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Host DNA depletion on frozen human
respiratory samples enables successful
metagenomic sequencing for microbiome
studies

Check for updates

Minsik Kim 1,2,3, Raymond C. Parrish II1, Michael J. Tisza4, Viral S. Shah1, Thi Tran1, Matthew Ross4,
Juwan Cormier4, Aribah Baig1,5, Ching-Ying Huang 1, Laura Brenner1,2, Isabel Neuringer1,
Katrine Whiteson 6, J. Kirk Harris7, Amy D. Willis 8 & Peggy S. Lai 1,2

Most respiratorymicrobiome studies use amplicon sequencing due to high host DNA.Metagenomics
sequencing offers finer taxonomic resolution, phage assessment, and functional characterization.We
evaluated five host DNA depletion methods on frozen nasal swabs from healthy adults, sputum from
peoplewith cystic fibrosis (pwCF), and bronchoalveolar lavage (BAL) from critically ill patients.Median
sequencing depth was 76.4 million reads per sample. Untreated nasal, sputum, and BAL had 94.1%,
99.2%, and 99.7% host reads, respectively. Host depletion effects varied by sample type, generally
increasing microbial reads, species and functional richness; this was mediated by higher effective
sequencing depth. Rarefaction curves showed species richness saturation at 0.5–2 million microbial
reads. Most methods did not change Morisita-Horn dissimilarity for BAL and nasal samples although
the proportion of gram-negative bacteria decreased for sputum frompwCF. Freezingdid not affect the
viability of Staphylococcus aureus but reduced the viability of Pseudomonas aeruginosa and
Enterobacter spp.; this was mitigated by adding a cryoprotectant. QIAamp-based host depletion
minimally impacted gram-negative viability even in non-cryoprotected frozen isolates. While some
host depletion methods may shift microbial composition, metagenomics sequencing without host
depletion severely underestimates microbial diversity of respiratory samples due to shallow effective
sequencing depth and is not recommended.

The respiratory microbiome has been associated with the development or
exacerbation of a broad range of lung diseases ranging from respiratory
infections, chronic lung diseases such as asthma, chronic obstructive pul-
monary disease, and lung cancer1. However, a major barrier to progress is
the high host DNA content of many respiratory samples, leading the
respiratory microbiome field to rely on amplicon sequencing targeting the
small subunit ribosomal RNA (SSU-rRNA) gene regions (typically 16S
rRNA for bacteria and ITS2 for fungi) to describe respiratory microbial
communities. While SSU-rRNA profiling is less costly and not limited by

host DNA content, it has shortcomings compared to metagenomic next-
generation sequencing (mNGS). Each kingdom requires different regions
(bacterial or archaeal 16S rRNAgenes, eukaryotic 18S rRNAor inter-spacer
(ITS) region) to be amplified and sequenced while there is no conserved
marker gene region for viruses. Common targets of 16S rRNA short reads
such as the V3-V4 regions can only reliably identify taxonomy at the genus
level2,3. Untargeted mNGS addresses some of these limitations of amplicon
sequencing including cross-kingdom characterization of microbial com-
munities and the ability to identify microbes at the species or strain level4
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(a degree of taxonomic and functional resolution critical for the design of
future microbiome-targeted interventions5). mNGS additionally can assess
DNA viruses, most notably phage communities targeting bacterial and
archaeal hosts6. mNGS can also assess functional profiles7,8, which is
important given the ability of multiple microbes to perform the same
community function9.

During mNGS both mammalian host and microbial DNA is
sequenced.While this is not a problem in certain sample types such as stool,
which typically has less than 0.5% host DNA content10, other sample types
such as vacuumed dust and skin swabs have on average 50% host DNA10,11.
One of the most challenging biospecimens are respiratory samples; with
saliva and nasopharyngeal swabs averaging 90% and >99.9% host DNA11,
respectively. A proposed solution for mNGS of samples with high host
content has been deeper sequencing, which may be tractable for samples
with less than 90%host content.However, for biospecimenswith >99%host
DNA content, even ultra-deep sequencing is unlikely to overcome the
challenges of undersampling due to inadequate effective sequencing depth
after host read removal12. Other proposed solutions include culture
enrichment to increase microbial load prior to mNGS13 though abundance
estimates no longer reflect in vivo conditions after culture. Somemedia, e.g.,
artificial sputummedium recipes also contain salmon spermDNA14, which
will also be sequenced during mNGS and may overwhelm microbial-
derived reads.

An alternate strategy to address the challenges of mNGS for low-
biomass and high-host content samples is selective degradation or binding
of humanDNAprior to sequencing15,16. For example, osmotic lysis followed
by propidium monoazide treatment to cross-link free DNA (lyPMA) has
been employed for saliva frozen with cryoprotectants11. A benzonase-based
approachhas been tailored for sputum17 and later for skin swabs and saliva18.
Commercial kits have also beendeveloped and tested in tissue specimens19,20

and nasopharyngeal aspirate21. These studies focused on either treatment of
never-frozen samples that required immediate processing at time of sample

collection, or samples frozen with cryoprotectants11 and did not assess
differences between different respiratory samples. Host depletion at time of
sample collection is resource-intensive and the requirement for cryopro-
tectants before freezing limits the generalizability of these testedmethods as
most longstanding cohort studies with biorepositories have not added
cryoprotectants to respiratory specimens. Some respiratory specimens, such
as human sputum, have natural cryoprotectant properties22 suggesting that
optimal hostDNAdepletion approachesmaydiffer basedon the underlying
sample matrix, while other studies have shown that the degree of inflam-
mation for chronic disease vary across proximal vs. lower airways which
influences the amount of extracellular microbial DNA23 (this is removed
during host DNA depletion). A head-to-head comparison of host DNA
depletion approaches for metagenomics across diverse samples along the
respiratory tract continuum has not been performed, particularly for sam-
ples frozen without added cryoprotectants.

To address these challenges to the respiratory microbiome field, we
evaluated the efficacy of 5 different commonly used methods for host
depletion before mNGS using whole bronchoalveolar lavage fluid (BAL),
nasal swabs, and spontaneously expectorated sputum frozen without
cryoprotectants collected from ongoing human observational studies. Host
depletion efficiency was evaluated based on sequencing failure rate, host
DNA proportion, final non-human reads, non-viral microbial species
richness, viral species richness, predicted functional richness, potential bias
compared to the untreated community, and presence of contamination.
Potential bias fromhost depletionwas further assessedwith viability studies.

Results
Host depletion efficiency
The methods compared in this study are as follows: lyPMA, developed for
saliva by Marotz et al.11; Benzonase, a treatment tailored for sputum by
Neslon et al.17; and HostZERO, MolYsis, and QIAamp, which are com-
mercial kits developed by Zymo, Molzym, and Qiagen respectively (Fig. 1).

Fig. 1 | Overview of study design. Samples collected
from the same participant were aliquoted so that
paired comparisons could be made between treated
and untreated samples. For nasal samples, it was
only feasible to collect 4 swabs from a participant at
the same time, thus a total of 10 swabs for the
untreated condition was required to allow for paired
treated and untreated comparisons.
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Summary statistics describing the effect of host depletion on human and
bacterial DNA quantified by qPCR, library preparation and sequencing
failure rates, proportion of host mapped reads, effective sequencing depth
(final reads after human read removal), non-viral microbial, viral, and
predicted functional richness are summarized in Table 1. Results of statis-
tical models to quantify the effects of host depletion are summarized in
Table 2. Based on qPCR, most host depletion methods decreased both total
host and bacterial DNA for all sample types (Supplementary Fig. 1),
although thedegree of humanDNAreduction far exceeded that for bacterial
DNA. Thirteen samples out of 157 (including negative reagent-only con-
trols) failed library prep based on fragment analysis but were nevertheless
still sequenced for further analyses. Four lyPMA, two HostZERO, and four
MolYsis treated nasal samples failed library prep. lyPMA, HostZERO, and
MolYsis each failed library prep for one BAL sample (Table 1).

The median sequencing depth of all respiratory samples was 76.4
[interquartile range 46–138.8] million reads. After removal of host reads,
untreated samples had a median of 0.33, 4.82, and 0.60 million reads for
BAL, nasal, and sputum, respectively. TwoBAL samples, one untreated and
one lyPMA treated, had nomicrobial mapped reads (Supplementary Fig. 2)
and were considered to have failed microbial sequencing.

Host DNA content was 99.7%, 94.1%, and 99.2% for BAL, nasal, and
sputum samples, respectively, based onmNGS. Overall, the proportion of
host DNA decreased after host depletion treatment (Supplementary
Fig. 3B, D) though treatment was more effective for nasal and sputum
compared to BAL samples. The proportion of host DNA estimated by
sequencing and by qPCR were highly correlated (R2 = 0.92, Supplemen-
tary Fig. 4A) and had a high agreement (Bland-Altman plot Supple-
mentary Fig. 4B), indicating that qPCR using the primers tested can be
used to reliably estimate host DNA content prior to mNGS. Change in %
host DNA differed by sample type and host depletion treatment
(Table S1). For BAL, the most effective treatment was HostZERO which
decreasedhostDNAproportion by18.3 [5.6–30.9]%, followed byMolYsis
(17.7 [5.1–30.3]%). For nasal, all treatments besides Benzonase led to
significant differences in % host content, with the most effective methods
being QIAamp (75.4 [54.0–96.9]% decrease) and HostZERO (73.6
[52.1–94.9]% decrease). For sputum, the most efficient methods were
MolYsis (69.6 [58.0–81.3]% decrease) andHostZERO (45.5 [33.8–57.1]%
decrease).

Most host depletion treatments significantly increased final reads after
host read removal though efficacy differed by sample type (Table S2).
Untreated BAL had 0.3 million final reads, which significantly increased
after all treatments except lyPMA. Specifically, all commercial kits resulted
in a 10-fold increase (effect size of 1.0 after log10 transformation) in final
reads. For nasal swabs, QIAamp increased final reads by 13-fold and
HostZERO by 8-fold. For sputum, all treatments increased final reads;
MolYsis, HostZERO, and QIAamp had the largest effect sizes, increasing
final reads by 100-fold, 50-fold, and 25-fold, respectively.

Host depletion increases observedmicrobial (both non-viral and
viral) species and predicted functional richness by increasing
effective sequencing depth
Species-level non-viral and predicted viral profiles for untreated and treated
samples are depicted in Fig. 2. Host depletion leads to a higher effective
sequencing depth (final non-human reads), and thuswe evaluated the effect
of host depletion on observed species richness. Overall, species richness
increased after host depletion (Table 1), although themagnitude of increase
differed based on sample type and treatment (Table S3, Figs. 3A, B,
S5 and S6). For BAL, onlyMolYsis showed significantly increased non-viral
microbial species richness compared to the untreated samples (by 19 [7–31]
species). Fornasal swabs,HostZERO,QIAamp, andMolYsis increasednon-
viral microbial species richness by 10, 8, and 6, respectively. All host
depletion treatments significantly increased the non-viral microbial species
richness of sputum, with the largest effect sizes being from MolYsis, Hos-
tZERO, and QIAamp, with an increase of 113, 103, and 85 respectively.
Changes in viral species richness were attenuated for nasal and BAL

samples. For BAL, most of the samples failed to identify any viral com-
munity members (Fig. 2). For sputum, HostZERO, MolYsis, and QIAamp
increased viral species richness by 92, 118, and 47.

To determine whether higher final non-human reads explain the
increase in species richness after host depletion, we performed a causal
mediation analysiswith host depletionmethod,final non-human reads, and
species richness as the exposure, mediator, and outcome, respectively
(Table S4). Besides lyPMA, all the treatments showed a significant indirect
effect on non-viral microbial species richness. The proportion mediated by
HostZERO, MolYsis, and QIAamp was over 50% of the total effect, indi-
cating that the increase in species richness after host depletion was largely
explained by the increase in final reads. Similar results were seen when
evaluating predicted microbial functional richness.

Potential bias in microbial community composition due to host
depletion treatment
Mosthost depletionmethods rely on theobservation that host cells aremore
vulnerable to lysis thanmicrobial cells and thus requiremicrobial cells to be
intact. However, gram-negative bacteria are potentially more vulnerable to
the effects of freezingandhost depletion compared togram-positivebacteria
or fungi, and we show that host depletion methods decreased both human
and bacterial DNA concentrations. Thus we evaluated the effect of host
depletion on the relative abundance of gram-negative bacteria present in a
mock community preserved in DNA/RNA Shield (Zymo) (Supplementary
Fig. 7) as well as in respiratory samples (Supplementary Fig. 8, Table S5). In
analyses stratified by sample type, the effect was the strongest in the mock
community compared to respiratory samples, which was expected as the
mock communityweused is stored inDNA/RNAShield, a commonnucleic
acid stabilizing agent that contains a mild detergent to inactivate infectious
agents and prevent further microbial growth. Host depletion treatment did
not decrease the relative abundance of gram-negative bacteria in BAL, only
lyPMA changed the relative abundance of gram-negative bacteria in nasal
samples (increased by 19.4%), while all host depletion treatments decreased
the relative abundance of gram-negative bacteria in sputum; note that all
sputum samples were obtained from patients with cystic fibrosis. Key
members of the cystic fibrosis airway community, such as Pseudomonas
aeruginosa, are known to produce large amounts of extracellular DNA24,
and most host depletion protocols rely on removal of extracellular DNA
after lysis of host cells. Microbes could have been ingested by neutrophil
extracellular traps (NETs) increasing extracellular microbial DNA as
NETosis is induced in response to microbial cues25.

Changes in overall microbial community structure were analyzed
using Morisita-Horn dissimilarity. PCoA plots stratified by sample type
suggested the presence of strong sample-type-specific treatment effects
(Supplementary Fig. 9). PERMANOVA analysis was conducted (Table S6),
and all treatments showed sample-type-specific effects. To better quantify
potential bias from host depletion treatment, we calculated Morisita-Horn
dissimilarities between paired samples (untreated and host-depleted) from
the same subject and sample type (Fig. 3C, Table S7) and used this con-
tinuousmeasure as anoutcome in linearmixed effectsmodels. Fornon-viral
microbial communities, only lyPMA changed the paired Morisita-Horn
dissimilarities for BAL. lyPMA,Benzonase, andMolYsis changed the paired
Morisita-Horn dissimilarities of nasal samples. All the treatments changed
the paired Morisita-Horn dissimilarities of sputum. The change in viral
community structure (Fig. 3D, Table S7) also indicated that similar altera-
tions were introduced for sputum samples after host depletion, while dif-
ferent methods were associated with significant bias for nasal samples, and
most BAL samples lacked identified viral species making assessment of bias
challenging.

Effect of host depletion treatment on differential abundance of
non-viral and viral microbes
To determine whether there are species-specific effects of host depletion
treatment for non-viral microbes, we conducted differential abundance
analysis using linear mixed-effect models after centered log-ratio
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transformation, accounting for the fixed effects of sample type and
treatment and considering the random effect of each subject (Table S8).
Given that most of the significant associations were due to sample type
(Fig. 4A), we then performed differential abundance analyses stratified by
sample type (Fig. 5A,C, E, top 20non-viralmicrobial species byminimum
q-value). For BAL, host depletion treatment did not lead to differentially
abundant taxa. For nasal samples, 19 taxawere differentially abundant at a

significant level of q < 0.1. For sputum samples, 111, 102, 101, 86, and 82
taxa were differentially abundant compared to untreated sputum samples
for QIAamp, MolYsis, HostZero, Benzonase, and lyPMA treatments,
respectively.

The same analysis was conducted for viruses (evaluated at the level of
predicted host genus to facilitate comparisonwith non-viral microbes), and
the result is illustrated in Fig. 4B.When evaluating all sample types, 2, 15, 17,
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Fig. 2 | Sample relative read abundances of microbial non-viral and viral clades
stratified by sample type and subject. Note viral clades depicted using predicted
microbial (largely bacterial) host to facilitate interpretability as most DNA viruses
identified by metagenomics sequencing are bacteriophages. Prediction algorithms
for phage viral hosts reliable only at the genus level, thus viral profiles depicted at this
level. Bronchoalveolar lavage (BAL) from critically ill patients A Microbes (non-
viral) andBViruses. Nasal swab samples fromhealthy adultsCMicrobes (non-viral)

and D Viruses. Spontaneously expectorated sputum from people living with cystic
fibrosis E Microbes (non-viral) and F Viruses. Empty space indicates samples that
failed sequencing (nomicrobial reads identified). Nasal swab samples were collected
from 10 different subjects as it is not feasible to collect more than 4 nasal swabs per
participant at any given time, thus the experimental design was modified to ensure
an equal number of replicates for each host depletion group, resulting in a larger
number of control samples for nasal swabs.
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and 8 viral clades were differentially abundant after Benzonase, HostZero,
MolYsis, and QIAamp treatments respectively, while 37 were differentially
abundant by sample type. The predicted microbial host of the differentially
abundant viruses largely did not correlate with the differentially abundant
bacteria with only a few genera having the same pattern from both the viral
and non-viral microbial clades (Actinomyces, Escherichia, Pseudomonas,
and Streptococcus); Fig. 5B,D, F, top 20host genus byminimum q-value and
Supplementary Fig. 10, Spearman’s correlation between differentially
abundant microbial species and viral host genus.

Effect of host depletion treatment on predicted microbial com-
munity function
Similar to species richness, host depletion increased the richnessofpredicted
microbial community functions (Table 1). Most of the treatments sig-
nificantly increased predicted functional richness (Supplementary Fig. 11A
and Table S9). For BAL, MolYsis, HostZERO, QIAamp, and Benzonase
treatment increased functional richness by 203, 178, 139, and 137 pathways,
respectively. For nasal, HostZERO, QIAamp, and MolYsis increased
functional richness by 70, 70, and 56 pathways, respectively. For sputum, all
treatments increased functional richness, with the largest effect size seen
with MolYsis (150), HostZERO (146), and QIAamp (124). Compared to
taxonomic profiles, Morisita-Horn dissimilarities in functional profiles
showed smaller changes after treatment for nasal and sputumbut higher for
BAL (Supplementary Fig. 11B). Larger numbers of predicted functionswere

differently abundant in CPM (copies per million) with differences based on
sample type (Supplementary Fig. 12). For BAL, pathways unable to be
identified in untreated BAL were detected after most host depletion treat-
ments (Supplementary Fig. 13).

Sensitivity analysis for potential effect of contamination
Given that increasing effective sequencing depth was associated with
increased species and predicted microbial richness (Supplementary Fig. 5),
we performed a sensitivity analysis to ensure that the increased species
richness was not due to the introduction of contaminants, given the low-
biomass nature of most respiratory samples. Although extracted nucleic
acids and sequencing libraries prepared from reagent-only negative controls
had undetectable DNA concentrations (Table S10), we pooled larger
volumes of the libraries from reagent-only negative controls for sequencing
in order to assess the possible effect of contamination. We identified
potential contaminants using two approaches: the approach implemented
in the ‘decontam’ R package26 and the approach implemented in the
‘tinyvamp’ R package27 (Supplementary Fig. 14). Even after removing the
7 species identified as potential contaminants by decontam (Table S11), and
analyzing corrected relative abundances estimated by tinyvamp, host
depletion treatment increased species richness. Using mixed effects models
stratified by sample type on these decontaminated datasets, the increase in
species richness from host depletion treatment remained significant
(Table S12).

Fig. 3 | Alpha and beta diversity stratified by
sample type and treatment method. Species rich-
ness in mean values ± SD for microbial non-viral
(A) and viral (B) communities. Boxplot of potential
bias measured by Morisita-Horn dissimilarity (1 –
Morisita-Horn similarity index) between each host
depletion method and corresponding untreated
sample for non-viral microbial (C) and viral (D)
communities. Note most BAL samples had no
detected viral communities. Statistical significance
was tested with linear mixed-effect model adjusting
for repeated measures in a participant as a random
effect variable. *p-value < 0.05, **p-value < 0.01 and
***p-value < 0.001.
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Effect of freezing, DNA/RNA shield, and host depletion on
microbial cell viability
To validate the effect of freezing without and with a cryoprotectant
(glycerol), addition of DNA/RNA shield, and each host depletionmethod
on the viability of typical gram-negative and gram-positive bacteria found
in the respiratory tract, CFU testing was conducted for isolates from
sputum samples (Fig. 6). Except for DNA/RNA shield, which universally
rendered all isolates non-viable, experimental conditions exhibited
species-specific effects on bacterial viability. In analyses stratified by
species, freezing did not impact the viability of the gram-positive isolate
(Staphylococcus aureus), while it reduced the viability of gram-negative

isolates (Pseudomonas aeruginosa and Achromobacter spp.); this effect
was largely mitigated when a cryoprotectant (glycerol) was added
(Table S13). When comparing the effect of host depletion on viability,
MolYsis had the largest negative effect size (−4.7 (−5.8,−3.6), while the
intercept was 9.0 (8.3, 9.7)) on viability for Staphylococcus aureus and thus
testing for this method was not performed for the other isolates. Of the
host depletionmethods tested,QIAamphad the lowest impact on viability
(both on samples without and with glycerol as a cryoprotectant); in
multivariate analyses, it was the only host depletion treatment that did not
reduce the viability of the tested gram-negative species even in non-
cryopreserved frozen samples (Table S14).
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Fig. 4 | Volcano plot of differential abundance. A Non-viral microbes and B viral
host genus by sample type and host depletion treatment. Each dot represents
association analyzed by differential abundance analysis. Microbial taxa that showed
strong significant changes (q-val < 0.01, |effect size| > 2) and viral host genus with

significant changes (q-val < 0.1, |effect size| > 0.3) were labeled with their names. The
analysis was conducted with linear mixed-effect model (feature ~ sample type +
lyPMA+ Benzonase+HostZERO+MolYsis+QIAamp, random effect = subject
id) after centered-log ratio normalization.
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Extracellular microbial DNA production
To examine whether removal of extracellular DNA may contribute to the
decrease in proportion of gram-negative species noted after host depletion,
we quantified the proportion of extracellular DNA for isolates from sputum
samples grown in overnight tryptic soy broth cultures (Table S15). The two
tested gram-negative bacteria showed a higher proportion of extracellular
DNA (3.0 ± 2.2% for Pseudomonas aeruginosa and 4.2 ± 3.8% for Achro-
mobacter spp.) compared to the gram-positive bacterium (1.1 ± 1.0%). In
linear models, gram-negative Achromobacter spp. exhibited a significantly
higher proportion of extracellular DNA relative to gram-positive Staphy-
lococcus aureus, with an effect size of 3.1 [0.04, 6.1]%.

Discussion
Respiratory samples have host DNA content often exceeding 95%, making
successful characterization of the respiratory microbiome using mNGS
challenging even with deeper sequencing due to unobserved richness. We
tested five host depletion approaches using published methods or com-
mercial kits and showed that even in respiratory samples frozen without
cryoprotectants, significant depletion of host DNA can be achieved. The
increase in effective sequencing depth rather than contamination intro-
duced by host depletion treatment explains the observed increase in species
richness after host depletion. We saw similar findings when evaluating
predictedmicrobial functional richness. Similarly, viral species richness was
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Fig. 5 | Mean relative abundance of top 20 significant taxa identified by differ-
ential abundance analysis using linear mixed-effect model (feature ~ lyPMA +
Benzonase + HostZero + MolYsis + QIAamp + (1|subject id)) after centered
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host genus for sputum. Statistical significances threshold q-value < 0.1.
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increased after adopting host depletion methods. In viability studies, the
addition of DNA/RNA shield rendered all isolates non-viable and thus
should not be used as a preservative if investigators wish to perform host
depletion prior to mNGS. While freezing reduced the viability of gram-
negative but not gram-positive bacteria, QIAamp treatment on frozen non-
cryoprotected samples had the smallest effect on the viability of gram-
negative bacteria. Adding a cryoprotectant minimized the differential effect
of freezing and host depletion on the viability seen with gram-positive vs.
gram-negative bacteria.

Previously published metagenomics sequencing studies of respiratory
samples have high failure rates due to high host DNA content. For example,
a studyusingnasopharyngeal swabs forCOVID-19 testing found that 54.7%
of samples had 100% human reads in mNGS without host DNA
depletion28,29 Several studies have evaluated the efficacy of host depletion
approaches on respiratory samples for mNGS, though they focused on a
single type of respiratory sample, largely evaluated methods using fresh-
unfrozen samples, and sequencing depthwas significantly lower (32million
reads per sample or less) compared to our study. An earlier study tested
MolYsis and amethod using β-mercaptoethanol andDNase for the sputum
of people living with cystic fibrosis for metagenomic microbial and viral
profiling30, however, the study used fresh-unfrozen samples and did not
focuson thedifferences betweendifferent treatmentmethods.Marotz et al.11

developed the lyPMA approach and found it superior to MolYsis and
QIAamp when tested on unfrozen saliva samples. In this study, for frozen
non-cryoprotected saliva samples, lyPMAwas the least biased among all the
methods tested though freezing decreased the efficacy and increased the
variability of host depletion. Saliva contains high hostDNAcontent but also

has higher microbial loads than respiratory samples from patients without
infection31. Nelson et al.17 developed the Benzonase method and found it
superior to an alternate benzonase-basedmethod, lyPMA, and theMolYsis
Basic kit designed for small sample volumes of 0.2mL or less (we tested the
MolYsis Basic 5, which is designed for sample volumes up to 5mL). Testing
was performed on sputum frozen without cryoprotectants from children
with cystic fibrosis; note sputum from patients with chronic infection often
has paradoxically also higher host DNA content due to the influx of
inflammatory immune cells. Benzonase led to a greater reduction in % host
DNA than other methods, whereas we found that the MolYsis Basic 5 kit,
followed byHostZERO andQIAampwere themost efficient. Similar to our
results, they also noted a decrease in the relative abundance of certain gram-
negative bacteria such as Pseudomonas and Achromobacter in Benzonase-
treated samples compared to untreated samples. Based on viability studies
using culture, Benzonase treatment did not decrease the viability of these
gram-negativebacteria.Thus, the investigators concluded that the reduction
in gram-negative bacteria was due to removal of extracellular DNA17. In
contrast, we found that the viability of two gram-negative bacterial isolates
was reduced with both freezing andmost host depletionmethods including
Benzonase; this was mitigated with the addition of glycerol as a cryopro-
tectant.However,QIAamp,which also uses Benzonase, had the least impact
on the viability of host-depletion-treated gram-negatives that were frozen
without a cryoprotectant. Rajar et al.21 evaluated frozen nasopharyngeal
aspirates cryopreserved with 20% glycerol though their study design
included combinations of different host depletion and extraction protocols
(including spin column-basedprotocols, which led to high sample loss) thus
limiting interpretability.QIAamp-based host depletionwas extractedwith a

Fig. 6 | Viability of pathogens isolated from spu-
tum samples under different treatment condi-
tions. For each species and experimental group,
viabilities of 7 strains of Staphylococcus aureus,
6 strains of Pseudomonas aeruginosa, and 5 strains
of Achromobacter spp. obtained from sputum cul-
tures assessed using colony-forming unit (CFU)
tests. A pseudocount of 1 was added prior to log10
transformation due to the presence of zero counts.
MolYsis had a strong negative effect on viability for
Staphylococcus aureus (−4.3 log10 cells/mL, p-
value < 0.001) thus was not further tested in gram-
negative isolates. DNA/RNA shield, when added to
unfrozen culture, universally rendered all isolates
non-viable.
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spin column leading to insufficient nucleic acids for sequencing.They found
thatMolYsis performed the best in combinationwith an extractionprotocol
that did not use spin columns.

The optimal approach to host depletion depends on multiple factors,
which may be weighted differently based on the investigator’s priorities.
These factors include the efficiency of host depletion (e.g., the greatest
reduction in hostDNA), potential bias (where somemicrobes such as gram-
negative bacteria are more vulnerable to lysis than gram-positive bacteria),
sequencing failure rates, aswell as practical considerations such asworkload
(somehost depletionmethods, such as lyPMA, are long protocols thatmake
this approach low throughput) and cost (QIAamphost depletion reagents at
this time cannot be purchased separate from the larger microbiome nucleic
acid extraction kit). In general, to avoid complete confounding of sample
typewith the potential bias introducedby specifichost depletion treatments,
it is best to apply the same approach to all sample types within a study. At
this time, our results suggestQIAampmaybe a good choice for diverse types
of respiratory samples as it has effective host depletion efficiency for all
sample types tested, has comparably less potential to introduce bias, parti-
cularly for easy-to-lyse gram-negative bacteria basedonour viability studies,
and is among the shortest protocols tested. The addition of a cryoprotectant
such as glycerol at the time of freezing may mitigate the adverse effects of
freezing on microbial cell viability and limit potential bias during host
depletion.More broadly, we observed that the increase of species richness is
saturated at 0.5–2millionmicrobial mapped reads. This finding, along with
observed % host DNA for different respiratory sample types, offers a pre-
liminary guide for targeting cost-efficient metagenomics sequencing
respiratory samples. Our results show that for many respiratory samples,
studies performing metagenomics without host depletion will not ade-
quately describe themicrobial communities and even if there is the potential
for some bias introduced with host depletion, it is preferable to having the
extremely low effective sequencing depth induced by high host DNA
content.

Host depletion substantially reduced the proportion of gram-negative
bacteria in sputum samples, which were obtained from persons with cystic
fibrosis (PwCF); this was not noted in other sample types (nasal swabs and
bronchoalveolar lavage). In some chronic lung diseases such as cystic
fibrosis, higher levels of extracellular DNA are found in sputum compared
to BAL, suggesting greater airway inflammation (including potential role of
NET formation) in proximal airways compared to distal airways23,25.
NETosis, the process of formingneutrophil extracellular traps,may increase
the proportion of humanDNA in sputum samples, and affect both the host
depletion efficiency and microbial community composition. Our results
show that certain gram-negative bacterial species in particular are capable of
producing extracellular DNA; an important caveat is that certain stimuli,
such as the presence of pyocyanin, may increase extracellular DNA pro-
duction by Pseudomonas aeruginosa32. Further studies are needed to better
understand the relative contribution of microbial cell lysis during host
depletion versus the presence of extracellularmicrobialDNA to the changes
in microbial community composition observed after host depletion.

Many ongoing large epidemiological studies have not added cryopro-
tectantsprior to freezing respiratory specimens,nor ishostdepletionon freshly
collected samples before freezing logistically possible as it requires additional
trained personnel, equipment, and processing time compared to standard
biobanking.Our study focusedonnon-cryoprotected frozensamplesalong the
upper and lower respiratory tract and demonstrated that effective host
depletionmethodcanbeperformed.Ourviability studies indicate that fornon-
cryoprotected frozen samples, QIAamp treatment had the lowest impact on
the differential viability of gram-negative compared to gram-positive bacteria;
the addition of a cryoprotectant may largely mitigate the effect of freezing on
cell lysis, although it did not significantly change the effect of QIAamp-based
host depletion on frozen non-cryo-preserved isolates.

Our study has several strengths. To our knowledge, there are no other
methods papers evaluating the effect of host DNA depletion on viral as well
as non-viral microbial communities in samples obtained along the
respiratory tract. We showed that optimal methods based on one sample

type cannot necessarily be extrapolated to another sample type.We focused
on samples frozen without cryoprotectants, which is more generalizable to
most respiratory sample collectionmethods for existing clinical studies.We
performed deep metagenomics sequencing, 76.4 million reads per sample,
which is approximately twice that of existing respiratory metagenomics
studies. We show that even at this depth, without host depletion, there is
inadequate characterization of respiratorymicrobial communities.We used
mediation analysis to show that the deeper effective sequencing depth
resulting from host depletion explains the majority of effects of host
depletion on increased species richness. We performed careful sensitivity
analyses to evaluate the potential contribution of contamination and show
that even after the removal of potential contaminants, host depletion
methods increased species richness. Viability studies also better characterize
the potential bias introduced by the effect of various treatments including
freezing, addition of DNA/RNA shield, and each host depletion treatment.

Nevertheless, there are some limitations to our study. While the
respiratory samples tested were preserved “neat” (i.e., without cryoprotec-
tants or nucleic acid stabilization solutions), our mock community was
preserved in DNA/RNA shield, which contains a mild detergent that lyses
microbial cells. Our viability studies indicate that DNA/RNA shield
instantly killed all tested bacterial species. The manufacturer (Zymo) does
not recommend host depletion on samples preserved in DNA/RNA shield
for this reason, however, we chose this mock community to test because
many ongoing respiratory microbiome studies, particularly since the
COVID-19pandemic, collected respiratory samples in additives suchDNA/
RNA shield for infection control reasons. Thus we felt it was important to
demonstrate the degree to which samples collected in this fashion would
bias sequencing results for allmicrobial species, asDNA/RNAshield lyses all
microbial cells. To better assess for bias, untreated BAL, nasal, and sputum
samples could have been sequenced much deeper than host-depleted
samples to achieve the same effective sequencing depth after host read
removal. Finally, the Marker-MAGu reference database is compiled from
studies focused on the human gut microbiome, in part due to the limited
number of mNGS studies performed in respiratory samples (most
respiratory microbiome studies rely on amplicon sequencing). It is possible
that novel phages resident to the respiratory tract do not yet exist in these
databases. Future mNGS studies on the respiratory tract may address this
challenge.

In summary, we show that host depletion treatment enables the
characterization of the respiratory microbiome with mNGS, even in pre-
viously frozen samples. While some host depletion methods may shift
resulting microbial composition, metagenomics sequencing without host
depletionwill severely underestimatemicrobial diversity ofmost respiratory
samples due to shallow effective sequencing depthand is not recommended.

Methods
Sample collection
Anterior nasal swab sampleswere obtained fromhealthy adults according to
a standardized protocol as previously described in an earlier study 33. PBS
was added (1mL) to the nasal swab samples and vortexed briefly. Four
aliquots were made with one nasal swab sample, and a swab and 200 µL of
sample solution were utilized for each aliquot. Sputum was collected from
adult patients with cystic fibrosis described in a previous study 34,35. Briefly,
adult persons over age 18 satisfying cystic fibrosis clinical diagnostic criteria
and receiving routine care at the Massachusetts General Hospital Adult
Cystic Fibrosis Center were recruited. The volume of sputum samples was
supplementedwithPBS tomake1mLof 6 aliquots and gently homogenized
by syringes to make evenly distributed aliquots. Bronchoalveolar lavage
(BAL) fluid was collected from intubated patients for clinically indicated
bronchoscopies with excess BAL. For BAL, each sample was evenly sepa-
rated into 6 individual aliquots to have a volume of 200 µL. Ethical
approval for this study was obtained by the Institutional Review Board of
Mass General Brigham (Protocol #2018P002934, 2019P002868 and
2020P001761). All the samples described in this study were frozen without
cryoprotectants within 1 h of sample collection and stored at−80 °C. None
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of the samples were stored for more than 27 months before host depletion
and DNA extraction.

Host DNA depletion treatments
Five different host DNA depletionmethods (lyPMA, Benzonase, HostZERO,
MolYSIS, and QIAamp) were tested for nasal swab, sputum, and BAL sam-
ples. The total number of treatment groups per sample was 6 (5 different
treatments and 1 control group). Nasal swab samples were collected from 10
different subjects as it is not feasible to collect more than 4 nasal swabs per
participant at any given time, thus the experimental design was modified to
ensure an equal number of replicates for each host depletion treatment group
resulting in a larger number of control samples for nasal swabs.

For lyPMA, the procedure followed a previously published protocol by
Marotz et al.11. Briefly, samples were centrifuged to collect cells (10,000 × g,
8min).After carefullydiscarding the supernatant, thepelletswere resuspended
with 200 µL of nuclease-free water (129114, Qiagen, Germany) andmixed by
Voltex-Gini2. Samples were left at room temperature for 5min and 5 µL of
PMA(40019, Biotium,USA)was added to the sample (10 µL of 1mMPMA).
Afterbrieflyvortexing, sampleswere incubated in thedark roomat roomtemp
(5min). To bind PMA dyes to DNA, samples were placed horizontally on an
orbital shaker and exposed to a light source with 2610 lumens (LEDA21, GE,
USA) at a 20 cm distance for 30min, and rotated every 5min.

Benzonase treatment method was conducted as described by Nelson
et al.17. First, 7 mL of DNAse-free water was added to 200 µL samples, and
then the samples were placed on an orbital shaker for 1 h at 60 RPM to lyse
mammalian cells. 800 µL of 10x Benzonase buffer (200mM Tris-HCl
(15567027, Invitrogen, USA), 10mM MgCl2 (AM9530G, Invitrogen,
USA)) and 250U of Benzonase (E1014-25KU, Sigma, USA) to each sample
(1 µL) was added to the samples, and themixtures were incubated for 2 h at
37 °C (120 rpm) in an incubator (New Brunswick Innova 42, Eppendorf,
Germany). After centrifuging at 8000 × g for 10min, the pellets were
resuspended with 1mL PBS and moved to 1mL tubes. The second cen-
trifuge was conducted at 13,000 × g for 3min, the supernatants were
removed, and the pellets were resuspended with 400 µL of TE (AM9849,
Invitrogen, USA)+ 5mM EDTA (15575-020, Invitrogen, USA).

HostZERO was implemented according to the manufacturer’s proto-
col (https:/files.zymoresearch.com/protocols/d4310_hostzero_microbial_
dna_kit.pdf). Briefly, 1mL of host DNA depletion solution (D4310-1-20,
Zymo, USA) was added per 200 µL of sample. The mixture was agitated by
orbital shaking for 15min at room temp at 180 rpm. After centrifuging the
tube at 10,000 × g for 5min at room temperature, the supernatant was
carefully removed. Then, 100 µL of microbial selection buffer (D4310-2-5,
Zymo, USA) and 1 µL of microbial selection enzyme (D-4310-3-50, Zymo,
USA) were added to the samples, and the samples were incubated at
600 rpm, 37 °C for 30min in a thermomixer.

MolYsis Basic 5 (D301-050, Molzyme, Germany) was implemented
following themanufacturer’s protocol. Briefly, 250 µL buffer CMwas added
to the samples, and theywere agitated by vortexing for 15 s and incubated at
room temperature for 5min. Reagents (250 µL buffer DB1, 10 µL MolD-
Nase B) were added to the samples and briefly mixed by vortexing for 15 s.
After an incubation process at room temp for 15min, samples were cen-
trifuged at 12,000 × g for 10min, and the supernatant was removed care-
fully. The pellet was resuspended with 1mL buffer RS and centrifuged at
12,000 × g for 5min. Finally, 80 µL buffer RL was added to the pellets and
mixed with pellets by Vortex Gini.

For QIAamp, the procedure followed the manufacturer’s protocol
(https://www.qiagen.com/us/resources/resourcedetail?id=c403392b-0706-
45ac-aa2e-4a75acd21006&lang=en). Briefly, after adding 800 µL of PBS
(MRGF-6230, Growcells, USA) to each sample to make the total reaction
volume 1mL, 500 µL Buffer AHL (1080302, Qiagen, Germany) was added to
1mL of sample. Samples were incubated at room temperature for 30min at
600 rpm. The pellet was collected by centrifuging the tube at 10,000 × g for
10min and removing the supernatant carefully. After adding 190 µL of Buffer
RDD (1018702, Qiagen, Germany) and 2.5 µL of Benzonase (1038893, Qia-
gen, Germany), the samples were incubated at 37 °C for 30min at 600 rpm.

20 µL of Proteinase K was added, and samples were incubated at 56 °C for
30min at 600 rpmafterwards.All incubationprocesseswere conductedwith a
thermomixer (Thermomixer C 5382, Eppendorf, Germany).

DNA extraction
The same nucleic acid extraction approach was applied to all sample types as
previously described10. In brief, treated and untreated samples, reagent-only
negative controls, and mock community positive controls (Zymo Research)
were extracted using a protocol optimized for respiratory samples with a
magnetic bead-based protocol using the Maxwell HT 96 gDNA Blood Isola-
tion System (Promega) on a KingFisher Flex instrument. Briefly, cetyl-
trimethylammonium bromide (CTAB) is added to samples in individual
LysingMatrixE tubes (MPBiomedicals), incubatedat95 °Cfor5min followed
by bead beating for three 30-s cycles at 7.0m/s, incubatedwith proteinase K at
70 °C for 10min, 300 sample µL lysate collected, additional bead beating for
three 30 s cycles at 7.0m/swith each cycle, and additional 300 sample µL lysate
collected. Sample lysates are transferred to 96-well plates for binding, washing,
and elution steps on the Kingfisher Flex sample purification system.

Quantitative polymerase reaction (qPCR)
Quantification of human DNAwas determined by focusing on the LINE-1
region with the Femto human DNAquantification kit (Zymo E2005, USA)
with standards. Bacterial DNAs were measured by targeting the 16S rRNA
region with a set of universal primers (5′-CCTACGGGAGGCAGCAG-3′
and 5′-ATTACCGCGGCTGCTGG-3′) for bacterial 16S rRNA20 and bac-
terial DNA standards (Zymo E2006-2, USA) for quantification. All reac-
tions were performed in triplicate. Absolute quantification was determined
using standard curves generated according to the manufacturer’s protocol
(https://files.zymoresearch.com/protocols/_e2006_femto_bacterial_dna_
quantification_kit_ver.pdf and https://files.zymoresearch.com/protocols/_
e2005_femto_human_dna_quantification_kit.pdf).

Metagenomics sequencing and data processing
PicoGreen dsDNA assay kits were used for DNA concentration measure-
ment at library preparation (P7589, Invitrogen, USA). Due to lowmicrobial
DNAcontent, aDNA library prep kit (E6177L,NewEnglandBiolabs,USA)
designed for low input (100–500 ng) was used. For all sample types, 1:25
diluted adapter was used during adapter ligation, and 12 cycles of PCR
amplification were conducted. Success of library preparation was assessed
with fragment analyzer (DNF-474-0500, Agilent, USA) and qubit (Invi-
trogen, USA). In total, 157 samples (30 BAL, 35 nasal, 30 sputum, 30
negative control from host depletion, 30 positive controls from host
depletion, 1 extraction positive control, and 1 extraction negative control)
were sequenced on the IlluminaNovaSeq platform targeting 10 Gb/sample.
Reads were processed with Casava (Illumina) and bbduk to retrieve
sequences and remove Illumina adapters.

Profiling of metagenomes was processed with bioBakery 38 combined
with bowtie2 with hg38 reference database for mapping and removing
human reads36. Specifically, MetaPhlAn 3.0 and HUMAnN 3 were
employed for taxonomical and functional profiling, respectively. Viral taxa
and phage-bacteria dynamics were profiledwithMarker-MAGu37 with v1.1
database (https://github.com/cmmr/Marker-MAGu). Marker-MAGu was
seen as ideal for profiling viruses in mNGS data as it uses a marker gene
approach similar to MetaPhlAn. Community profiles, either microbial
taxonomy or predicted function of genes, and their hierarchical structures
were merged by ‘phyloseq’ package v1.41.138. Outputs were normalized to
relative abundances considering the length of core genomes used for the
identification for taxa, and counts per million bases (CPM) for function,
respectively. Proportions of host DNAs in a sample were calculated using
both qPCR and mNGS results using the following equations.

Host DNA qPCR
� �

%½ � ¼ Hq=ðBq þ HqÞ ð1Þ

Host DNA sequencing
� �

%½ � ¼ RH= RC

� � ð2Þ
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Where Hq is the absolute amount of host DNA quantified by qPCR with
LINE-1 region, Bq is the amount bacterial DNA quantified by qPCR with
16S rRNA region, RH is the host reads identified by bowtie2 among RC, and
the RC is the cleaned reads after removing low quality reads. Furthermore,
lowprevalent taxawere removed at a 5% threshold for statistical analyses, to
avoid resulting in wrong association, i.e., detecting more taxa after host
DNA depletion39.

Microbial viability tests
From the CF sputum samples, bacterial colonies were isolated and tax-
onomy confirmed by MALDI-TOF. The viability of gram-negative (5 iso-
lates ofAchromobacter spp. and 6 isolates of Pseudomonas aeruginosa) and
gram-positive (7 isolates of gram-positive Staphylococcus aureus) species
were tested across a number of different treatment conditions to evaluate the
effect of freezing without and with a cryoprotectant, addition of Zymo,
DNA/RNA shield, and host depletion. Before treatment, the isolates were
cultivated overnight (12–16 h) in tryptic soy broth (TSB, 211825, BD, USA)
media at 37 °C with shaking at 200 rpm (New Brunswick Innova 42/42,
Eppendorf, Germany).

The overnight culture broth was subsequently aliquoted, and the via-
bility of each isolate was tested under 12 different experimental conditions
by colony-forming unit (CFU) testing. The experimental groups were as
follows: unfrozen, unfrozenwithDNA/RNAshield, frozen, frozenwith 20%
glycerol, frozen lyPMA, frozen glycerol lyPMA, frozen Benzonase, frozen
glycerol Benzonase, frozen HostZERO, frozen glycerol HostZERO, frozen
QIAamp, frozen glycerol QIAamp, frozen Molysis, and frozen glycerol
Molysis. Given the substantial negative impact of Molysis treatment on
Staphylococcus aureus viability, this method was not carried forward in
experiments using the gram-negative isolates. During host DNA depletion
treatments, unfrozen control samples were kept in a 4 °C refrigerator to
retard growth until plating. For the unfrozen with DNA/RNA shield con-
dition, liquid culture aliquotswere centrifuged at 13,000 × g at 4 °C for 3min
and then the pellet resuspended with DNA/RNA shield (R1100-50, Zymo,
USA). For all glycerol groups, sample aliquots were mixed with glycerol
(356350, Millipore, USA) to reach a final glycerol concentration of 20%
before freezing. For all frozen and glycerol frozen groups, 220 µL aliquots
were frozen in a−80 °C freezer for minimum 1 h and then thawed at 4 °C
before implementing host DNA depletion methods. All the host DNA
depletion methods were carried out as described earlier.

After host DNA depletion treatment, bacterial pellets were resus-
pended in TSB, and CFU testing was conducted as described by Jean-Pierre
et al.40. Briefly, all samples were serial-diluted up to a 107-fold dilution in 96-
well plates. Using a 96-well replicator (140500, Boekel Scientific, USA), 1 µL
of each samplewas transferredonto tryptic soy agar (DF0369176, BD,USA)
and incubated overnight at 37 °C. The number of colonies of each dilution
series at the highest dilution factor with at least 3 colonies was counted and
then the CFU counts were calculated using the following equation.

Colony forming unit ðCFU=mLÞ ¼Number of colonies
Spot volume ðμLÞ × 1000

μL
mL

� �

×Dilution factor

ð3Þ

Extracellular DNA quantification
Overnight liquid cultures were prepared by inoculating single colonies into
tryptic soy broth. To determine the amount of microbial DNA in intact
microbial cells versus extracellular DNA, 1mL of each liquid culture was
centrifuged at 10,000 × g for 3min. The supernatant was syringe-filtered
through a sterile 0.22 µm filter, and a 200 µL aliquot representing extra-
cellular DNA taken for nucleic acid extraction. The pellet was resuspended
in 1mLTSB, and a 200 µLaliquot representing intracellularDNAwas taken
for nucleic acid extraction. 16S rRNA qPCR was performed in triplicate,
alongwith a standard curve to determine 16S rRNAgene copy number. The
genome copy number of each species was calculated using Eqs. 4 and 5, and
the relative contribution of intracellular versus extracellular DNA was

calculated using the subsequent equation.

16S rRNA copies ðcopies
μL

Þ ¼

DNAestimateðngμLÞ × ng per bp constantðbpngÞ
E: coli genome size ð bp

genomeÞ
×E:coli 16S rRNAðcopies=genomeÞ

ð4Þ

Genome copy number ðgenome
μL

Þ ¼

16S rRNAcopies ð16S rRNA copies
μL Þ

Average 16S rRNA copies per genome ð16S rRNA copies
genome Þ

ð5Þ

ExtracellularDNA ð%Þ ¼
Genome copies in supernatant ðgenome

μL Þ
Genome copies in pellet ðgenome

μL Þ þ Genome copies in supernatant ðgenome
μL Þ

ð6Þ

Where the ng per bp constant was 9.26 × 1011 (bp/ng), the 16S rRNA copies
of E. coli JM109were 7 (copies/genome), the genome size was 4.6 × 106 (bp/
genome), and the average 16S rRNA copies per genome for Staphylococcus
aureus,Pseudomonas aeruginosa, andAchromobacter spp.were 5.7, 4.0, and
3.5, respectively41.

Statistical analyses
Statistical analyses were pre-registered on the Open Science Foundation
(https://osf.io/2jtc5)42. All statistical analyses were conducted in R version
4.3.1 (https://www.r-project.org). Library preparation success rates were
assessed with a logistic mixed-effect model using the glmer function from ‘
lme4’ R package v1.1.3443. Final reads, % host DNA, and other continuous
outcomes were assessed by linear mixed-effect models using the lme4::lmer
function. Predictors of themodelswere sample type, treatmentmethod, and
an interaction term for sample type x treatment method. Repeated mea-
surements from one participant were accounted for with a random effect
term. Alpha diversity indices were calculated with ‘vegan’ package v2.6.444.
Beta diversity was calculated with the vegan::vegdist, where Morisita-Horn
dissimilarity index was calculated by subtracting the Morisita-Horn simi-
larity index from 1, ordinated with the ‘phyloseq’, and paired distances
extracted using ‘harrietr’ package v0.2.3 (https://github.com/andersgs/
harrietr). Stratified analyses by sample type were conducted when the
sample type* treatmentmethod interaction termwas significant. Predictors
of overall microbial community structure were evaluated on beta diversity
using permutational analysis of variance (PERMANOVA). All the pre-
dictors were tested as fixed effects to compare the effect size between them
(feature ~ subject + sample type + treatment method + sample type *
treatmentmethod). After confirming sample-type-treatment specific effects
with the sample type * treatment method interaction term, analyses stra-
tified by sample type were used (feature ~ lyPMA + Benzonase + Hos-
tZERO+MolYsis+QIAamp, strata = subject id). To quantify the potential
bias of treatment compared to controls, paired beta diversity indices
between each treated and untreated sample were extracted and used for a
subsequent linear mixed effects model.

The effect of treatment on alpha diversity and species-specific differ-
ential abundance was identified by linear mixed-effect model implemented
in lme4::lmer (feature ~ sample type+ lyPMA+ Benzonase+HostZERO
+MolYsis+QIAamp+ (1|subject id)). Analyses performed for differential
abundance first implemented a centered log-ratio transformation to
account for compositionality prior to regression modeling using the
‘microbiome’ R package v1.22.045. The false discovery rate (FDR) was cal-
culated using the ‘qvalue’ R package v2.32.046.

Mediation analysis was conducted using the ‘mediation’ package
v4.5.047 with species richness as outcomes, treatment method as exposures,
final reads as mediators, and sample type as mediator-outcome con-
founders. Mixed effects linear regression was used for both outcome and
mediator models, and the analysis was stratified by each treatment method.
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All the data were visualized using R packages ggplot2 v3.4.448 and
ggpubr v0.6.0 (https://github.com/kassambara/ggpubr/).

Sensitivity analysis
For further identification of contaminants, two different statistical deconta-
mination methods were employed. First, the ‘decontam’ package26 was used
with the ‘combined’method based on bacterial DNA from the qPCR result as
total DNA concentration. The analysis employed negative controls, BAL,
nasal, and sputum without negative controls after prevalence and abundance
filtering formicrobial datasets (at least 5%prevalent, except features with high
abundance more than 0.75 quantile). No filtering was conducted for viral
datasets. Second, we estimated decontaminated genus-level relative abun-
dances using ‘tinyvamp’27 based on the MetaPhlAn read count table. The
community compositions of the negative control and mock community
samples were treated as known, and the relative abundance profiles were
estimated for each of the remaining samples. A single contaminant relative
abundance profilewas estimated for eachprotocol.Detection efficiencieswere
estimated for taxa in themock community relative toE. faecalis. The expected
number of reads attributable to contamination was assumed to be inversely
proportional to the bacterial DNA concentration in each sample (parameter
‘Z_tilde’). Optimization of the unweighted Poisson criterion was performed
until convergence was reached. Optimization was performed separately for
each of the six protocols. Despite its presence in the mock community, S.
enterica was not detected in any of the mock community samples in the
HostZERO protocol. Therefore, to enable estimation, a pseudocount of 1 was
imputed for a single positive control sample for this protocol only. For
downstreamanalysis,weonly considered the estimated relative abundances of
the samples of unknown composition (output matrix P).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All raw sequencing data are available under BioProject accession number
PRJNA1019400 at the NCBI Sequencing Read Archive (SRA).

Code availability
Full documentation including data wrangling, exploratory data analyses,
data processing, statistical modeling, and code for figure and table genera-
tion is available at aGitHub repository and archived viaZenodo (https://doi.
org/10.5281/zenodo.14228803)49.
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