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1  | INTRODUC TION

Modern humans spend the majority of their time indoors, sur‐
rounded by various microorganisms and material‐associated chem‐
icals. Application of DNA sequencing technologies has revealed 
the importance of the indoor microbiome in both building opera‐
tion and occupant health.1 Issues such as human exposure to in‐
fectious microorganisms are of significant public health relevance. 

In 2002, hospital‐acquired infections were associated with 98,987 
deaths in the United States alone,2 and so‐called nosocomial in‐
fections remain one of the leading causes of mortality.3 Biological 
exposures associated with mold and dampness also raise concerns 
regarding occupant exposure to indoor allergens4 as well as build‐
ing deterioration. To prevent microbial degradation, antimicrobial 
additives are commonly supplemented into product formulations, 
ranging from daily‐use personal care products to building materials. 
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Abstract
Microbes in indoor environments are constantly being exposed to antimicrobial sur‐
face finishes. Many are rendered non‐viable after spending extended periods of time 
under low‐moisture, low‐nutrient surface conditions, regardless of whether those 
surfaces have been amended with antimicrobial chemicals. However, some micro‐
organisms remain viable even after prolonged exposure to these hostile conditions. 
Work with specific model pathogens makes it difficult to draw general conclusions 
about how chemical and physical properties of surfaces affect microbes. Here, we 
explore the survival of a synthetic community of non‐model microorganisms isolated 
from built environments following exposure to three chemically and physically dis‐
tinct surface finishes. Our findings demonstrated the differences in bacterial sur‐
vival associated with three chemically and physically distinct materials. Alkaline clay 
surfaces select for an alkaliphilic bacterium, Kocuria rosea, whereas acidic mold‐re‐
sistant paint favors Bacillus timonensis, a Gram‐negative spore‐forming bacterium 
that also survives on antimicrobial surfaces after 24 hours of exposure. Additionally, 
antibiotic‐resistant Pantoea allii did not exhibit prolonged retention on antimicrobial 
surfaces. Our controlled microcosm experiment integrates measurement of indoor 
chemistry and microbiology to elucidate the complex biochemical interactions that 
influence the indoor microbiome.
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Moreover, innovations in engineering “self‐decontaminating” sur‐
faces5 not only aim to prevent biological deterioration of products 
but also work toward killing microbes on contact with surfaces. 
Various antimicrobial agents have been used in the fabrication of 
“self‐decontaminating” surfaces5 for both medical device coatings 
and latex paint formulations.6-9 Antimicrobial ingredients such as 
silver nanoparticles6,7; crystal violet9; a combination of crystal vio‐
let, methylene blue, safranin O, and gold nanoparticles8; and cati‐
onic quaternary ammonium salts (QAS)10 have been successfully 
integrated into latex paints. To assess their antimicrobial perfor‐
mance, researchers often follow the Japanese Industrial Standard 
(JIS) Z 2801 as a mainstream antimicrobial efficacy testing, utilizing 
laboratory test strains, mainly Staphylococcus aureus and Escherichia 
coli, which is a poor representation of the tremendous diversity of 
Gram‐positive and Gram‐negative bacteria.11-13 Such assessment 
heavily relies on enumerating colonies on solidified medium and 
consequently uses cultivability as a proxy for viability. Tests using 
populations of these strains on antimicrobial surfaces exhibit sig‐
nificant log reductions in cultivatable colony‐forming units (CFUs). 
However, the efficacy of these antimicrobials against non‐model 
microorganisms isolated from indoor environments is largely un‐
proven, and it is unknown whether such activity is necessary or 
sufficient to influence human health.

Green building materials, for example, clay paints, that are la‐
beled as “eco‐friendly” and “all‐natural” are becoming increasingly 
market‐popular to meet consumer need for carbon neutrality and 
sustainable living.14,15 Green building materials often have charac‐
teristics such as “low toxicity, minimal chemical emissions, high re‐
cyclability, and long durability”.15 A study done by Mensah‐Attipoe 
J et al reveals the impacts of different surfaces, including green ma‐
terials, on fungal communities and experimentally illustrates that 
different surface materials support the growth of different fungi, 
but are always dependent on available water.15 While other micro‐
biome and metabolome studies have been performed to explore 
the growth of bacteria and fungi on different surface materials,16 
no studies have explored the impact of “green” surface materials 
on community dynamics. In addition, some clays have been used in 
other contexts as antimicrobial agents due to the presence of metal 
ions that release potent hydroxyl radicals upon being oxidized17,18; 
however, the effect of clay surface finishes on the indoor microbi‐
ome is unknown.

Our objectives were to evaluate how exposure to natural and 
synthetic surface finishes, with or without embedded QAS, affects 
viability of non‐model bacteria isolated from indoor environments. 
Specifically, the study tested the hypotheses that (a) chemically and 
physically distinct surfaces will favor the survival of different mem‐
bers of the surface microbiome, and (b) the exposure of microbes to 
antimicrobial surfaces selects for antimicrobial‐resistant microbes. 
This is the first study addressing the efficacy of biocidal surface 
finishes and green building materials using a synthetic community 
composed of bacteria isolated from indoor environments. This is in 
contrast with industrialized antimicrobial efficacy standard that uses 
well‐studied model organisms.

2  | MATERIAL S AND METHODS

2.1 | Test Surface Materials

We selected three commercially available surface paints to char‐
acterize their corresponding properties on mold‐resistant drywall 
surfaces:

1.	 a conventional interior acrylic latex paint advertised as including 
“a VOC‐free formula” that helps improve indoor air quality 
by reducing VOC levels from potential sources, for example, 
carpet, cabinets, and fabrics;

2.	 an EPA‐registered microbicidal interior latex paint that kills greater 
than 99.9% of Staphylococcus aureus, MRSA (methicillin‐resistant 
Staphylococcus aureus), Escherichia coli, VRE (vancomycin‐resist‐
ant Enterococcus faecalis), and Enterobacter aerogenes within two 
hours of exposure on painted surfaces; and

3.	 a clay paint that is claimed to be “odorless, non‐toxic and VOC‐
free with no chemical biocides.”

To simulate a wall surface environment in a typical indoor environment, 
mold‐resistant drywall was cut into 2″ × 2″ squares. To minimize the 
difference in paint surface topography due to uneven paint distribu‐
tion, each individual coupon was painted consistently twice, including 
a day of drying in between two coatings.

2.2 | Surface pH, conductivity, and moisture 
content measurements

Following the surface preparations, the pH of each painted surface 
was measured by adding 1  mL of de‐ionized water on a painted 
square and allowing the water droplet to equilibrate for one minute. 
pH readings were obtained from wetted Fisherbrand™ Plastic pH 
Strips (Thermo Fisher Scientific, Waltham, MA, USA). To measure 
surface conductivity, five coupons were randomly selected for each 
paint and 200 µL of DI water was added to each corner (n  =  20). 

Practical Implications
•	 The study is one of the few controlled microcosm ex‐

periments integrating indoor chemistry and indoor 
microbiology perspectives, disentangling the complex 
interactions between surface chemistry and surface 
microbes.

•	 We applied a defined model community to set a founda‐
tion for monitoring the viable surface microbiome.

•	 Our observation adds to the current knowledge on the 
behavior of spore‐forming bacteria and highlights the 
importance of these organisms, particularly those which 
are pathogenic, in indoor environments from a public 
health perspective.
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Water droplets were allowed to equilibrate for 4 minutes and meas‐
ured using a HORIBA B‐771 LAQUAtwin Compact Conductivity 
meter (Kyoto, Japan).

Microcosm experiments were performed in sealed glass jars to 
maintain a constant humidity. Following the surface preparations, 
all glass jars and caps were autoclaved and dried. The relative hu‐
midity was measured using Fisherbrand™ Traceable™ Humidity‐
On‐A‐Card™ Humidity Monitor (Waltham, MA, USA) under three 
treatment conditions:

1.	 dry, 10  g of UV‐sterilized silica gel in a glass jar,
2.	 ambient, and
3.	 wet, 10 mL of autoclaved milli‐Q water.

Painted drywall coupons were placed in sealed glass jars under each 
of the three treatment conditions for seven days. The weight of each 
coupon was recorded after 7 days of treatment as well as after dry‐
ing at 105°C for 3 days. Gravimetric moisture content was defined 
as follows.

2.3 | Test inoculum

Five isolates, Bacillus timonensis, Enterococcus hirae, Kocuria rosea, 
Microbacterium oleivorans, and Pantoea allii, cultivated from dust 
samples collected from athletic facilities in the Pacific Northwest 
and were selected to build a synthetic community. In preparation of 
the surface inoculum, individual isolates were grown in tryptic soy 
broth (TSB) to its late exponential phase. Cells were spun down and 
resuspended in phosphate‐buffered saline. 100 µL mixed cell sus‐
pension was then transferred onto each UV‐sterilized square, and a 
pipette tip was used to spread liquid culture over the surface. Then, 
each square was positioned on a small petri dish and transferred into 
a mason jar (Figure 1) with forceps. Each mason jar can hold up to 
two 2″ × 2″ squares as technical replicates. All squares were kept as 
level as possible. Lastly, negative controls were conducted by pipet‐
ting 100 µL phosphate‐buffered saline (PBS) onto painted squares. 
Three humidity levels and three surface finishes were included in 
this study, resulting in nine total exposure conditions. Moreover, 
three biological replicates (n = 3) were conducted.

2.4 | Whole‐genome sequencing

To obtain whole‐genome sequences for primer design, isolates were 
grown for 24‐48 hours in TSB with continuous shaking. Cells were 

MC=
mass after drying−mass before drying

initial mass
×100%

F I G U R E  1   Microcosm setup for three types of surface exposure under dry (0% RH), ambient (20%), and wet (100% RH) conditions (n = 3). 
Within each biological replicate, two technical replicate surfaces (both AM, both MR, or both Clay) were UV‐sterilized for 30 min, inoculated 
with 100 µL mixed inoculum, and kept in a single glass jar for up to 7 d. Within each glass jar, we assumed that a uniform and constant 
humidity level was achieved shortly after the jar was sealed
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then pelleted by centrifugation at 10 000 g for 3 minutes. DNA was 
extracted using MasterPure™ Complete DNA and RNA Purification 
Kit (Lucigen, Middleton, WI, USA), following manufacturer's instruc‐
tions. DNA quality was measured using a Synergy HTX Multi‐Mode 
Reader (BioTek, Winooski, VT, USA) and was of acceptable quality 
if the 260/280 ratio was found to be between 1.8 and 2.0. DNA 
was quantified using the Quant‐iT™ PicoGreen™ dsDNA Assay Kit 
(ThermoFisher Scientific, Waltham, MA). Libraries were prepared 
and indexed using the Nextera XT DNA Library Preparation and 
Index Kits (Illumina, San Diego, CA) following manufacturer's in‐
structions. Fragment lengths of prepared libraries were measured on 
an Agilent 2100 Bioanalyzer (Santa Clara, CA). Libraries were then 
normalized and pooled in preparation for sequencing on an Illumina 
MiSeq with the MiSeq Reagent Kit v3 for 2x300 bp reads (Illumina, 
San Diego, CA, USA). The software KneadData (https​://bitbu​cket.
org/bioba​kery/knead​data/wiki/Home) was then used for raw se‐
quence quality control and contaminant removal using default pa‐
rameters. Short reads were assembled into contigs using SPAdes,19 
and the quality of five draft genomes was assessed using CheckM.20 
For each test strain, a primer set was designed using Primer‐BLAST21 
and Primer3,22,23 targeting single‐copy unique functional genes. To 
assess the genetic potential of each strain, contigs were further an‐
notated with Prokaa24 and the RAST server.25,26 To further comple‐
ment Illumina short reads, Bacillus timonensis was also sequenced 
using Oxford Nanopore MinION. gDNA extraction, library prepara‐
tion, and flow cell priming were conducted following the ultra‐long 
read sequencing protocol for RAD004 (https​://www.proto​cols.io/
view/ultra-long-read-seque​ncing-proto​col-for-rad004-mrxc57n). 
Raw sequence reads and five draft genomes were deposited under 
BioProjectPRJNA524667.

16S rRNA sequences were available for a subset of 436 isolates 
cultivated from dust samples collected from athletic facilities in the 
Pacific Northwest. DNA extraction, library preparation, 16S rRNA 
amplicon sequencing, and taxonomic identification (Data S1) were 
conducted following the Earth Microbiome Project, targeting the V4 
region of the 16S SSU rRNA.27-29

2.5 | Sample recovery and PMA treatment

Swab samples were collected through a combination of dry and wet 
swabbing. Each surface was first dry swabbed for 5 seconds, and the 
swab was swirled into an aliquoted PBS buffer. Surfaces were then 
wet swabbed for a total of 20 seconds, including 5 seconds of rinse 
and rewet. Finally, the swab was squeezed against the 2‐mL tube to 
expel any residual liquid. 100 µL swab sample along with its dilu‐
tions was spread onto TSA plates, and cell numbers were counted 
after 5 days.

Diluted solution was also equally divided for propidium 
monoazide(PMA) treatment and non‐PMA control. 1.25  µL PMA 
(20 mmol/L, Biotin, Fremont, CA) was added to 1 mL swab suspen‐
sion. PMA binding was activated using two 500 W halogen lamps 
facing the samples at a distance of 1 foot. Samples were left on 
an ice bed for cooling. Tubes were rotated by 180 degrees every 

2.5 minutes and vortexed for 5 seconds every 5 minutes for 15 min‐
utes. Treated samples were then stored at −80°C for DNA extraction 
and qPCR analyses.

2.6 | gDNA extraction and qPCR

Genomic DNA was extracted using the DNeasy Powersoil kit 
(Qiagen, Venlo, The Netherlands) following the manufacturer's rec‐
ommended procedures. Each qPCR contained 10 μL 2x PowerUp™ 
SYBR™ Green Master Mix (Applied Biosystem, Foster City, CA), 
0.7 μL forward and reverse primers (350 nmol/L), 4.6 μL nuclease‐
free water, and 4 μL DNA template (10‐100 ng). Details of primer 
sequences and qPCR thermal profile are listed in Table S2. qPCR 
was conducted using QuantStudio 3 Real‐Time PCR System (Applied 
Biosystem, Foster City, CA), including a 2‐minute pre‐melt at 95°C 
and 45 cycles of 15‐second denaturation at 95°C, 15‐second an‐
nealing at 52‐54°C, and 1‐minute extension at 72°C. A dissociation 
curve was generated for each run following manufacturer's recom‐
mended conditions with ramp increment of 1.6°C/s from 72°C to 
95°C, 1.6°C from 95°C to 60°C, and 0.15°C/s from 60°C to 95°C. 
Each 96‐well plate contained 24 samples, up to 7 standards, and one 
no‐template control in triplicates (efficiency > 88% and R2 > 0.99). 
Copy numbers obtained from amplifying each functional gene were 
first normalized to the sum of copy numbers from all five primers and 
then normalized to the viable copy number of each strain within the 
mixed inoculum.

2.7 | Paint diffusivity assay

The paint diffusivity assay was conducted according to Møretrø et 
al30 with slight modifications. 2″ × 2″ painted coupons were gen‐
tly placed onto trypticase soy agar (TSA) plated with individual test 
strains upside down, allowing painted surfaces to have sufficient 
contact with TSA (Figure S3). The dimensions of the clearing zone 
around each coupon were recorded. All five strains were tested in‐
dividually in triplicate, resulting in 12 measurements for each combi‐
nation of test strain and surface paint. Individual strains were grown 
to late exponential phase as described above and inoculum concen‐
trations ranged from 3 × 109/mL to 2 × 1010/mL.

2.8 | Visualization of Bacillus spores

Swab suspension samples were first filtered using 5‐µm Thermo 
Scientific™ Target2™ Syringe Filters (ThermoFisher Scientific, 
Waltham, MA) to remove dust particles. The filtrate was then con‐
centrated using Vivaspin 10 000 MW concentrator (GE Healthcare 
Biosciences, Chicago, IL). Following a standard sample preparation 
for Scanning Electron Microscopy,31 concentrated samples were 
fixed in 5% glutaraldehyde for 30 minutes and washed in 0.1 mol/L 
phosphate buffer (pH 7.2) and distilled water. Samples were de‐
hydrated in 35%, 50%, 75%, 95%, and lastly 100% absolute etha‐
nol. Dehydrated samples were dried using hexamethyldisilizane 
(Electron Microscopy Sciences, Hatfield, PA) and sputter‐coated 

https://bitbucket.org/biobakery/kneaddata/wiki/Home
https://bitbucket.org/biobakery/kneaddata/wiki/Home
https://www.protocols.io/view/ultra-long-read-sequencing-protocol-for-rad004-mrxc57n
https://www.protocols.io/view/ultra-long-read-sequencing-protocol-for-rad004-mrxc57n
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with 4  mm gold using a Cressington 208HR Sputter Coater 
(Watford, UK), respectively. Samples were imaged using a Hitachi 
S‐4800 Field Emission Scanning Electron Microscope (Tokyo, 
Japan).

2.9 | Statistical analysis

Both Welch t test and paired t test were conducted using R (version 
3.3.3). Results were considered statistically significantly different 
with P < 0.05.

3  | RESULTS AND DISCUSSION

3.1 | Moisture content, pH, and surface 
conductivity

We tested moisture‐absorbing capacity for three different surfaces 
under ambient relative humidity ranging from 0% to 100% (Figure 2). 
Under low relative humidity levels (0% and 20%), all surfaces exhib‐
ited similar gravimetric moisture content (P > 0.05), whereas under 
RH 100%, mold‐resistant surfaces showed the highest moisture 
content among three types of surfaces. The moisture content of clay 
surfaces was significantly lower than that of mold‐resistant and an‐
timicrobial surfaces (P < 0.05).

pH measurements (Table 1) revealed a clear distinction between 
the surface chemistry of clay and latex paints. Both antimicrobial and 
mold‐resistant latex paints created slightly acidic environments, in 
contrast to the alkaline environment on clay surfaces. Surface con‐
ductivity (Figure 3) was measured as an indicator for the strength of 
ion dissociation from painted surfaces. In good agreement with pH 
measurements, surface conductivities also showed a clear chemistry 
difference between latex and clay paints. Clay surfaces were sig‐
nificantly different from mold‐resistant and antimicrobial surfaces, 
but there was no statistically significant difference between the 
two latex paints, which are commercialized by the same manufac‐
turer. Bacterial membranes serve as the first line of defense from 
unfavorable environmental conditions. Therefore, ionized molecules 
leached from surfaces will be either attracted or repelled by the neg‐
atively charged membrane at initial contact, potentially leading to 
disruption of cell functions.

3.2 | Selection of test inoculum

We selected five isolates—Bacillus timonensis, Enterococcus hirae, 
Kocuria rosea, Microbacterium oleivorans, and Pantoea allii, from a collec‐
tion of 7655 isolates cultivated from over 100 dust samples collected 
from athletic facilities in the Pacific Northwest.32 All five isolates were 
recovered from indoor dust, suggesting that they have encountered 
various stresses in the past, for example, desiccation and oxidation, 
although the exact duration of exposure is unknown. The morpholo‐
gies of these strains combined accounted for 37.72% of total morpho‐
logical diversity (Table 2 and Table S3). Community selection based on 
morphological abundance, although it did not comprehensively cap‐
ture the entire diversity of the indoor microbiome, did contain micro‐
organisms that are often abundant indoors, such as Bacillus33,34 and 
Kocuria.34 At the genus level, the five isolates combined represented 
21.24% of the diversity captured in 16S rRNA sequences of a subset of 
436 isolates for which taxonomic assignments were available (Table 2 
and Figure S1). However, the synthetic community covered only 0.8% 
of the diversity described in a metagenomic analysis (Table 2). Such 
discrepancies between culture‐independent metagenomic approaches 
and cultivation approaches have been widely acknowledged.35,36 As 
metagenomics is not indicative of viability, our approach using a syn‐
thetic community composed of cultivable isolates leads to insights on 
phenotypic responses rather than deposition of genetic material, lay‐
ing foundations for future work addressing inter‐species interactions.

3.3 | Paint diffusivity assay

Indoor microbes are exposed to a variety of continuously occurring 
stressors in the indoor environment. Despite the fact that culturing 

TA B L E  1   Surface conductivity and average roughness 
measurements for test surfaces

Surface pH
Surface conductiv‐
ity (mS/cm)

Average 
roughness 
(µm)

Clay 10 1.92 ± 0.36 19.94 ± 0.36

Mold‐resistant 4 0.49 ± 0.07 13.43 ± 1.15

Antimicrobial 4 0.47 ± 0.11 11.48 ± 0.79

F I G U R E  2   Gravimetric moisture content (%) for Clay (C), Mold‐resistant (MR), and Antimicrobial (AM) surfaces under three ambient 
relative humidity conditions: (A) 0% RH by adding 10 g desiccant, (B) 20% RH, and (C) 100% RH by supplementing 10 mL sterilized DI water. 
(*P < 0.05 and **P < 0.01 from Welch's t test)
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comes with certain downfalls, as only a small fraction of bacterial cells 
can be cultured in the laboratory and culturable bacteria may lose cul‐
tivability due to different stressors,37 it remains one of the most effi‐
cient and cost‐effective proxies for viability. Here, we used cultivability 
as a proxy for viability reduction caused specifically by surface expo‐
sure by modifying the agar diffusion assay from Møretrø et al30 This 
assay simulated a scenario where exposure to surface‐available antimi‐
crobial agents becomes dominant over the effects of common indoor 
stresses such as desiccation and nutrient deprivation. In this scenario, 
the size of the zone of inhibition was determined by the release rate 
of antimicrobial agents from the surface finish, as well as the microbial 
resistance against bioavailable chemicals. Among all surface finishes, 

the antimicrobial surface had the largest zone of inhibition for all five 
strains tested (Figure 4). All strains except Pantoea allii showed decreas‐
ing sensitivity toward antimicrobial, mold‐resistant, and clay surfaces. 
It is perhaps not surprising that, although neither clay nor mold‐resist‐
ant is explicitly advertised as “bactericidal” surface finishes, both dem‐
onstrated inhibition effects against the strains tested (Figure 4).

3.4 | Microbial composition and viability reduction 
in relation to surface chemistry

The most significant decrease in viable population occurred be‐
tween the initial inoculation and 24 hours following the exposure 
to surfaces (2.41‐5.96  log10 reduction in PMA‐qPCR viable copy 
numbers; Figure 5C). Viable copy numbers stabilized toward the 
end of the monitoring period (Day 7) but still had small fluctuations, 
which may be due to the utilization of cell debris as organic sources. 
Similarly, Deng et al observed increased levels of rRNA degradation 
of Salmonella enterica under starvation and desiccation in peanut 
oil38 as degraded rRNA can serve as a nutrient source.38,39 Within 
each viable population, different surfaces favored strains at dif‐
ferent survival rates. Antimicrobial and mold‐resistant paint both 
supported the prolonged survival of B timonensis, whereas the clay 
surfaces favored the survival of Kocuria rosea (Figure 5A,B).

Throughout the monitoring period, Microbacterium oleivorans 
consistently had less than ten copies detected by PMA‐qPCR, likely 
a consequence of insufficient input in the initial inoculum (Day 0). 
M.oleivoranson average represented less than 0.05% of the total 
population (Figure 5B). In subsequent samples, M oleivorans was 

TA B L E  2   Genus‐level abundance comparison among 16S rRNA gene sequences,27-29 metagenomics,32 and morphological diversity32

 
16S rRNA 
Genus‐level abundance (%)

Metagenomics 
Genus‐level abundance (%)

Morphological 
diversity (%)

Bacillus timonensis 14.64 NA 15.70

Enterococcus hirae 3.418 0.07529 12.18

Kocuria rosea 1.636 0.2696 6.545

Microbacterium oleivorans 1.538 NA 1.803

Pantoea allii 0.003148 0.8632 1.489

Total 21.34 1.2081 37.72

F I G U R E  4   Zone of inhibition (cm) created by Antimicrobial (AM), Mold‐resistant (MR), and Clay (C) surfaces for all five test strains 
(*P < 0.05 and **P < 0.01). In this paint diffusivity and sensitivity test, thin layers of bacterial culture applied on TSA plates were subjected to 
various levels of growth inhibition due to the diffusivity of surface‐associated chemicals. The size of the zone of inhibition is determined by 
the combined effect of antimicrobial release from the surface finish and microbial resistance against bioavailable chemicals

F I G U R E  3   Surface conductivity measurements for Clay (C), 
Mold‐resistant (MR), and Antimicrobial (AM) surfaces (*P < 0.05 and 
**P < 0.01 from Welch's t test)
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consistently below the limit of detection for qPCR, so a panel for M 
oleivorans was not included in Figure 6.

Both B timonensis and P allii demonstrated statistically signif‐
icant differences between mold‐resistant(MR) and clay surface 
survival for all humidity levels (0%, 20%, and 100%), whereas the 
survival patterns for E hirae and K rosea were only significantly dif‐
ferent under 100% RH (Table S2 and Figure 6). Despite the obser‐
vation that both B timonensis and K rosea demonstrated relatively 
successful retention on surfaces, they exhibited different survival 
patterns. We consistently recovered more B timonensis from MR 
than clay, whereas K rosea exhibited the opposite pattern under 
100% RH.

To determine whether the pH of the different paints was con‐
tributing to selection within the microbial community, we tested 
the tolerance of each individual community member to variations 
in pH in liquid media. Specifically, we tested pH 4 and 10, which 
correspond to the pH of latex and clay surfaces, respectively 
(Figure S2). In agreement with a previous study on Kocuria rosea,40 
growth of K rosea was observed at pH 10 (Figure S2C); this strain's 
alkaline tolerance potentially explains its persistence on alkaline 

clay surfaces compared to other community members. However, 
the microbial community composition on acidic mold‐resistant sur‐
faces is not consistent with bacterial growth at pH 4, whereas B 
timonensis did not grow under pH 4 or pH 10, highlighting the com‐
plex nature of biological and physical processes associated with 
surface survival.

3.5 | Survival on antimicrobial surfaces and 
benzalkonium chloride susceptibility

All five community members show significant log reduction 
(2.70‐5.15) following inoculation on antimicrobial surfaces. This 
biocidal effect can be largely attributed to the use of quater‐
nary ammonia salts (QAS) in the paint formulation,10 although 
the contribution of desiccation and lack of nutrients cannot be 
overlooked. QAS irreversibly attach to the negatively charged 
cell membrane, leading to deformation of the membrane and 
subsequent leakage of intracellular materials.41,42 Studies have 
further shown that QAS have different bactericidal activities 
against Gram‐positive and Gram‐negative bacteria. Gram‐positive 

F I G U R E  5    Normalized microbial composition recovered from antimicrobial (A) and other (B) surfaces under 0%, 20%, and 100% relative 
humidity, and log10 fold changeover time (C). log10 fold changes associated with Clay and MR were significantly different across all humidity 
levels (paired t test P < 0.05; P‐value 0.01855, 0.01625, and 0.026 for 0%, 20%, and 100% RH, respectively). Swab samples from non‐
antimicrobial surfaces (MR and Clay) were collected on Days 1, 3, 5, and 7, whereas samples from antimicrobial surfaces were only collected 
on the day following the inoculation
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bacteria are generally more susceptible to QAS than Gram‐nega‐
tive bacteria43 due to the presence of both inner and outer cellular 
membranes.44 Despite the use of quaternary ammonia additives 
in paint formulation, B timonensis demonstrated relatively minor 
log reduction (2.70‐3.18) compared to others. We consistently 
observed cultivable Bacillus timonensis, a Gram‐negative spore‐
forming bacteria,45 24 hours after exposure to antimicrobial sur‐
faces across all humidity levels (Table S1). A subpopulation of B 
timonensis remained detectable after PMA treatment and was 

able to grow on trypticase soy agar (TSA). We speculate that the 
copy numbers obtained from PMA‐treated samples are dominated 
by live spores because bacterial spores are intrinsically resistant 
to various disinfectants including QAS,46 owing to the structure 
of spore coats and cortex. However, these results could also be 
influenced by the contribution of vegetative cells and non‐viable 
spores.47

B timonensis showed significant resistance against the presence 
of QAS on surfaces, although genetic determinants (eg, QacA, QacB, 

F I G U R E  6   PMA‐qPCR log10 fold 
change normalized to the starting 
abundance of each species. Both B 
timonensis and P allii demonstrated 
statistically significant differences in 
surface survival on MR and Clay surfaces 
for all humidity levels (0%, 20%, and 
100%), whereas the survival patterns for 
E hirae and K rosea were only significantly 
different under 100% RH (Table S2). Swab 
samples from MR and Clay surfaces were 
collected on Days 1, 3, 5, and 7, whereas 
samples from the antimicrobial surfaces 
were only collected on the day following 
the inoculation

F I G U R E  7   Scanning electron microscopy images of B timonensis in vegetative state (A), sporulation state (B), and antimicrobial surface 
swab samples (C and D). Both spores (C) and vegetative cells (D) can be identified in swab samples. Figure 7A was captured under 1 kV 
acceleration voltage, 8.1 mm working distance, and ×9.0 k magnification. Figure 7B was obtained under 4 kV acceleration voltage, 8.6 mm 
working distance, and ×22.0 k magnification. Figure 7C was obtained under 3 kV acceleration voltage, 8.8 mm working distance, and ×20.0 k 
magnification. Figure 7D was captured under 3 kV, 8.8 mm working distance, and ×15.0 k magnification

(A) (B) (C) (D)
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QacC, and smr)48 were not identified from its genome. Therefore, 
sporulation induced by common stresses encountered on indoor 
surfaces was likely to be one of the mechanisms contributing to 
the survival of B timonensis in the presence of QAS. Using Scanning 
Electron Microscopy, we confirmed the presence of Bacillus spores 
(Figure 7C) in addition to vegetative cells (Figure 7D) in swab samples. 
Owing to the structure of spore coats and cortex, bacterial spores 
are intrinsically resistant to various disinfectants including QAS.46 
Silver‐ and zinc‐containing zeolite stainless steel surfaces also yield 
satisfactory inactivation of vegetative cells of B anthracis, B cereus, 
and B subtilis, but have limited effects on spores.49 Although live 
spores on surfaces can be metabolically inactive, they are constantly 
chemically sensing their environments to determine an optimal time 
to return to a vegetative state, and therefore continue to pose po‐
tential risk of exposure to occupants.

Many daily‐use consumer products with embedded antimi‐
crobial chemicals have been studied so far, and in general, the 

antimicrobial effectiveness is dependent on the context in which 
the product is used. Triclosan‐containing cutting boards were 
shown to have an antibacterial effect that depends upon humidity 
as well as the type and load of bacteria.30 Furthermore, repeated 
washing of triclosan‐containing cutting boards reduced antimicro‐
bial activity, suggesting a reduction in the bioavailability of surface 
triclosan over time. Despite the fact that the added concentration 
of QAS in the antimicrobial paint is reported between 0.25% and 
3%,10 the bioavailable fraction of QAS on the surfaces is context‐
dependent as well.

We further tested the susceptibility of the five strains against 
one of the most commonly used QAS disinfectants—benzalkonium 
chloride (BKC). Pantoea allii had the greatest resistance with a min‐
imum inhibitory concentration (MIC) of 0.0156% by weight (equiv‐
alent to 156.25 μg/mL), while others were highly susceptible, with 
MICs < 0.001%. Despite this phenotypic resistance, P allii did not 
present with a strong survival pattern on antimicrobial surfaces, 

F I G U R E  8   Genetic potential of surface survival for each community member represented by number of features associated with (A) 
dormancy and sporulation, (B) stress response, and (C) antibiotic resistance. The complete functional annotation results can be found in Data 
S2
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suggesting that the concentrations of surface‐available antimi‐
crobials are well‐above corresponding lethal levels. Alternatively, 
we can infer that this strain is particularly sensitive to other en‐
vironmental conditions. In this particular case, the exposure of 
microbes to antimicrobial surfaces did not explicitly select for an‐
timicrobial‐resistant microbes, but rather spore‐forming bacteria.

3.6 | Potential functions associated with 
stress tolerance

Indoor surface environments have been considered as a “microbial 
wasteland”50 because of water and nutrient scarcity. The majority 
of surface‐associated microbes are likely to be dormant for an ex‐
tended period of time under desiccation and starvation, and only 
revive when a desirable water activity is achieved.51 Survival in this 
“wasteland” requires a diverse range of adaptive strategies such as 
dormancy, for example, sporulation and biofilm formation. We char‐
acterized the genetic potential for stress tolerance in each of the 
cultured community members. All five successfully coped with the 
various stresses encountered in dust samples and remained viable, 
although their exact exposure time varied. Desiccation is not only 
one of the most commonly encountered stresses in indoor environ‐
ments, but also one of the significant relevance for transmission of 
pathogenic microorganisms in healthcare and daycare facilities.52,53 
Desiccation‐tolerant cells are typically equipped with physiological, 
structural, and molecular mechanisms to withstand water scarcity.54 
Osmotic regulation through aquaporins, accumulation of osmopro‐
tectants, and synthesis and uptake of biomolecules such potassium, 
trehalose, glutamate, glutamine, proline, glycine betaine, and gluco‐
sylglycerol have been related to desiccation tolerance in prokaryotic 
cells.40,55,56 Osmoprotectant transporters (eg, YehX, YehZ, YehW, 
and YehY) and osmoprotectant import permease proteins (OsmW 
and OsmY) could be identified based on sequence homology only 
from the Pantoea allii genome (Figure 8B). Trehalose transport sys‐
tem permease proteins (SugA, SugB) and trehalose import ATP‐bind‐
ing protein (SugC) were identified in the genomes of B timonensis,  
P allii, and K rosea (Figure 8).

4  | CONCLUSION

We demonstrated the differences in survival for a synthetic com‐
munity comprised of 5 non‐model bacteria on three chemically and 
physically distinct materials (Figures 5 and 6). The bacterium car‐
rying antibiotic resistance genes (which also displayed the corre‐
sponding phenotypes) failed to exhibit a strong retention pattern on 
antimicrobial surfaces, indicating that the possession of antibiotic 
resistance genes alone is not predictive of survival on antimicrobial 
surfaces. In this particular case, the exposure to antimicrobial sur‐
faces did not explicitly select for antimicrobial‐resistant microbes, 
but rather spore‐forming bacteria, potentially due to the confound‐
ing effect of having multiple stressors (ie, desiccation and nutrient 
limitation).

Understanding the interaction between surface chemistry and 
surface microbiology is central to understanding the viable indoor 
microbiome. The use of surface finishes with different chemical and 
physical properties might not be the most significant driving force for 
microbial community composition in the long term due to frequent 
occupant disturbances.51 Nevertheless, selection for dormant and 
persistent microbes on surfaces is constantly impacting the trans‐
mission of surface microbes either through air or human contact. 
Dormant cells, although not highly active on surfaces, may still serve 
as a sink for pathogenic microbes such as Acinetobacter baumannii57 
or Staphylococcus aureus,11 both of which have been previously re‐
lated to one or more outbreaks in healthcare systems. Neither the 
use of antimicrobial surfaces nor rigorous cleaning procedures erad‐
icate all surface microbes along with their associated risks, which 
draws attention to the potential persistence of spore‐forming patho‐
gens indoors, for example, Bacillus53 and Clostridium. Lastly, microbial 
adaptation to extreme environments and mechanisms to cope with 
environmental stresses are still not fully understood. Such complex 
dynamics might not be comprehensively captured by whole‐genome 
sequences, indicating the need for studies that investigate the viable 
portion of indoor microbiome as well as their phenotypic responses, 
and the need to develop tractable models for gene knockout‐knock‐
down mutants for these organisms so as to determine the impor‐
tance of specific cellular functions in desiccation tolerance, carbon 
storage, and oxidative resistance.
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