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Abstract

Background: Culture-independent sequencing methods are increasingly used to investigate the microbiota associated
with human mucosal surfaces, including sites that have low bacterial load in healthy individuals (e.g. the lungs). Standard
microbiota methods developed for analysis of high bacterial load specimens (e.g. stool) may require modification when
bacterial load is low, as background contamination derived from sterile laboratory reagents and kits can dominate
sequence data when few bacteria are present.

Main body: Bacterial load in respiratory specimens may vary depending on the specimen type, specimen volume, the
anatomic site sampled and clinical parameters. This review discusses methodological issues inherent to analysis of low
bacterial load specimens and recommends strategies for successful respiratory microbiota studies. The range of methods

background contamination are also discussed.

bacterial load specimens.

currently used to process DNA from low bacterial load specimens, and the strategies used to identify and exclude

Conclusion: Microbiota studies that include low bacterial load specimens require additional tests to ensure that
background contamination does not bias the results or interpretation. Several methods are currently used to analyse the
microbiota in low bacterial load respiratory specimens; however, there is scant literature comparing the effectiveness and
biases of different methods. Further research is needed to define optimal methods for analysing the microbiota in low
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Background

The emergence of high throughput sequencing tech-
nologies over the past 10 years has enabled deep under-
standing of the microbiota associated with human
mucosal surfaces. Much of this work has focused on the
gut, as the digestive tract has the highest microbial dens-
ity in the human body. As a result, current microbiota
methods were largely optimized for analysis of stool
specimens [1]. Application of these methods to other
specimen types is not necessarily straightforward, as the
bacterial load in stool is several orders of magnitude
higher than that at other mucosal sites, including the
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respiratory tract [2, 3]. The potential for large variation
in microbial density between different specimen types
prompts consideration of how bacterial load may affect
microbiota studies. This review considers important im-
plications of low bacterial load in respiratory microbiota
studies. The review highlights the importance of residual
bacterial DNA as a source of background contamination
in sterile laboratory reagents and kits, discusses how this
contamination can dominate the microbiota profiles of
low bacterial load specimens, and reviews current strat-
egies for overcoming this limitation.

Why is bacterial load an important consideration
when performing microbiota sequencing?

An inverse power relationship exists between the number of
bacterial genomes used to prepare sequencing libraries and
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the proportion of erroneous reads present in microbiota se-
quence data. This relationship was clearly demonstrated by
studies that used microbiota sequencing to analyze pure
bacterial cultures. An analysis of serially diluted Salmonella
bongori culture found that the relative abundance of errone-
ous reads in the microbiota data progressively increased
when < 10® S. bongori genome equivalents were sequenced;
when <10° genome equivalents were analysed, >90% of
resulting sequences were not S. bongori [4]. Similar findings
were reported for pure Staphylococcus aureus and Escheri-
chia coli cultures [5].

In vitro studies have identified residual 16S rDNA in ster-
ile laboratory reagents and DNA extraction kits as the pri-
mary source of background contamination in microbiota
data [4-6]. Taxa suggestive of environmental contamination
have also been detected in respiratory specimens with low
bacterial load, but not in the corresponding negative con-
trols [7, 8]. In one study, environmental taxa with relative
abundance inversely proportional to total bacterial load
(strongly suggestive of background contamination) were
detected exclusively in the clinical specimens [7]. It is cur-
rently unclear whether detection of such taxa indicates
unsampled sources of background contamination or un-
identified amplification and sequencing errors [9, 10].

To date, more than 200 genera have been reported as
background contamination in microbiota data from negative
controls and low bacterial load specimens (Table) [4, 8, 11].
This list includes genera previously reported amongst the
microbiota of low bacterial load human mucosal and tissue
specimens [12, 13]. The potential for misinterpretation of
background contamination in data from low bacterial load
specimens was recently highlighted in placental microbiota
studies [14]. Early reports suggested the presence of a com-
mensal placental microbiota with potential impacts for the
developing infant microbiome [15, 16]; however, these early
studies were limited, as tests for background contamination
were not performed. This limitation was emphasized by a
subsequent study that included robust negative controls and
bacterial load measures and found that the placental micro-
biota of women with uncomplicated pregnancies could not
be differentiated from background contamination present in
negative controls [17]. This example highlights the import-
ance of bacterial load measures and negative controls when
studying the microbiota of environments or specimens with
potentially low numbers of bacteria. Other examples of ana-
tomic sites that are expected to have low bacterial load or
be sterile in the absence of clinical infection include the
middle ear [18], eyes [19], urinary system [13], central ner-
vous system [20] and the lower airways [3].

Background contamination in respiratory
microbiota studies

Several studies have reported background contamination
in microbiota data generated from respiratory specimens
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with low bacterial load (< 10° bacterial cells/mL of speci-
men) [3, 4, 7, 8, 18, 21]. Factors that determine the bacter-
ial load in respiratory specimens include the specimen type
(e.g. sputum, bronchoalveolar lavage [BAL], swabs), the
specimen volume, the anatomic site sampled (e.g. upper or
lower airways) and clinical parameters (e.g. age, acute in-
fection, exacerbation, antibiotic use).

Many respiratory microbiota studies have analyzed
sputum from patients with lower airway disease. Spon-
taneously expectorated sputum has relatively high bac-
terial load (typically >10® 16S copies per gram or mL
sputum [22-24]), and thus, sputum microbiota data are
expected to be less affected by background contamin-
ation than specimens containing lower bacterial dens-
ities (e.g. BAL specimens).

The bacterial load reported for BAL specimens varies
depending on the volume tested and the disease state.
BAL from healthy adults has low bacterial load (< 10°
16S copies/mL) [3, 25], and thus, concentration of cellu-
lar components from large BAL volumes (>100 mlL)
may be needed prior to DNA extraction to avoid back-
ground contamination issues [26]. When lower BAL vol-
umes (<2 mL) [3] or acellular BAL [25] were tested,
taxa consistent with background contamination were
present in the microbiota data. BAL bacterial load may
also vary in patients with lower airways disease. For ex-
ample, high BAL bacterial load (up to 10° 16S copies/
mL) was reported for patients with cystic fibrosis [27]
and interstitial pulmonary fibrosis [28], whereas low bac-
terial load was reported for BAL from children with pro-
tracted bacterial bronchitis or bronchiectasis [7].

Studies of oropharyngeal swabs have reported bacterial
load at levels high enough to minimise adverse effects
from background contaminants (> 10° 16S copies/mL)
[3, 7, 27]; however, lower bacterial load (and therefore
higher risk of bias due to detection of background con-
tamination) was reported following antibiotic treatment
[27]. Nasopharyngeal (NP) bacterial load is lower than
that in the oropharynx, and varies depending upon the
age [29] and disease status [30] of the study population.
Several microbiota studies have reported low bacterial
load in a proportion of NP specimens [18, 31, 32], with
some studies reporting low bacterial load in up to a third
of the NP swabs tested [7, 21].

What can be done to reduce background
contamination effects in respiratory microbiota
studies?

Given the potential for variation in the amount of bac-
teria present in clinical specimens, this review recom-
mends that quantitative polymerase chain reaction
(qPCR)-based measures of bacterial load [33] be in-
cluded in respiratory microbiota studies: firstly, to aid
investigation of background contamination issues [17];
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and secondly, to allow critical review of published data.
Here, we discuss key stages in the design and implemen-
tation of microbiota analyses that can be affected by bac-
terial load issues.

Study design and specimen collection
Establishing a standardized methodology for low bacter-
ial load specimens requires consideration of differences
in patient populations and specimen types. Many micro-
biota studies are designed to compare the microbiota
present at high bacterial load in all study groups, e.g. gut
microbiota studies. In respiratory studies, bacterial load
can be more variable with low bacterial load specimens
more common in some groups than others. For example,
lower airway microbiota in healthy controls compared to
that of patients with chronic lung disease [34], or bacter-
ial load variations between groups defined by antibiotic
exposure [27, 35], or respiratory sites [7, 31]. Bacterial
load is also important because specimens containing few
bacteria may be excluded from downstream analyses if
insufficient amplicons or sequence reads are generated.
This exclusion risks loss of statistical power by reducing
the sample size or by introducing imbalances to the
study design that may affect downstream analyses.
Optimal specimen type and volume should also be
considered when planning respiratory microbiota stud-
ies. For example, in lower airway studies where sputum
collection is not possible, protected bacterial brush spec-
imens may yield higher bacterial load than BAL [3], and
thus may help abrogate background contamination ef-
fects. In BAL studies, recovery of bacterial DNA can be
improved by concentrating large sample volumes [26];
however, this may not be possible where lower saline
volumes are instilled (e.g. paediatric studies [36]) or
when limited BAL volume is available. Opportunities to
increase the volume of upper airway specimens can be
limited, especially when swabs are collected. Swab-based
respiratory microbiota analyses are typically performed
using < 0.5 mL of the preservative media [7, 21, 29, 37].
Increasing this sample volume (e.g. by using the entire
swab [31]) will improve recovery of bacterial DNA; how-
ever, it is important to note that linear increments in the
swab volume will not achieve the log;y-scale increases in
bacterial load that may be required to minimize the pro-
portion of background contamination in microbiota data.

Quality control

Where low bacterial load specimens are unavoidable,
care must be taken to avoid introduction of exogenous
DNA during specimen collection and laboratory pro-
cessing. This includes taking steps to avoid introduction
of exogenous DNA originating from the airways of labora-
tory staff (e.g. processing of specimens in biosafety cabi-
nets). Negative controls should be processed alongside
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clinical specimens through all analytic stages (including
specimen collection and sequencing) to ensure all po-
tential sources of background contamination are sam-
pled [1, 4, 17, 38]. Relevant negative controls include
those that sample any equipment or media used dur-
ing specimen collection. For BAL studies, broncho-
scope saline wash controls should be collected prior
to insertion into the airways, as these controls can be
critical to the appropriate interpretation of microbiota
data when bacterial load is low [3, 31] or when it
overlaps with that of negative controls [25]. Negative
controls should be included through all stages of la-
boratory processing, including sequencing [4, 17].
Where possible, nucleic acid-free laboratory reagents
should be used. It is also recommended that labora-
tory processing be done in clean environments (e.g.
decontaminated and UV-treated hoods) using dedicated
reagents and pipettes to minimise contamination [1, 4].
Minimizing the number of liquid handling events during
DNA extraction may help to reduce introduction of ex-
ogenous DNA and may also improve yield by preventing
DNA loss during processing. Given the potential risks for
confounding of microbiota data by background contamin-
ation, there is growing recognition of the need for negative
control results and bacterial load measures to be included
when publishing microbiota data from low bacterial load
specimens [17, 38].

Optimizing DNA extraction for low bacterial load specimens
A range of DNA extraction methods have been used to
prepare respiratory specimens for microbiota analysis;
however, few studies have compared the bacterial DNA
yield achieved by different methods. Biesbroek et al. [21]
reported a 100-fold difference in bacterial DNA yield be-
tween extraction methods when applied to both high
and low bacterial load upper airway specimens. This study
reported a magnetic bead-based DNA purification method
outperformed commonly used silica columns, including
the MoBio Powersoil DNA Isolation kit (Qiagen Pty Ltd.,
Dandenong, Australia), which is widely used and has been
recommended by large international sequencing projects
(e.g. the United States National Institutes of Health Hu-
man Microbiome Project [39]).

Optimal DNA extraction pre-treatment conditions are
not well defined for low bacterial load specimens. Mech-
anical disruption by bead-beating is widely accepted to
improve bacterial coverage by lysing cells that resist
chemical or enzymatic processes [21, 40]; however, some
studies have reported reduced DNA vyield following mech-
anical disruption [41, 42], potentially due to DNA shear-
ing. Bead-beating has been combined with chemical and/
or enzymatic lysis; however, optimal pre-treatment condi-
tions have not been determined or standardized. Some
studies have included bead-beating with phenol-chloroform
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extraction methods [21, 43]; however, these methods can
be difficult to perform (risking loss of specimen volume),
include toxic chemicals and are not easily automated. Other
studies have combined bead-beating and enzymatic diges-
tion to improve bacterial coverage [29, 44]; however, there
is little standardization in either the types of enzymes used
or whether the enzymatic digestion is performed before or
after bead-beating. Further research is needed to inform op-
timal pre-treatment strategies for maximum recovery and
coverage of bacteriall DNA from low load respiratory
specimens.

Variation in background contamination among batches
of DNA extraction kits or reagents must also be consid-
ered when studying the microbiota in low bacterial load
specimens. Salter et al. [4] reported batch-specific vari-
ation in background contamination from DNA extrac-
tion kits used to longitudinally assess NP microbiota in
children. In this study, NP swabs were processed in
chronological order, with different batches of the DNA
extraction kit used for specimens from different
time-points. Initial analyses suggested age-specific
changes in the NP microbiota; however, these associa-
tions were not detected once the batch-specific back-
ground contamination was removed [4]. To prevent this
type of confounding, it is recommended that a single
batch of DNA extraction reagents is used when analyz-
ing the microbiota of low bacterial load specimens [4].
Where use of multiple batches of extraction reagents
cannot be avoided, it is recommended that specimens
are processed in a random order with concurrent pro-
cessing of batch-specific negative controls [4].

Optimizing 16S rDNA amplification from low bacterial
load specimens

Even with optimized, high-performing DNA extraction
methods, there may be instances where bacterial load is
low. For example, diminished loads may result from test-
ing low volume specimens from healthy lower airways.
In these instances, optimization of the 16S rDNA PCR
may be needed to achieve sufficient amplicons for
sequencing.

Many different strategies have been used to increase
amplicon yield from low bacterial load respiratory speci-
mens. Some studies have improved the amplicon yield
by using > 30 PCR cycles [21]; however, this approach is
not recommended as it can increase amplification errors
[45, 46] as well as increasing detection of background
contamination [4]. Some respiratory studies [31, 47]
have used touchdown-PCR in which the annealing
temperature is varied to improve amplicon specificity
[48]; however, this method may not improve amplicon
yield. Several nested PCRs have also been used in studies
where a single round of PCR did not generate sufficient
amplicons [49-52]. Nested PCR is expected to improve
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amplicon yield and also to reduce heteroduplex and
chimera formation [9], but requires additional liquid
handling steps which risks further introduction of ex-
ogenous DNA. Whole specimen amplification tech-
niques (e.g. multiple displacement amplification) may
also be used to increase the amount of DNA available
for sequencing studies [53, 54]; however, this method
may increase the overall sequencing error rate.

As with DNA extraction methods, there is currently
scant literature comparing the strengths and weaknesses
of different approaches for increasing amplicon yield, in-
cluding assessment of the impacts of different amplifica-
tion strategies on overall sequence error rates. It is also
important to recognize that while optimized amplifica-
tion methods may improve amplicon yield, background
contamination issues are likely to remain as exogenous
DNA present in sampling equipment and laboratory re-
agents will be co-amplified alongside the target DNA.

Optimizing library preparation

16S sequencing libraries are routinely prepared using a
standardized input mass of PCR amplicons. The Earth
Microbiome Project (www.earthmicrobiome.org) cur-
rently recommends library preparation with 240 ng of
amplicons from each sample [55]; however, this amount
may be difficult to generate when applying standard pro-
tocols to respiratory specimens, especially when the bac-
terial load is low [4]. To overcome this limitation, some
studies have excluded specimens generating too few
amplicons when preparing sequencing libraries [56, 57].
Others have successfully used a lower mass of amplicons
to prepare the library (25-100 ng) [5, 58]. A third ap-
proach has been to pool multiple PCR replicates of
low-load specimens to ensure a minimum amplicon
mass is achieved. This approach was successfully used
by Salter et al. [8] to characterize the microbiota in NP
swabs from infants; however, up to 18 replicates were
needed for some specimens.

Identifying and excluding background contamination

As discussed above, microbiota studies that include
specimens with low bacterial load need to test for and
exclude background contamination prior to data ana-
lysis. Failure to identify and exclude background con-
tamination risks confounding of the microbiota analysis
and can result in incorrect conclusions, as recently dem-
onstrated by studies of the placental [14, 17] and naso-
pharyngeal [4] microbiota.

The first step in assessing background contamination
is to ensure that negative controls are included through
all stages of specimen collection and laboratory process-
ing [4, 17, 38]. Although negative controls and low bac-
terial load specimens may generate low amplicon yields,
it is recommended that these specimens not be excluded
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from sequencing libraries to ensure that background
contamination is fully sampled [17, 38]. It is also recom-
mended that microbiota studies report results of nega-
tive controls and bacterial load data, especially when
specimens with low bacterial load are tested [17, 38].

The second step is to review sequence data from nega-
tive controls and clinical specimens to identify and ex-
clude background contamination. Several studies have
removed background contamination by excluding all op-
erational taxonomic units (OTUs) identified in negative
controls [47, 52, 59, 60]; however, this approach risks ex-
clusion of biologically significant OTUs that may be
present in negative controls as a result of barcoding er-
rors [5, 8, 11, 61, 62]. For example, a Haemophilus read
from a clinical specimen may have a barcode error that
results in it being incorrectly assigned to a negative con-
trol; exclusion of all OTUs detected in negative controls
would exclude this taxon from downstream analyses.
This is an important point, as OTUs consistent with
constituents of the human respiratory microbiota have
been detected in negative controls (e.g. Streptococcus,
Haemophilus, Pseudomonas and Burkholderia, Table 1).
Thus, summary exclusion of all OTUs detected in nega-
tive controls may impact the accuracy of microbiota data
from the clinical specimens.

Many different strategies have been used to overcome
this limitation, each of which has different strengths and
weaknesses (Table 2). Salter et al. [8] identified back-
ground contaminants by conservatively assessing OTUs
detected in negative controls to avoid exclusion of bio-
logically relevant taxa, as well as reviewing data from
replicate DNA extractions and different DNA extraction
batches. Lazarevic et al. [63] sequenced serial dilutions
of pure bacterial cultures and bioinformatically tested
for background contamination by determining the ratio
of mean OTU abundance in negative controls compared
to data from the culture specimens, then excluding
OTUs with ratios >0.001 as probable contaminants.
Jervis-Bardy et al. [56] excluded OTUs detected in nega-
tive controls or clinical specimens when a strong nega-
tive correlation was observed between the relative
abundance and the bacterial load. Bosch et al. [32] used
complete linkage hierarchical clustering to identify and
exclude clinical specimens with microbiota profiles in-
distinguishable from negative controls. Venkataraman et
al. [64] used a neutral model to identify probable back-
ground contamination reads in microbiota data from re-
spiratory specimens with low bacterial load; reads that
were identified by the neutral model as likely to have
originated from background contamination were ex-
cluded prior to OTU clustering.

The authors are unaware of any studies to date that
have compared the strengths and weaknesses of these
different methods. In the absence of such comparisons,
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the authors currently recommend using one of the un-
supervised methods that exclude contaminant reads or
OTUs (Table 2). Cluster analysis may be appropriate;
however, this method requires careful consideration of
the impact of specimen exclusion on the study design
and may be problematic if negative control data do not
form a distinct cluster. Inclusion of mock community
controls at different bacterial loads to enable assess-
ment of the selected contaminant exclusion strategy
is recommended. It is not recommended to exclude
all OTUs detected in negative controls, as this risks
exclusion of potentially biologically relevant OTUs
present in negative control data because of sequen-
cing errors (e.g. barcoding errors).

Current recommendations

Salter et al. [4] and Lauder et al. [17] systematically
assessed background contamination in microbiota data
from low bacterial load specimens and made a series of
recommendations that help define current best practice.
In combination, these recommendations are as follows:

1. Negative controls should be processed alongside
clinical specimens through all stages of laboratory
testing (including specimen collection and
sequencing) to ensure that all potential sources of
exogenous DNA are sampled.

2. Where high volume specimens are collected (e.g.
BAL from adult patients), the specimen should be
concentrated prior to DNA extraction to maximise
recovery of bacterial DNA.

3. Use of a single batch of DNA extraction reagents. If
this is not possible, specimens should be processed
in a random order to reduce the risk of false
pattern formation, with negative controls processed
with each batch.

4. Where possible, include replicate DNA extractions
and sequencing.

5. Bacterial load should be determined prior to
sequencing to determine whether specimens with
low bacterial load are present.

6. Negative controls should be sequenced to maximise
sampling of background contamination.

7. Testing to identify and exclude taxa suggestive of
background contamination should be done prior to
downstream analyses of microbiota from clinical
specimens.

This review recommends that these parameters are re-
ported in a standardized manner when publishing micro-
biota data. It is also recommended that the following
parameters be detailed when publishing data from speci-
mens with potentially low bacterial load:
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Table 2 Summary of methods used to identify and exclude background contamination in microbiota datasets

Method How does it work?

Strengths and weaknesses

Exclusion method
(eg. [47, 52))

All OTUs detected in negative controls are
excluded as background contaminants

Replicate method [8] Contaminant OTUs excluded based on

replicate data from different DNA extraction

batches and negative controls.

Abundance ratio [5]

OTUs with a ratio > 0.001 are excluded as
probable background contaminants.

Correlation analysis [56]

OTUs showing a strong and significant
negative correlation with bacterial load
(Spearman rho < —0.7) are excluded as
probable contaminants.

Cluster analysis [32] Hierarchical cluster analysis is used to
identify and exclude specimens with high

similarity to negative controls.

Neutral model [64] Reads that are neutrally distributed and
enriched in negative controls are excluded
prior to OTU clustering. Additionally, only
reads that are unique

to clinical specimens are included in

downstream analyses.

The ratio of mean OTU abundance in negative
controls and study specimens is calculated.

Spearman correlation between OTU relative
abundance and bacterial load is determined.

Background contaminants will be excluded; however,

the method is not recommended as it risks exclusion

of biologically relevant OTUs that can occur in negative
controls (e.g. because of barcoding errors) [5, 8, 11, 61, 62].

This method is not suitable if replicate extractions are
not possible. Requires subjective interpretation of
negative control data.

Unsupervised method developed using pure bacterial cultures.
Optimal threshold for defining contamination in more complex
microbiota data may need to be determined.

Unsupervised method. Limited when applied to OTUs present
in < 20 specimens. Significance testing requires adjustment
for multiple measures.

Unsupervised method. Exclusion of specimens (instead of
reads or OTUs) may impact study design. Background
contamination clusters may be difficult to define where
similarity between negative controls and low bacterial load
specimens is variable.

Unsupervised method. It is unclear whether restriction of
downstream analyses to reads unique to clinical specimens
may result in exclusion of biologically relevant taxa

(e.g. because of barcoding errors).

1. The types of negative controls tested.

The methods used to collect and process negative

controls.

Negative control results and bacterial load data.

4. The methods used to identify and exclude
background contamination.

5. A list of taxa and/or OTUs excluded prior to
downstream analyses.

6. Results of any downstream testing used to confirm
the presence of biologically unexpected taxa (e.g.
extended culture, species-specific PCR, fluorescent
in situ hybridization [FISH]).

w

Summary

Modern DNA sequencing technologies provide previ-
ously unimagined capacity to interrogate the complex
bacteriology present on human mucosal surfaces; how-
ever, it is increasingly recognized that standard methods
require modification when applied to low bacterial load
specimens. As bacterial load in respiratory specimens
can be highly variable, it is critical that respiratory
microbiota studies include robust negative controls and
report bacterial load measures. Where low bacterial load
specimens are analyzed, it is essential that background
contamination is tested and accounted for and, if pos-
sible, excluded to avoid confounding. A range of
methods are currently used to process DNA from low

bacterial load specimens and to identify and exclude
background contamination; however, there is scant lit-
erature comparing the effectiveness and biases of differ-
ent methods. Priority areas for future research include
studies to determine optimal methods for analysis of low
bacterial load specimens, including specimen collection pa-
rameters, DNA extraction and PCR amplification condi-
tions, and assessment of the different bioinformatic methods
used to identify and exclude background contamination.
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