amplicon sequencing data were analyzed using the denoising programDADA2 (Wang et al., 2007) (version 1.6.0) and the com-

plete code is listed in Methods S1. Briefly, we computationally trimmed 10bp off the beginning of the both the forward and reverse

reads and truncated the forward read to 200bp and the reverse read to 100bp. We used our entire dataset to define an error rate at

each base pair and then denoised all sequences. Forward and reverse reads were merged and any pair without perfect overlap was

removed. Finally, chimeric sequences were removed. This program produces a list of ‘‘Amplicon Sequence Variants’’ (ASV) analo-

gous toOTUs generatedwith a 97%clusteringmethod. Each ASVwas annotatedwith the RDPBayesian classifier (Wang et al., 2007)

against the SILVA database (Quast et al., 2013) to produce a 16S amplicon taxa table. ASVs identified as Pseudomonas, Staphylo-

coccus and Achromobacter were analyzed with BLASTn to determine species identity. Code is detailed further in Methods S1.

Relative Abundance Analysis
After quality filtering, sputum samples produced an average of 56,347 reads per sample, mock communities produced an average of

18,687 reads, extraction blanks produced an average of 101 reads and amplicon blanks produced an average of 8 reads. Most reads

in the blankswere taxa in common among samples with similar sequencing barcodes. As the absolute abundance of these readswas

2-3 logs lower in blanks than in neighboring samples during sequencing, we found it unlikely they contributed to the taxonomic pro-

files of our samples, but that these reads were more likely due to errors in barcode reading (Kircher et al., 2012; Sinclair et al., 2015).

The remaining taxa were those noted by Salter et al. to be common reagent contaminants (Salter et al., 2014) and were found at < 1%

relative abundance in samples. We did not observe any increase in those taxa identified in extraction blanks with any extraction

method compared to standard, suggesting that background contamination was not the source of the increase in taxonomic richness

we observed with Benzonase extraction. As the number of reads from blanks were substantially outnumbered by those detected in

sputum samples, we did not analyze the reads from these controls further (raw taxonomic tables from 16S amplicon sequencing are

in Table S3).

Analysis of community composition was performed in R (R Core Team, 2017) (version 3.4.2) and visualized using ggplot2 (Wick-

ham, 2009) (version 2.2.1). Taxa tables from 16S amplicon sequencing and MetaPhlAn2 output were merged. For sputum samples,

all taxa below 1% relative abundance in all samples or above 5% relative abundance solely in extraction blanks, were pooled into the

‘‘Other’’ category (these genera are listed in Table S4). For mock communities, we excluded two detected taxa which were not added

to our mock community (Pusillimonas and Caulobacter), which both comprised < 0.03% of the community.

Phylogenetic trees were constructed using the Vegan (Oksanen et al., 2017) and Ape packages (Paradis et al., 2004) (versions 2.4.4

and 5.0 respectively) using the bray-curtis dissimilarity metric and the ‘‘Unweighted Pair Group Method with Arithmetic Mean’’

agglomeration method for hierarchical clustering. Tree was visualized using the ggtree package (Yu et al., 2016) (version 1.10.0).

Microbial read depth analysis
Contigs from metagenomic sequencing data were assembled with Megahit (Version 1.1.2) (Li et al., 2015), producing a total of

162,842. All reads were then mapped back to assembled contigs with Bowtie2 (Version 2.2.6) (Langmead and Salzberg, 2012).

Taxonomy was determined by predicting open reading frames with Prodigal (Version 2.6.3) (Hyatt et al., 2010). Contigs of human

origin were identified with Centrifuge (Kim et al., 2016) based on these ORFs. The ‘‘nucleotide protein homolog model’’ collection

from the Comprehensive Antibiotic Resistance Database (McArthur et al., 2013) was used to detect antibiotic resistance genes.

This model comprises 2,239 unique genes for which presence is sufficient to confer resistance (i.e., not including ubiquitous genes

that only confer resistance when mutated such as DNA gyrase). All reads were mapped to this database with Bowtie2 as above.

The complete code for this analysis is listed in Methods S2. Mapping results were processed and visualized with Anvi’o (Version 4)

(Eren et al., 2015) and figures were finalized with Inkscape (https://inkscape.org). Code is detailed in Methods S2.

For subsampled analysis, metagenomic sequencing reads after quality filtering and human read removal were subsampled to

indicated depths and analysis was repeated as detailed above. Code is detailed in Methods S3.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed in R. For all comparisons between standard extraction and processing methods for human

DNA removal, p values were calculated using a pairwise, Wilcoxon signed rank tests with a Benjamini-Hochberg correction for

multiple comparisons. p values smaller than 0.05 were considered significant.

DATA AND SOFTWARE AVAILABILITY

The accession number for all metagenomic sequencing and 16S amplicon sequencing data reported in this paper is NCBI Bioproject:

PRJNA516442.
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