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Abstract On a daily basis, humans, and their colonizing
microbiome, are exposed to both indoor and outdoor dust,
containing both deleterious organic and inorganic contami-
nants, through dermal contact, inhalation, and ingestion.
Recent studies evaluating the dust exposure responses of op-
portunistic pathogens, such as Escherichia coli and
Pseudomonas aeruginosa, revealed significant increases in
biofilm formation following dust exposure. In this study, the
effects of dust exposure on mixed bacterial cultures as well as
HT-29 co-cultures were evaluated. As it was observed in pure,
single bacterial cultures earlier, neither indoor nor outdoor
dust exposure (at concentrations of 100 μg/mL) influenced
the growth of mixed bacterial liquid cultures. However, when
in paired mixed cultures, dust exposure increased sensitivity
to oxidative stress and significantly enhanced biofilm forma-
tion (outdoor dust). More specifically, mixed cultures (E. coli-
Klebsiella pneumoniae, K. pneumoniae-P. aeruginosa, and
E. coli-P. aeruginosa) exhibited increased sensitivity to 20
and 50 mM of H2O2 in comparison to their pure, single bac-
terial culture counterparts and significantly enhanced biofilm
production for each mixed culture. Finally, bacterial prolifer-
ation during a eukaryotic gut cell (HT29) co-culture was sig-
nificantly more robust for both K. pneumoniae and
P. aeruginosa when exposed to both house and road dust;
however, E. coli only experienced significantly enhanced pro-
liferation, in HT29 co-culture, when exposed to road dust.

Taken together, our findings demonstrate that bacteria respond
to dust exposure differently when in the presence of multiple
bacterial species or when in the presence of human gut epi-
thelial cells, than when grown in isolation.
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Introduction

With advances in technology and various industrial practices,
chemicals such as plasticizers, pesticides, and those found in
flame retardants are increasingly entering in the ecosystem
(Weschler 2009). Their effect on the environment depends
on the amount of chemical released, the type and concentra-
tion of chemical, and its source. Some chemicals (e.g., mer-
cury, ozone, and arsenic) are deleterious if released into the
environment even when there is no immediate or visible im-
pact. In the worst case scenario, noxious chemicals accumu-
late in the food chain and persist in the environment for many
years. Unfortunately, some of these harmful chemicals (both
inorganic and organic) such as arsenic, chromium, mercury,
lead, polychlorinated biphenyls (PCBs), and polycyclic aro-
matic hydrocarbons (PAHs) can be found in various dust par-
ticles (Whitehead 2011; Hogervost et al. 2007).

The presence of some of the aforementioned deleterious
chemicals in indoor dust is a cause for concern on account
of the increasingly long periods of time people spend indoors.
Indoor chemical contamination can be derived from various
sources including cooking, smoking/burning candles, deterio-
rating building materials, cleaning products, cosmetics, bio-
cides, textiles, house furnishing, and electronic devices (Bergh
et al. 2011). In the USA, adults spend roughly 21 h/day
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indoors, while children spend 17–19 h/day, justifying the need
to evaluate the potentially deleterious effect of indoor dust on
human health. Some studies (Berkowitz et al. 2003; Simcox
1995) have evaluated human risks of indoor dust exposure on
infants and pregnant women. Not surprisingly, for infants and
toddlers, the primary route of exposure was through hand-to-
mouth activities, such as eating fallen food contaminated with
dust (Butte and Heinzow 2002).

Beyond indoor dust, outdoor dust (including road dust), in-
fluenced by urbanization and industrialization, is known to con-
tain a wide range of toxins and metals (Adriano 2001; Duong
and Lee 2011). Metals found in outdoor dust are derived from
diverse sources including atmospheric precipitation, various in-
dustrial processes, coal combustion, and vehicle emission
(Ahmed and Ishiga 2006). More specifically, platinum group
elements (PGEs) are rare natural elements which are being
increasingly used in health and commercial products.
Consequently, their concentrations in the environment have
been steadily increasing (Ravindra et al. 2004). Metals typically
enter the human body via three principal routes: ingestion, der-
mal contact, and inhalation (Garrison et al. 2014; Sahlstrom
et al. 2015). In humans, metals have been shown to affect the
central nervous system, especially in children (Valko et al.
2005; Yongming et al. 2006; Zheng et al. 2010; Du et al. 2013).

Our previous studies have shown that dust exposure influ-
ences bacterial growth, oxidative stress resistance, and virulence
potential when bacteria were grown in pure culture (Suraju et al.
2015). More specifically, dust exposure on three representative
commensals, who double as opportunistic pathogens
(Escherichia coli, Enterococcus faecalis, and Pseudomonas
aeruginosa), resulted in increased biofilm production in all three
organisms following exposure to both indoor and outdoor dust;
however, only E. coli exhibited increased sensitivity to oxidative
stress following exposure to dust (Suraju et al. 2015).

Unfortunately, though, little is known about the physiolog-
ical effect of dust exposure on bacterial co-cultures, which
more accurately reflects native microbiological environments
where multiple organisms co-exist and often compete with
one another. Two primary types of competition can occur
when two bacterial strains are co-cultured. In exploitative
competition, species compete for limited nutrients while inter-
ference competition results in species directly antagonizing
one another (Shoaie et al. 2013). In fact, some molecules
produced by bacteria can influence the behavior and fitness
of neighboring, yet unrelated, species within the same ecosys-
tem. In some cases, they can be beneficial, but in most cases
they are antagonistic (Iwase et al. 2010). The purpose of this
study was to broaden our earlier preliminary findings (Suraju
et al. 2015) by characterizing the impact of dust exposure
(containing PGEs as well as other contaminants) on mixed-
culture opportunistic bacterial pathogens that associate with
the human microbiome as well as bacterial and eukaryotic cell
co-cultures.

Materials and methods

Dust

House dust (SRM 2585) was purchased from the National
Institute of Standards and Technology, and a list of organic
components found in the house dust can be found in Table 1.
Road dust (BCR 723, Sigma) was sampled in Austria in 1998,
and a list of its inorganic can be found in Table 2.

Bacterial strains, and culture conditions

For all studies, either house dust (Sigma-Aldrich NIST SRM
2585) or road dust (Sigma-Aldrich BCR 723) was used at
concentrations of 100 μg/mL in PBS unless otherwise noted.
All dust samples were diluted in PBS and plated to ensure
sterility before use. E. coli K-12 (Carolina Biological,
Burlington, NC, USA—155065A), P. aeruginosa PA01
(Carolina Biological, Burlington, NC, USA—155250A),
and Klebsiella pneumoniae (Carolina Biological, Burlington,
NC, USA—155095A) were used in all studies. For all exper-
iments, Brain Heart Infusion (BHI) medium (Sigma-Aldrich)
was used to grow bacterial strains with agitation (250 rpm) at
37 °C. All absorbance readings were taken using a BioTek™
ELx800™ microplate reader at 595 nm.

Eukaryotic cell lines

HT-29 cells (ATCC HTB38) were cultured as previously de-
scribed (Petiot et al. 2000) with some minor modifications.
DMEM (Thermo Fisher 11965092) supplemented with 10%
FBS (Thermo Fisher 16140071) and 5% pen-strep (Thermo
Fisher 15140122) was used. Cells were incubated at 37 °C
with 5% CO2. Flask medium was changed every 3 days.

Growth curve analysis

For liquid growth assays, phosphate-buffered saline (PBS)
(Amresco)-suspended indoor (house) or outdoor (road) dusts
were diluted into BHI broth at a final concentration of 100 μg/
mL each. Saturated cultures of K. pneumoniae, E. coli, and
P. aeruginosa were diluted to an optical density (595 nm) of
0.2 in a 96-well plate (final volume, 200 μL/well). For control
wells, only PBS was added to each well. Growth rates were
monitored every 30 min for 8 h. All growth experiments were
conducted in triplicate. To enumerate and distinguish individ-
ual bacteria strains in mixed cultures, either MacConkey agar
(Difco) or eosin methylene blue (EMB) agar (Difco) was
used. On EMB agar, E. coli colonies were metallic green,
K. pneumoniae colonies were pinkish-purple, and
P. aeruginosa colonies appeared colorless.
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Table 1 Organic contaminants of
house dust (SRM 2585) Selected PAHs in SRM 2585 Mass fraction (dry-mass basis) (μg/kg)

Naphthalene 266 ± 8

Phenanthrene 1920 ± 20

Methylphenanthrene 293 ± 36

2-Methylphenathrene 352 ± 40

Methylphenanthrene 205 ± 16

Fluoranthene 4380 ± 100

Pyrene 3290 ± 30

Benzo[ghi]fluoranthene) 317 ± 11

Benzo[c]phenanthrene 288 ± 10

Benz[a]anthracene 1160 ± 54

Triphenylene 589 ± 17

Chrysene 2260 ± 60

Benzo[b]fluoranthene 2700 ± 90

Benzo[j]fluoranthene 1320 ± 110

Benzo[e]pyrene 2160 ± 80

Benzo[ghi]perylene 2280 ± 40

Selected PCB congeners in SRM 2585 Mass fraction (dry-mass basis) (μg/kg)

PCB 18 (2,2′,5-trichlorobiphenyl) 12.8 ± 1.0

PCB 28 (2,4,4′-trichlorobiphenyl)

PCB 31 (2,4′,5-trichlorobiphenyl)

PCB 44 (2,2′3,5′-tetrachlorobiphenyl)

PCB 52 (2,2′,5,5′-tetrachlorobiphenyl)

PCB 56 (2,3,3′,4-tetrachlorobiphenyl)

PCB 70 (2,3′,4′,5-tetrachlorobiphenyl)

PCB 74 (2,4,4′,5-tetrachlorobiphenyl)

PCB 87 (2,2′,3,4,5′-pentachlorobiphenyl)

PCB 92 (2,2′,3,5,5′-pentachlorobiphenyl)

PCB 95 (2,2′,3,5′,6-pentachlorobiphenyl)

PCB 99 (2,2′,4,4′,5-pentachlorobiphenyl)

PCB 101 (2,2′,4,5,5′-pentachlorobiphenyl)

PCB 105 (2,3,3′,4,4′-pentachlorobiphenyl)

PCB 107 (2,3,3′,4,5′-pentachlorobiphenyl)

PCB 110 (2,3,3′,4′,6-pentachlorobiphenyl)

PCB 118 (2,3′,4,4′,5-pentachlorobiphenyl))

PCB 138 (2,2′,3,4,4′,5′-hexachlorobiphenyl)

PCB 146 (2,2′,3,4′,5,5′-hexachlorobiphenyl)

PCB 149 (2,2′,3,4′,5′,6-hexachlorobiphenyl)

PCB 151 (2,2′,3,5,5′,6-hexachlorobiphenyl)

PCB 153 (2,2′,4,4′,5,5′-hexachlorobiphenyl)

PCB 158 (2,3,3′,4,4′,6-hexachlorobiphenyl)

PCB 163 (2,3,3′,4′,5,6-hexachlorobiphenyl)

PCB 170 (2,2′,3,3′,4,4′,5-heptachlorobiphenyl)

PCB 174 (2,2′,3,3′,4,5,6′-heptachlorobiphenyl)

PCB 180 (2,2′,3,4,4′,5,5-heptachlorobiphenyl))

PCB 183 (2,2′,3,4,4′,5′,6-heptachlorobiphenyl)

PCB 187 (2,2′,3,4′,5,5′,6-heptachlorobiphenyl)

PCB 206 2,2′,3,3′,4,4′,5,5′,6-nonachlorobiphenyl)

13.4 ± 0.5

14.0 ± 0.5

18.1 ± 1.9

21.8 ± 1.9

4.42 ± 0.28

13.1 ± 1.2

5.22 ± 0.51

16.6 ± 0.8

5.48 ± 0.72

22.7 ± 2.6

11.6 ± 0.4

29.8 ± 2.3

13.2 ± 1.4

4.14 ± 0.47

28.1 ± 3.7

26.3 ± 1.7

27.6 ± 2.1

4.89 ± 0.38

24.4 ± 1.9

6.92 ± 0.64

40.2 ± 1.8

4.50 ± 0.43

7.2 ± 1.2

8.8 ± 1.0

8.83 ± 0.47

18.4 ± 3.2

5.27 ± 0.39

11.3 ± 1.4

3.81 ± 0.13

Selected chlorinated pesticides in SRM 2585 Mass fraction (dry-mass basis) (μg/kg)

4,4′-DDE 261 ± 2(b)
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Protein expression

Saturated bacterial cultures, grown at 37 °C with agitation, of
K. pneumoniae, E. coli, and P. aeruginosa, were diluted to an
optical density (600 nm) of 0.2 in 2 mL of BHI medium (Difco)
in either the presence of 100 μg/mL of house, road, or no dust.
Five hundred-microliter samples were removed from each

growing subculture at 0-, 3-, and 6-h time points. Cells were
harvested via centrifugation (14,000×g), and bacterial pellets
were resuspended in 100 μL RIPA buffer (20 mM Tris-HCl
(pH 7.5), 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1%
NP-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophos-
phate, 1 mM beta-glycerophosphate, 1 mM Na3VO4, 1 μg/mL
leupeptin) for 45 min on ice. Samples were then centrifuged at
14,000 rpm for 5 min. After determination of total protein con-
centration using the Bradford assay (Bio-Rad), 15 μg total pro-
tein from each sample was loaded on 10% Tris-polyacrylamide
gel and then Coomassie (Bio-Rad) stained.

Oxidative stress assays

PBS-suspended indoor (house) or outdoor (road) dust was
diluted into BHI broth to a final concentration of 100 μg/
mL. Saturated cultures of K. pneumoniae, E. coli, and
P. aeruginosa were diluted to an optical density (595 nm) of
0.2 in a 96-well plate (final volume, 200 μL). For negative
control wells, only PBS was added. Following 1 h of growth,
H2O2 was added to the subcultures at final concentrations of 0,
20, and 50 mM, and growth was monitored for 7 h. All ex-
periments were conducted in triplicate.

Biofilm formation assay

For our biofilm formation assay, we employed our previously
described methods (Suraju et al. 2015) with some modifica-
tions. Briefly, saturated cultures of K. pneumoniae, E. coli,
and P. aeruginosa, grown in BHI, were diluted to an optical
density (595 nm) of 0.2 in a 96-well plate (final volume,
200 μL/well). Microtiter plates were incubated for 24 h with
agitation (~ 100 rpm) at 37 °C, after which optical densities at
595 nm were measured. Wells were washed with water and

Table 1 (continued)
Selected PAHs in SRM 2585 Mass fraction (dry-mass basis) (μg/kg)

4,4′-DDD 27.3 ± 0.8

2,4′-DDT 44.5 ± 3.9

4,4′-DDT 111 ± 23

Selected chlorinated pesticides in SRM 2585 Mass fraction (dry mass basis) (μg/kg)

cis-Chlordane 174 ± 45

trans-Chlordane 277 ± 96

cis-Nonachlor 28.0 ± 0.6

trans-Nonachlor 130 ± 38

Heptachlor 166 ± 34

Heptachlor epoxide 11.3 ± 0.6

Dieldrin 88 ± 21

gamma-Hexachlorocyclohexane 4.06 ± 0.55

Mirex 6.89 ± 0.25

Pentachlorobenzene 20.9 ± 1.6

Table 2 Inorganics contaminants of road dust (BCR 723)

Compounds Mass fraction (dry mass basis) Units

Pd 6.1 ± 1.9 μg/kg

Pt 81.3 ± 2.5 μg/kg

Rh 12.6 ± 1.3 μg/kg

Al 3.75 ± 0.22 %

Ba 0.46 ± 0.04 g/kg

Cd 2.5 ± 0.4 mg/kg

Co 29.8 ± 1.6 mg/kg

Cr 440 ± 18 mg/kg

Fe 3.29 ± 0.2 %

Hf 2.2 ± 0.7 mg/kg

Mn 1.28 ± 0.04 g/kg

Mo 40.0 ± 0.6 mg/kg

Ni 171 ± 3 mg/kg

Pb 866 ± 16 mg/kg

Rb 75 ± 5 mg/kg

Sb 28.2 ± 2.3 mg/kg

Sr 254 ± 19 mg/kg

Ti 2.58 ± 0.13 g/kg

Th 4.8 ± 0.5 mg/kg

V 74.9 ± 1.9 mg/kg

Y 12.5 ± 1.8 mg/kg

Zn 1.66 ± 0.10 g/kg
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incubated with 0.1% (vol/vol) crystal violet (total volume,
250 μL/well) for 1 h at ambient temperature. Unbound crystal
violet was removed by washing with water, and wells were
dried overnight. Biofilm-bound crystal violet was dissolved in
250 μL of 30% acetic acid. Optical densities of solubilized
crystal violet weremeasured at 570 nm. Biofilm producedwas
normalized based on relative biomass (optical densities of
planktonic cells) to account for any differences in the growth
rates of the various bacterial strains used. All experiments
were carried out in triplicate or quadruplicate.

MTT (3-(4,5-dimethylthiazol-2-yl)
-2,5-diphenyltetrazolium bromide) assay

HT29 cells were seeded in a 96-well plate at a density of 5000
cells/well ~ 24 h preceding the experiment. The following day,
treatment of designated wells using 25, 50, and 100 μg/mL of
indoor (house) or outdoor (road) dust occurred for 0, 3, 6, or
12 h. Twenty microliters of 5 mg/mL MTTwas added to each
well, followed by incubation at 37 °C with 5%CO2. After 4 h,
medium was gently removed from each well and replaced
with 100 μL of DMSO. Cells were agitated on an orbital
shaker for 5 to 10 min, and absorbencies were read at
570 nm with a reference filter of 640 nm.

Bacterial co-culture with eukaryotic cells

HT29 cells were seeded into 24-well plates at densities of
~ 1 × 105/well, 24 h prior to bacterial infection. At this seeding
density, monolayers were subconfluent (~ 60–80%
confluency) at the time of the experiment. Bacteria were
grown to saturation in BHI broth at 37 °C with agitation
(~ 250 rpm), washed with 1× PBS, and diluted to optical
densities (600 nm) of 1.0 in DMEM + 10% FBS. Diluted
cultures of K. pneumoniae, E. coli, and P. aeruginosa, were
further diluted (as necessary) to achieve multiplicities of in-
fection of 1. Following a 30-min attachment period, each well
was washed with PBS, and DMEM containing 100 μg/mL of
either indoor or outdoor dust was added to each well. Viable
colony plate counts were enumerated for both the 0- and 6-h
end points, and fold increases over that time period were cal-
culated. All plates were incubated for 24 h at 37 °C.

Statistical analysis

Statistical analysis was conducted using GraphPad Prism
software (version 6). All experiments were performed in
triplicate, and error bars on the graphs represent stan-
dard error of the mean. For comparing sets of data, the
Student’s t test was used, and statistical significance was
considered for P values <0.05.

Results

Dust exposure did not influence bacterial growth in either
pure or mixed culture

To determine the impact of dust (indoor and outdoor) expo-
sure on bacterial growth, we first exposed pure bacterial liquid
cultures ofE. coli,K. pneumoniae, orP. aeruginosa to 100μg/
mL of dust (indoor and outdoor) while measuring their bio-
mass every 30 min for 8 h (Fig. 1a–c). In agreement with our
earlier findings in which the growth of E. coli, E. faecalis, and
P. aeruginosa was not influenced by dust exposure for 4 h
(Suraju et al. 2015), exposure to 100 μg/mL of either indoor
or outdoor dust similarly did not impact bacterial growth for
all three organisms (E. coli, K. pneumoniae, or P. aeruginosa)
evaluated in this study during an 8-h period (Fig. 1a–c).
Similarly, dust exposure (both indoor and outdoor) of
100 μg/mL had no impact on mixed-culture growth (of (1)
E. coli–P. aeruginosa, (2) K. pneumoniae–E. coli, and (3)
K. pneumoniae–P. aeruginosa) when compared to the same
mixed cultures grown in the absence of dust (Fig. 1d–f).

To further evaluate the impact of dust exposure on mixed
bacterial cultures, we employed selective solid medium (eosin
methylene blue) plates to determine whether one specific or-
ganism, within the mixed culture, outgrew its counterpart. We
observed that although bulk biomass remains unaffected, as
observed in liquid cultures (Fig. 1d–f), some representatives
within the mixed cultures appear to outgrow their companion
strains on solid EMB selective medium. More specifically,
when exposed to house dust (but not road dust),
K. pneumoniae appeared to outgrow E. coli in an E. coli–
K. pneumonia mixed culture (Fig. 1g). Similarly, when ex-
posed to both house and road dust, P. aeruginosa appeared
to outgrow E. coli in an E. coli–P. aeruginosa mixed culture
(Fig. 1h). Interestingly, in the K. pneumoniae–P. aeruginosa
mixed culture, neither organism appeared to outgrow/
outcompete its companion (Fig. 1i). Taken together,
employing the more refined selective solid medium enabled
us to determine that, although mixed cultures experienced no
alternations in net growth (as measured by biomass), dust
exposure could enhance the ability of select members of the
gut microbiota to expand at the expense of neighboring unre-
lated organisms.

Dust exposure did not grossly alter bacterial protein
production

To determine whether dust exposure could grossly affect pro-
tein production in exposed bacteria, we challenged E. coli,
K. pneumoniae, or P. aeruginosa with either 100 μg/mL of
house, road, or no dust for 0, 3, or 4 h timepoints. At the
aforementioned times, cells were harvested, lysed, loaded on
polyacrylamide gels, and subjected to electrophoresis. For
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each of the timepoints evaluated, there was no apparent dif-
ference in E. coli’s total protein production when exposed to
either 100 μg/mL of house, road, or no dust (Fig. 2). Similarly,
we did not observe any dramatic alterations in protein produc-
tion in either K. pneumoniae or P. aeruginosa when exposed
to 100 μg/mL of house, road, or no dust for 0, 3, or 4 h
timepoints (data not shown). Although, these data did not
reveal any gross-level differences in protein expression, a
more refined look at specific subsets of proteins and or gene
expression (i.e., mRNA transcript levels) could reveal dust
responsive bacterial genes and/or gene products.

Dust exposure increased the sensitivity of mixed bacterial
cultures to oxidative stress

Earlier, we demonstrated that exposure to dust (indoor and out-
door) increased the sensitivity of E. coli, but not of E. faecalis,
and P. aeruginosa, to H2O2 challenge (Suraju et al. 2015). In
this study, and in agreement with our earlier finding (Suraju
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Fig. 1 Bacterial growth in response to dust exposure. Growth curve
analysis of E. coli, K. pneumoniae, and P. aeruginosa in pure culture
(a–c) or in mixed cultures (d–f), is shown in response to house and
road dust exposure. Distribution of individual strains within a mixed

culture following dust exposure is also shown (g–i). Representative
experiment shown is in triplicate, and errors of the mean are also
shown. Student’s t test was used to determine any statistical differences

100 kD

75 kD

50 kD

25 kD

150 kD

37 kD

3 hr 6 hr
HDND NDRD RDHDND

0 hr

Fig. 2 Evaluation of gross level protein production in dust exposed
E. coli. A 5.0-mL E. coli subculture was started at an optical density
600 nm of 0.2, and 100-μL aliquots were removed at 0-, 3-, and 6-h time
points for bacterial cell harvest. After total protein quantification using the
Bradford assay, 15 μg of total protein was loaded in each well of a 10%
polyacrylamide gel. The gel was Coomassie stained, and protein bands
and their intensities are displayed
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et al. 2015), E. coli exhibited increased sensitivity to 20 and
50 mM of H2O2 when exposed to both indoor and outdoor dust
(Fig. 3 compare panels b, c to e, f, and h, i). In extending our
earlier studies (Suraju et al. 2015), we also evaluated the impact
of dust exposure on the oxidative stress response of
K. pneumoniae (Fig. 2). Like E. coli, K. pneumoniae similarly
experienced increased sensitivity to 20 mM H2O2 (compare
panel Fig. 3b–h) following road dust exposure but did not ex-
perience altered sensitivity to 20 mM H2O2 when exposed to
house dust (Fig. 3e). This again underscores the unique com-
ponents found in each dust type as well as the unique responses
of the individual bacteria. In sharp contrast to both E. coli and
K. pneumoniae, P. aeruginosa demonstrated significantly better
intrinsic resistance to both 20 and 50 mM H2O2 exposure (Fig.
3b, c) in the absence of dust challenge. Further, in the presence
of both house (Fig. 3e, f) and road dust (Fig. 3h, i),
P. aeruginosa was significantly more resistant than either
E. coli or K. pneumoniae to subsequent 20 mM (Fig. 3e, h)
and 50 mM (Fig. 3f, i) H2O2 challenge.

Since bacteria live mostly in heterogeneous, mixed-culture
native environments, we further investigated the sensitivity of
bacterial mixed cultures to H2O2. More specifically, E. coli and
K. pneumoniae, E. coli–P. aeruginosa, and K. pneumoniae–P.
aeruginosamixed cultures, initially conditioned in either house
or road dust (100μg/mL) for 1 h, were subsequently challenged
with 0, 20, or 50 mM of H2O2. E. coli–K. pneumoniae mixed
cultures exhibited greater sensitivity to 20 mM H2O2 when in
the presence of 100 μg/mL of house dust (compare Fig. 3b, e)
than the pure culture of each individual bacterial cultures (Fig.
3b, e). Interestingly, the E. coli–K. pneumoniae mixed culture
was significantly more resistant to 20 mM H2O2 when
conditioned/exposed to road dust than the two individually pure
cultures (Fig. 3h) but not house dust (Fig. 3f). However, the
aforementioned enhanced resistance was not observed when
the E. coli–K. pneumoniae mixed culture was challenged with
50 mM H2O2 in the presence of road dust (Fig. 3i).

Despite P. aeruginosa being significantly the most resistant
to both 20 and 50 mMH2O2 challenge in the presence of both
house (Fig. 3e, f) and road (Fig. 3h, i) dust, the E. coli–P.
aeruginosa mixed culture was significantly more sensitive to
50 mM of H2O2 in the presence of house dust than either of
the two individually pure cultures (Fig. 3f). Similarly, in the
presence of road dust, the E. coli–P. aeruginosamixed culture
was significantly more sensitive to 50 mM of H2O2 than the
P. aeruginosa pure culture (Fig. 3i).

The K. pneumoniae–P. aeruginosamixed culture exhibited
significantly greater sensitivity to 20 mM of H2O2 with
100 μg/mL of road dust than K. pneumoniae and
P. aeruginosa pure cultures (Fig. 3h). Similarly, when chal-
lenged with 50 mM H2O2, the K. pneumoniae–P. aeruginosa
mixed culture exhibited significantly greater sensitivity than
the P. aeruginosa and K. pneumoniae pure culture (Fig. 3i)
Taken together, these data suggest that in a mixed culture,

P. aeruginosa loses its intrinsic resistance to H2O2 challenges
when otherwise grown independently, suggesting perhaps an-
tagonistic relationships in mixed bacterial cultures.

Enhanced biofilm production in opportunistic bacterial
mixed cultures exposed to dust

For our biofilm assays, we chose to employ concentrations of
100 μg/mL of indoor and outdoor dust, as we had done earlier
(Suraju et al. 2015), on account of the aforementioned con-
centration not adversely affecting the growth kinetics of all
bacteria evaluated in either mixed or pure culture conditions
(Fig. 1). In agreement with our earlier findings (Suraju et al.
2015), exposure to either 100 μg/mL of indoor or outdoor dust
resulted in significantly increased biofilm production in both
E. coli and P. aeruginosa (Fig. 4a). Mirroring E. coli and
P. aeruginosa, K. pneumoniae similarly exhibited significant-
ly enhanced biofilm production following exposure to either
100 μg/mL of indoor or outdoor dust (Fig. 4a).

Curious about whether the same phenomenon would be ob-
served in mixed bacterial cultures, we exposed E. coli–P.
aeruginosa, K. pneumoniae–P. aeruginosa, and E. coli–K.
pneumonia mixed cultures to either 100 μg/mL of indoor, out-
door, or no dust. Interestingly, despite each individual pure
culture exhibiting significantly increased biofilm formation fol-
lowing exposure to 100 μg/mL of indoor dust (Fig. 4a), only
the K. pneumoniae–P. aeruginosa mixed culture demonstrated
significantly enhanced biofilm formation among all mixed cul-
tures tested. More specifically, no change in biofilm formation
was observed for either the E. coli–P. aeruginosa or E. coli–K.
pneumoniamixed cultures (Fig. 4b). This somewhat unexpect-
ed finding suggests that in mixed culture, E. coli–P. aeruginosa
and E. coli–K. pneumonia could be antagonizing to one another
in response to house dust exposure resulting in compromised
biofilm production. In sharp contrast, all three of the aforemen-
tionedmixed cultures tested experienced significantly enhanced
biofilm production following exposure to 100 μg/mL of out-
door dust (Fig. 4c), further underscoring the unique physiolog-
ical consequences triggered by the disparate contents found
within each type of dust (Suraju et al. 2015).

HT29 gut epithelial cells are not influenced by 100 μg/mL
of either indoor or outdoor dust

BTo determine whether any gross-level changes ob-
served in HT29 gut epithelial- bacterial co-culture infec-
tions were a result of bacterial responses to the tested
dust alone and not due to any negative influence on
HT29 viability, an MTT assay was performed on
HT29 cells (alone) following dust exposure to gauge
dust-induced host cytotoxicity.^
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More specifically, prior to conducing bacterial co-culture exper-
iments with eukaryotic cells, we sought to determine whether
our working concentrations of 100 μg/mL (of either dust type)
had any deleterious effects on HT29 human colonic gut epithe-
lial cells. To determine this, we exposed cultured HT29 cells to
25, 50, and 100 μg/mL of either house or road dust for 0, 3, 6,
and 8 h. Fortunately, none of the three concentrations tested for
either house (Fig. 5a) or road (Fig. 5b) dust significantly influ-
enced HT29 cell viability at any of the times evaluated (Fig. 5).
This finding enabled us to next evaluate the impact of dust
exposure on bacterial HT29 co-cultures, knowing that if differ-
ences were observed they would not be due to adverse effects
on either bacterial or HT29 viability.

HT29 bacterial co-cultures as a model for gut exposure
to dust

When E. coli was co-cultured with HT29 cells, interestingly,
exposure to 100 μg/mL of house dust did not significantly
influence bacterial proliferation during the 6-h infection period;
however, exposure to road dust (at the same concentration) did
significantly enhance E. coli’s proliferation during the same
infection period (Fig. 6a). This finding again underscores the

importance of dust components in promoting bacterial re-
sponses (since the components found in road and house dust
differ). Unlike E. coli, which only seemed to respond to road
dust exposure in co-culture (Fig. 6a), K. pneumoniae and
P. aeruginosa responded to both dust types (Fig. 6b, c). More
specifically, when K. pneumoniae (in an HT29 co-culture) was
exposed to both house and road dust, 1000-fold increases were
observed in bacterial proliferation counts for each, both signif-
icantly higher rates of proliferation than the ~ 100-fold prolif-
eration observed for K. pneumoniae when no dust was present
in the co-culture (Fig. 6b). Similarly, when P. aeruginosa (in an
HT29 co-culture) was exposed to both house and road dust,
> 1500-fold increases were observed in bacterial proliferation
counts for each, both significantly higher rates of proliferation
than the ~ 600-fold proliferation observed for P. aeruginosa
when no dust was present in the co-culture (Fig. 6c). Taken
together, these data indicate that within the gut microenviron-
ment (HT29 cells), not all resident flora representatives respond
similarly to dust exposure (mimicking dust ingestion in
humans). Further, the source of the dust (indoor vs. outdoor)
could also influence bacterial responses and proliferation, po-
tentially promoting some opportunistic pathogen-induced dis-
ease states.
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Fig. 3 Oxidative stress resistance of single and mixed bacterial cultures.
Single and mixed cultures of E. coli, K. pneumoniae, and P. aeruginosa
were exposed to 0, 20, and 50mMH2O2 without dust (a–c, respectively),
with 100 μg/mL of house dust (d–f, respectively), or 100 μg/mL of road

dust (g–i, respectively). Representative experiments shown are in
triplicate, and errors of the mean are also shown. Student’s t test was
used to determine any statistical differences. p < 0.05 was considered
significant
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Discussion

Various contaminants (many of them noxious) present in dust
can enter the human body through inhalation, direct ingestion

(e.g., consumption of vegetables grown in contaminated
fields), and/or dermal contact (Bjerg et al. 2015; Garrison
et al. 2014; Karottki et al. 2014; Sahlstrom et al. 2015; Qu
et al. 2012). Several studies have attempted to evaluate
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population health risks due to heavy metal exposure such as
arsenic, cadmium, lead, and mercury, through various expo-
sure pathways, especially through the soil and food chain
(MacIntosh et al. 1996; Hough et al. 2004; Baastrup et al.
2008; Albering et al. 1999; Man et al. 2010; Mari et al.
2009).While it has been easier to evaluate the effect of inhaled
dust contaminants, it has been much more challenging to de-
termine similar effects in the human gut, mainly on account of
ingested dust contaminants rapidly being metabolized and ex-
creted (Colombo et al. 2008b). With regards to the human gut,
the intestinal microbiota plays a critical role in human health
by enhancing host metabolism, producing some nutritional
factors, providing protection against transient flora (many of
which are pathogenic), and improving host immune function
(Guinane and Cotter 2013). In fact, perturbations in the gut
microbiata can result in serious consequences for human
health, either beneficial or harmful (Ley et al. 2006a). For
example, disruptions of the gut microbiota can lead to intesti-
nal disease states including obesity (Ley et al. 2006b; Zhang
et al. 2009), malnutrition (Kau et al. 2011), inflammatory
bowel disease (IBD), encompassing ulcerative colitis (UC),
and Crohn’s disease (Frank et al. 2011). Further, gut

microbiota disruptions can also lead to systematic diseases
such as diabetes (Qin et al. 2012). Furthermore, epidemiolog-
ical studies linked air pollution exposure to gastrointestinal
diseases, including inflammatory bowel disease (IBD)
(Kaplan et al. 2010; Ananthakrishnan et al. 2011), appendici-
tis (Kaplan et al. 2013), irritable bowel syndrome (Kaplan
et al. 2012), and enteric infections in infants (Chen et al.
2008). Additionally, pollutant particulate matter can adulterate
food and water supply in significant amounts (Beamish et al.
2011; De Brouwereet al. 2012). According to Lomer et al.
(2004), 1012–1014 particles are ingested per day by an indi-
vidual on a typical Western diet, with an estimated mucosal
uptake of ~ 1% (109–1012 per day).

Our recent studies demonstrated that dust exposure can affect
bacterial growth, oxidative stress resistance, and the virulence
potential of E. coli, E. faecalis, and P. aeruginosa, through en-
hanced biofilm production, when in pure culture (Suraju et al.
2015). In this manuscript, we employed three representative op-
portunistic pathogens, E. coli,K. pneumoniae, and P. aeruginosa
(which are also part of the human gut microbiota), to determine
their behaviors inmixed cultures (with each other) and co-culture
with human gut epithelial HT29 cells. In so doing, this approach
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better enables us to model how gut microbiota (in their native
environment) could react when exposed to dust contaminants. In
using 100-μg/mL concentrations of both house and road dust
previously determined to not adversely affect the growth rates
of pure bacterial cultures (Suraju et al. 2015), we similarly ob-
served that mixed culture growth rates are also not adversely
affected in liquid culture. However, when we employed selective
medium (EMB) to enumerate individual bacterial colonies with-
in the mixed cultures, we observed that although bulk biomass
remains unaffected (as observed in liquid cultures), some repre-
sentatives within the mixed cultures appear to outgrow their
paired companion strains. More specifically, when exposed to
house (but not road) dust, K. pneumoniae appeared to outgrow
E. coli in an E. coli–K. pneumonia mixed culture. Similarly,
when exposed to both house and road dust, P. aeruginosa ap-
peared to outgrow E. coli in an E. coli–P. aeruginosa mixed
culture.

We observed that mixed E. coli–K. pneumoniae,
K. pneumoniae–P. aeruginosa, and E. coli–P. aeruginosa cul-
tures exhibited increased sensitivity to 20 and 50 mM of H2O2

in comparison to the pure bacteria culture. Studies have shown
that the Cpx and σE stress responses exist in many Gram-
negative bacterial pathogens (Raivio et al. 1999; Raivio and
Silhavy 2001; Ades 2004). It is possible that, only when grown
independently, E. coli, K. pneumoniae, and P. aeruginosa, all
Gram-negative bacteria possessing σE, Cpx, and Bae envelope
stress response factors, benefit from protection against a variety
of stressors, including oxidative stress (Raivio 2005); however,
when grown together in mixed culture, this stress response
benefit becomes over-ridden by some unknown mechanism(s).

With regards to biofilm production, the specific type of dust
exposure had disparate influences on the mixed culture biofilm
production relative to their pure culture counterparts. For exam-
ple, while exposure to both house and road dust significantly
enhanced biofilm production in all three individual cultures,
only road dust exposure was able to emulate that response for
all three mixed cultures evaluated (i.e., E. coli–P. aeruginosa,
K. pneumoniae–P. aeruginosa, and E. coli–K. pneumonia).
When exposed to house dust, only the K. pneumoniae–P.
aeruginosamixed culture produced significantly higher biofilm
than the untreated mixed-culture controls. It is entirely possible
that this disparity could be due, in part, to the unique contam-
inants found within each dust type. Another possible contribut-
ing factor could be due to bacterial competition/antagonism. In
fact, some molecules produced by bacteria can influence the
behavior and fitness of other species within the same ecosys-
tem. In some cases, they can be beneficial, but in most cases
they are antagonistic (Iwase et al. 2010).

In co-culture with gut HT29 cells following road dust chal-
lenge, we observed E. coli, K. pneumoniae, and P. aeruginosa
all exhibiting significantly enhanced proliferation over a 6-h
infection period than the untreated controls. Curiously, of the
three organisms evaluated, only E. coli did not respond to

house dust challenge with significantly enhanced prolifera-
tion, likely owing to the different components within each
dust type (Suraju et al. 2015). Perhaps the enhanced prolifer-
ation is due, in part, to the upregulation of adhesive pili, in
response to dust exposure. For example, a P. aeruginosa and
Roseobacter denitrificans co-culture study showed the activa-
tion of various defense mechanisms (Conway et al. 2012),
while another study revealed enhanced fermentation of mixed
microbial communities (Anburajan et al. 2017). With regards
to K. pneumonia, it uses two adhesive pilus structures, the
mannose-sensitive type 1 pili (T1P), composed of a major
fimbrial FimA subunit and a minor tip adhesin FimH, and
the mannose-resistant type 3 pili (T3P or MR/K), composed
of the major pilus subunit MrkA and the minor tip adhesin
MrkD (Gerlach et al. 1988; Gerlach et al. 1989). Perhaps
contaminants in dust (indoor and outdoor) can trigger an up-
regulation of these different pilus components promoting en-
hanced cell adhesion and subsequent proliferation in the HT29
co-cultures. Although our gross level-protein expression anal-
ysis did not reveal any dramatic differences in protein levels
following dust exposure at various time points, it is still en-
tirely possible that differences in some key stress-response
factor levels could be at play, accounting for at least some of
the physiological responses we have observed. In the future, it
would be useful to combine and monitor some of the changes
in gene expression of our study’s suggested factors and pro-
teins (e.g., pili, σE, Cpx, and Bae factors) with these types of
physiological and growth experiments. Ultimately, future
studies will need to be conducted evaluating meta-
transcriptomics coupled with mixed bacterial cultures co-
cultured with HT29 cells to more accurately reflect changes
to the diversity found in the human microbiome in response to
dust contaminants.
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