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HIGHLIGHTS

GRAPHICAL ABSTRACT

» A method for evaluation of S. aureus
and SEs in home dust is presented.

« DNA-based testing was more sensitive
than culture methods.

« Staphylococcal exposures may be com-
mon in homes of urban adults with
asthma.
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Background: The bacterium Staphylococcus aureus (SA) is known to induce allergic inflammatory responses, in-
cluding through secreted staphylococcal enterotoxin (SE) superantigens. To quantify indoor environmental ex-
posures to these potential allergens, which may be associated with worse asthma, we developed a method for
the assessment of S. aureus and SE in home dust and applied it to a study of homes of inner-city adults with asth-
ma.
Methods: We conducted laboratory experiments to optimize sample processing and real-time PCR methods for
detection and quantification of SA (femB) and SEA-D, based on published primers. We applied this method to
dust and dust extract from 24 homes. We compared results from real-time PCR to culture-based results from
the same homes.
Results: The bacteremia DNA isolation method provided higher DNA yield than alternative kits. Culture-based re-
sults from homes demonstrated 12 of 24 (50%) bedrooms were contaminated with S. aureus, only one of which
carried a SE gene (SEC). In contrast, femB was detected in 23 of 24 (96%) bedrooms with a median of 1.1 x 108
gene copies detected per gram of raw dust. Prevalence and median copy number (shown in parenthesis) of SE
gene detection in bedroom dust was: SEA 25% (1.4 x 10%); SEB 63% (1.4 x 10°); SEC 63% (1.1 x 10%); SED 21%
(1.3 x 10%).
Conclusions: Our culture-independent method to detect S. aureus and SE in home dust was more sensitive than
our culture-based method. Prevalence of household exposure to S. aureus and SE allergens may be high among
adults with asthma.
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1. Introduction

Indoor home environmental exposures to biotic material, particular-
ly allergens and microbial endotoxin, are known to exacerbate allergic
asthma among people with existing disease (Matsui et al., 2008). The
bacterium Staphylococcus aureus (SA) also may induce allergic inflam-
matory host responses, including through secreted staphylococcal en-
terotoxin (SE) superantigens (Bachert and Zhang, 2012). SA is known
to aggravate eczema and a growing body of evidence suggests SA expo-
sure may contribute to the development or exacerbation of a related
disease, allergic asthma (Davis et al., 2015; Sintobin et al., 2015; Song
et al., 2014; Bachert et al., 2012a). While microbial exposures have
been linked to both protection against and risk for asthma development,
it is not known whether SA and SE exposures within the home environ-
ment impact respiratory symptoms and lung function in people with
asthma.

While methods are established to quantify home environmental al-
lergen exposure, corresponding methods for SA/SE detection and quan-
tification have not yet been validated. In prior studies, microbial DNA-
based methods using quantitative PCR (qPCR) methods have demon-
strated good reliability and applicability to large cohorts for assessment
of microbial exposures in home dust samples (Fujimura et al., 2012;
Kaarakainen et al., 2009; Rintala et al., 2008; Scherer et al., 2014).
DNA-based methods may provide a less biased estimate of microbial ex-
posures than culture-based methods, which require organism viability
and cultivability (Kaarakainen et al., 2009). This may be particularly im-
portant for studies, not of acute infection, but of immune modulation in
the context of chronic disease outcomes.

While qPCR methods exist to confirm cultured isolates as S. aureus
and evaluate whether such isolates carry certain staphylococcal entero-
toxin genes (Klotz et al., 2003), no prior study has evaluated these
methods for use in the complex environmental matrix of home dust.
Hence, we adapted and optimized a microbial DNA-based method for
home dust assessment for SA/SE and applied this method, comparing
results from qPCR assessment to culture-based results, in a pilot study
of the homes of inner-city adults with asthma. We hypothesized that
detection of SA would be more common than detection of SEs, which
are variably carried by staphylococcal strains, and that gene-based de-
tection would be more sensitive than culture-based detection methods.

2. Methods
2.1. Method evaluation and optimization (laboratory study)

2.1.1. Genomic DNA isolation

Two bead-beating DNA Purification kits were compared for DNA iso-
lation performance: BiOstic® Bacteremia and Powerlyzer® Powersoil®
(MoBio Laboratories, Carlsbad, CA, USA). Each kit was tested using three
replicates of: 1) overnight-grown staphylococcal culture (S. aureus
ATCC 13565) only; 2) 50 mg of standard house dust (National Institute
of Standards and Technology, Gaithersburg, MD, USA) combined with
overnight-grown staphylococcal culture (“spiked” dust); and 3) 50 mg
of standard house dust only. A previous trial in our laboratory showed
that qPCR fluorescence threshold values for DNA extracts from 50 mg
aliquots of dust did not differ significantly from those from 100 mg ali-
quots. For each sample that contained staphylococcal culture, two dif-
ferent volumes of culture were tested using calibrated 1 pl and 10 pl
inoculating loops (Fisher Scientific).

Cells from microbial culture were suspended in the bead solutions
for each kit, and these suspensions were added to the bead tubes.
When dust was used, it was added directly to the bead tube before
adding staphylococcal cells from microbial culture. DNA isolation then
proceeded according to the manufacturer instructions for each kit. Puri-
fied extracts were analyzed for DNA concentration using a Qubit™ 3.0
Fluorometer (LifeTechnologies).

2.1.2. Real-time PCR protocol

TagMan PCR assays were run as duplex reactions to test for both the
femB gene and a single SE gene in each reaction; therefore, four reac-
tions were carried out for each sample in order to test for the presence
of four different SE genes (A, B, C and D). The primers and TagMan
probes (Klotz et al., 2003) were synthesized by Eurofins Genomics
(Huntsville, AL, USA), as previously published, except the femB probe
was labeled with an alternate fluorophore, JOE, rather than FAM, to ac-
commodate the duplex reaction. Reaction mixtures (25 pl final volume)
contained 1x TagMan Universal Master Mix Il (no UNG) (Applied
Biosystems™); 50 pmol each primer; 150 nM TaqgMan probe; and 5-
9 ul template DNA. Amplification was carried out using a StepOnePlus
Real-Time PCR system (Applied Biosystems™) under the following pa-
rameters: 50 °C for 2 min; 95 °C for 10 min; 45 cycles of 95 °C for 15 s
and 60 °C for 1 min.

2.1.2.1. Detection of femB and SEA genes in spiked dust samples. Real-time
PCR was performed using 9 pl of DNA template isolated from the dust
samples, as described above, to detect femB and SEA genes present in
the S. aureus ATCC 13565 strain used for the spiked dust experiment.

2.1.3. Quantification of femB/SE genes

Standard curves for gene copy number were generated for femB and
each of SEA-D genes. Plasmids containing the target gene sequences
were cloned using the Qiagen PCR CloningPlus Kit (Qiagen; used for en-
terotoxin genes) or the TOPO® TA Cloning Kit for Sequencing
(Invitrogen; used for femB), following manufacturer instructions. Plas-
mids were isolated from transformed cells using the PureLink Quick
Plasmid Miniprep Kit (Invitrogen), following manufacturer instructions.
Purified extracts were analyzed for DNA concentration as described
above. Gene copy number per microliter of stock plasmid solution was
then calculated. The stock solution was then serially diluted to obtain
concentrations that would provide ten-fold dilutions from 300,000 to
30 gene copies per PCR reaction. Duplex real-time PCR reactions were
performed, following the protocol described above, using 5 pl of tem-
plate DNA. Three replicates of each standard curve were performed.
Quality control strains were used as follows: ATCC 13565 (sea); ATCC
14458 (seb); ATCC 19096 (sec); ATCC 23235 (sed). All quality control
strains were S. aureus and therefore carried the femB gene.

2.2. Method application (Field Study)

2.2.1. Sample population

Households were recruited as a systematic subsample (homes of all
adult participants with asthma able to be scheduled for home visit at-
tendance by sub-study personnel between January 2014 and December
2015) from a larger-cohort study, “The effect of air quality on the adult
asthmatic response (INHALE).” Home dust was collected from partici-
pant bedrooms during the enrollment home visit prior to intervention.
Homes were recruited irrespective of housing type, number of occu-
pants, or pet-keeping.

2.2.2. Dust collection for gPCR from homes

The participant's bed and (if needed) bedroom floor dust was col-
lected using a study vacuum fitted with a DUSTSTREAM® adaptor and
filter (Indoor Biotechnologies, Charlottesville, USA). The target quantity
was one half the filter, regardless of the time required to collect the sam-
ple. The total surface area and number of surfaces vacuumed were re-
corded. The study vacuum was disinfected using quaternary
ammonium-based disinfectant wipes between home visits. The adaptor
was washed in a deionized water and dilute detergent mixture in a
sonicator, air-dried and disinfected with wipes as described above.
Raw dust samples from the bed and bedroom floors of asthmatic adults
were divided into aliquots: 50 mg for direct DNA isolation and 150 mg
for extraction processing before DNA isolation (see below). If
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insufficient dust was available for both direct DNA isolation from raw
dust and extraction, raw dust was prioritized. The 50 mg raw dust for di-
rect DNA isolation then was subjected to the final optimized DNA ex-
traction and qPCR method for S. aureus and SEA-D assessment as
described above.

2.2.3. Dust collection for culture from homes

Using autoclaved dry electrostatic cloths as previously described
(Davis et al., 2012a), a 30 x 30 cm area of the participant’s pillow and
a second 30 x 30 cm area of a dry, dusty surface in the participant's bed-
room, typically the top of the television, was sampled. Personnel wore
freshly-laundered scrubs and sterile gloves to perform the collections.
A blank cloth was taken in each home to confirm that handling alone
did not contaminate cloths. Cloths were placed into sterile stomacher
bags for transport to the laboratory.

2.2.4. Culture-based assessment of S. aureus from bedroom surfaces

Electrostatic cloths were subjected to a double-enrichment protocol
as previously described (Davis et al., 2012a), with a published modifica-
tion (Davis et al., 2016) for use of Columbia CNA blood agar in place of
blood agar without colistin to enhance specificity for Gram-positive
staphylococci. Presumptive staphylococcal isolates were confirmed as
S. aureus (SA) using PCR for the S. aureus-specific nuclease gene (nuc)
(Sasaki et al., 2010) and for methicillin-resistant (MR-) or methicillin-
susceptible (MS-) status via presence or absence, respectively, of the
mecA or mecC gene based on a universal primer (Garcia-Alvarez et al.,
2011). Carriage of sea-sed genes among confirmed MRSA and MSSA iso-
lates was identified using qPCR as previously described (Klotz et al.,
2003).

2.2.5. Home dust extraction

Evaluation of allergens in home dust is a common procedure in stud-
ies of participants with asthma; however, this protocol involves use of
dust extracts instead of raw dust. In order to compare use of raw dust
to dust extract prepared for allergen testing, 150 mg of home dust
from the same specimens was sieved and then the sieved dust was ex-
tracted using a standard protocol (Eggleston et al., 1999). Briefly, a clean
sieve was placed over a clean sheet of paper on the floor of a biological
safety hood. A dust sample was emptied onto the middle of the sieve
mesh. A 1 x 1 inch square of material from an allergy pillow cover
was used to rub the dust through the mesh until all the dust had passed
through the sieve. The weight of the sieved dust was measured by first
taring a glass storage tube and then adding the dust to the tube. Extrac-
tion buffer (phosphate buffered saline + 0.1% Tween 20) was added to
the dust at a ratio of 1:20 W/V. Tubes were rotated overnight at 4 °C.
Samples were centrifuged 5 min at 600 x g. Supernatant was transferred
to a new microcentrifuge tube. Both the pelleted dust and dust extract
for each sample were stored at —20 °C until use.

2.2.6. DNA isolation from raw dust and dust extract

DNA was isolated from the raw dust and dust extract samples. For
raw dust, a 50 mg sample was measured and placed directly in a BiOstic
bead tube. For dust extract, an aliquot of 500 pl of the sample was cen-
trifuged for 5 min at 13,000 x g, and the supernatant was discarded.
The pellet was then re-suspended using BiOstic bead solution and trans-
ferred to a BiOstic bead tube as described above. DNA isolation was car-
ried out for all samples as described above.

2.2.7. Detection and quantification of femB and SE genes in house dust

Real-time PCR was carried out for raw and extracted house dust, as
described above, using 9 pl of template for each reaction. Resulting Ct
values were transformed into gene copy numbers using a conversion al-
gorithm based on the qPCR results from the plasmid standards de-
scribed above; the conversion was performed in Stata 13 (College
Station, TX).

2.2.8. Statistical analysis

Results from the culture-based and the DNA-based methods were
descriptively compared. Log-normal data were transformed; qPCR re-
sults from raw dust were compared to qPCR results from home dust ex-
tract using Pearson's correlation coefficient.

3. Results

3.1. Results from the method evaluation and optimization (Laboratory
Study)

The two Kkits isolated comparable quantities of DNA from dust sam-
ples spiked with 1 pl of bacterial culture; however, the bacteremia
DNA isolation kit yielded higher concentrations of DNA than the soil
DNA isolation kit for spiked samples containing 10 p of bacterial culture
(Fig. 1). Overall, spiked dust samples that were processed using the soil
DNA isolation kit performed poorly in PCR compared to the bacteremia
DNA isolation kit. For example, femB and SEA genes were detected by
qPCR in all DNA samples isolated from the bacteremia DNA isolation
kit while femB and SEA were detected in only one or two identically-
prepared samples isolated by the soil DNA isolation kit. Concentrations
of DNA isolated from dust samples not spiked with bacterial culture
were not significantly different between the two types of kits used
(Fig. 1).

3.2. Detection of S. aureus femB and SEA-D genes in home dust by culture
and real-time PCR (Field Study)

Between January 2014 and December 2015, sub-study personnel
attended 24 home visits and collected dust from the bedroom of the
adult with asthma. Application of isolation procedures to samples
from bedrooms of adults with asthma demonstrated that while 12
(50%) of 24 homes had surfaces that were culture-positive for SA, 23
(96%) of 24 had detectable SA genes in house dust. Prevalence of SE de-
tection in cultured SA isolates was 4% (1 isolate carrying SEC) but in raw
dust was: SEA 25%; SEB 63%; SEC 63%; SED 21%. Real-time PCR results
showed that SA was present in home dust at a median concentration
of 1.1 x 10° gene copies per gram of raw dust while SE genes were de-
tected at lower concentrations: SEA 1.4 x 10%; SEB 1.4 x 10%; SEC
1.1 x 10%; SED 1.3 x 102 (Table 1).

Sufficient dust was available from 17 homes to compare results from
raw dust (50 mg aliquot) to dust extract (prepared from a 150 mg ali-
quot) from the same dust sample. The median difference in S. aureus
DNA yield from raw dust compared to dust extract was 1.24 x 10°
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Fig. 1. Comparison of DNA yield from dust spiked with calibrated volumes (1 pl and 10 ul)
of Staphylococcus aureus ATCC 13565 subjected to extraction using bacteremia and soil
DNA isolation kits. n = 3 replicates.
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Table 1

Detection of Staphylococcus aureus (femB) and SEA-D genes in the home dust of adults with asthma, comparing culture-dependent and culture-independent methods, and providing sum-
mary values for the number of gene copies detected using the culture-independent method in raw dust.

Gene Dust samples, n Number of positive samples, n (%) Test sensitivity Number of gene copies per g (raw dust)®
Joint* Culture Real-time PCR Culture Real-time PCR Q Q Qs

S. aureus (femB) n =24 24 (100) 12 (50) 23 (96) 50% 96% 2.5 x 10° 1.1 x 106 3.4 x 10°

SEA n=24 6 (25) 0 6 (25) 0% 100% 1.4 x 10? 1.4 x 10? 1.7 x 10%

SEB n=24 15 (63) 0 15 (63) 0% 100% 1.3 x 10? 14 x 10° 1.1 x 10*

SEC n=24 16 (67) 1(4) 15 (63) 6% 94% 1.3 x 10? 1.1 % 10° 5.0 x 10*

SED n=24 5(21) 0 5(21) 0% 100% 1.3 x 10? 1.3 x 10? 1.3 x 10?

2 The joint number of positive samples is a combination of results from the culture and real-time PCR protocols; if either protocol detected SA or SE, joint prevalence is positive (gold
standard). Sensitivity is calculated by dividing the number positive for each test by the number positive determined by the gold standard (Gordis, 2014).

b Q,: 25th percentile; Q,: 50th or median percentile; Qs: 75th percentile.

gene copies per gram of dust. Dust extract and raw dust demonstrated
moderate to strong SA and SEA-D gene correlation (Pearson's
coefficient ~ 0.70 or higher), but weaker correlation for SED genes
(Fig. 2A-E).

4. Discussion

Our work identified that the majority of Staphylococcus aureus gene
copy numbers in the analyzed home dust fell within the limits of detec-
tion of our protocol (96%), suggesting that household staphylococcal ex-
posures may be common among urban adults with asthma. Compared
to culture-based assessment, bacterial gene-based testing of home
dust was more sensitive to detect SA and SE genes. Prior studies have
employed culture-based methods to evaluate environmental S. aureus
in the homes of participants with asthma (Davis et al,, 2012a) or have
used culture-independent 16S sequencing to evaluate Staphylococcus
genus-level abundance among the suite of dust bacteria (microbiome)
to assess risk for development of allergic diseases, including asthma
(Ege et al,, 2012, Ege et al., 2011, Pakarinen et al., 2008). To our knowl-
edge, this is the first study to use a targeted, culture-independent meth-
od to assess S. aureus and staphylococcal enterotoxin genes in dust
collected from the homes of people with existing asthma.

This is the first study, to our knowledge, to measure staphylococcal
enterotoxins in home dust and one of the first to examine S. aureus spe-
cifically using culture-independent methods. Our findings of a high
prevalence of S. aureus in home environments is consistent with high
environmental contamination rates noted for methicillin-resistant
S. aureus in the context of culture-based studies on household transmis-
sion (Davis et al., 2012b; Fritz et al., 2014; Knox et al., 2012; Uhlemann
et al.,, 2011). Previous work that employed qPCR methods to quantify
other bacteria in home dust found that quantities differed between
phyla, with lower median concentrations noted for Streptomyces spp.
(10°-10? cells/mg dust) and Clostridium spp. (10?-10° cells/mg dust)
and relatively higher median concentrations for Enterobacteriaceae (10-
3 cells/cm? dust) and Bifidobacteriacae spp. (10* cells/mg dust)
(Kaarakainen et al., 2009; Rintala and Nevalainen, 2006; Scherer et al.,
2014; Valkonen et al., 2015).

Our results support the use of this method in either raw dust or dust
extract for molecular detection of S. aureus (femB) and SEA-C. However,
further evaluation is needed to determine if dust extract performs as
well as raw dust for untested staphylococcal enterotoxins (SEE, SEF,
etc.) and SED. In addition, it is possible that the strong correlation ob-
served for SEA findings between raw dust and dust extract was influ-
enced by a single outlier. Therefore, researchers collecting home dust
for both S. aureus and staphylococcal enterotoxin testing are recom-
mended to reserve at least a 50 mg aliquot of raw dust for these tests.
Given that we identified lower gene copy numbers in dust extracts com-
pared to raw dust, future studies may examine what steps in the dust
extraction process result in the loss of bacterial genes.

The finding of better performance of tests conducted using DNA ex-
tracted via the bacteremia DNA isolation kit versus the soil DNA

isolation kit was unexpected given that the soil DNA isolation kit is de-
signed for organic soil matrices. The bacteremia DNA isolation kit in-
cludes a heat incubation step that may encourage breaking down of
bacterial cell walls more thoroughly than is possible with the soil DNA
extraction kit. In addition, we noted clogging of the spin filters of the
soil DNA extraction kit for samples spiked with 10 pl S. aureus cells,
which may have contributed to loss of bacterial DNA; we did not note
clogging with the spin filters of the bacteremia DNA isolation kit for
any samples.

The field study application identified additional sample processing
challenges. In particular, processing of raw dust was difficult when
large quantities of human hair were incorporated into the vacuumed
dust; this was a rare but predictable occurrence given that samples
were collected from the bed and bedroom floor. Sample processing
and DNA extraction challenges from a sampling containing hair have
been noted in a prior study (Fujimura et al., 2012). The process of siev-
ing, which is part of the dust extract protocol for allergen testing,
removes larger constituents, like hair, from the home dust and renders
the products easier to handle. However, if S. aureus cells are associated
with these constituents, then sieving may contribute to discrepancies
between findings from raw dust and dust extract.

Several factors limit conclusions from this study. First, the sample
size for homes evaluated in the field study may have provided inade-
quate power to detect correlations between raw dust and dust extract
for SED; it is possible that with a larger sample size, we would have con-
cluded that dust extract performed as well as raw dust for all tested en-
terotoxins. Second, the results may not be generalizable to all
populations. Replication of these results in larger cohorts, among child
participants, and in non-urban settings will enhance confidence in this
methodology. Finally, comparison of culture-based and culture-
independent findings was limited by evaluation using different samples.
We were unable to render the vacuum dust collection process
completely sterile given modest resources, and this could represent a
source of bias. It is possible that S. aureus isolates were present in the
sampling location captured by the vacuum dust method but were not
in the sampling location captured by the electrostatic cloth. That said,
the culture-based sample collection and the culture-independent sam-
ple collection were performed using established protocols and hence,
our evaluation should be considered a comparison of the entire
protocol.

5. Conclusions

While an increasing body of evidence links human colonization with
S. aureus to asthma development and exacerbation, the role of home en-
vironmental exposures to this bacterium and its products has yet to be
elucidated. Asthma control strategies have focused on reduction of in-
door environmental exposures for other biotic material, such as aller-
gens. The protocol and findings presented here together provide a
foundation for evaluation of home dust for S. aureus and staphylococcal
enterotoxins using culture-independent methods that will be important
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