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Abstract

Resolving patterns of human movement, specifically for actors of interest,
in an urban environment is an extremely challenging problem because of
the dynamic nature of human movement. This research effort explores a
highly unconventional approach, addressing residual or lingering signa-
tures of interest to the Army in an urban operation. Research suggests that
unconventional signatures commonly associated with human presence or
prior occupation of a space, such as microbes attached to skin cells or in
the gut, may linger for an extended amount of time. In this scoping study,
our objectives were to detect microbial communities in the built environ-
ment, to examine microbial community composition, and to investigate
the longevity of a microbial signature. To do so, we conducted a controlled
study to obtain a mechanistic understanding of the fidelity of the biological
signatures in the built environment, with a particular focus on their lon-
gevity and stability.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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Bar chart displaying relative abundance at the genus level of floor
samples immediately (to), 1 day (t1), and 43 days (ts3) after cleaning.
Swabbing at each time point was performed in triplicate. The legend lists
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PCoA plot displaying biological signatures detected on clean and unclean
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progression of the community. Ordination was generated based on the
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after the disturbance event (cleaning). Swabbing was performed in
triplicate at each square for each time point. The legend lists the top

AWEINTY TAXA cavreeeeaeieeeeeeteeee et ee s tee e et et s e bt se s s s s st et s b s e et ee s bt ee s sn s st nas

Sample-collection INfOrMEALION ......ccceeeeereererrr s



ERDC TR-20-22

Preface

This study was conducted for the U.S. Army Corps of Engineers, under En-
gineer Research and Development Center (ERDC) 6.1 Basic Research
PE 611102 / Project T24 / Task A1000.

The work was performed by the Biogeochemical Sciences Branch of the
Research and Engineering Division, ERDC Cold Regions Research and
Engineering Laboratory (CRREL). At the time of publication, Dr. Steven
Peckham was Acting Branch Chief; Mr. J. D. Horne was Division Chief;
and Dr. Robert Davis was Chief Scientist for Geospatial Research and
Engineering and Technical Director for Army programs at CRREL. The
Deputy Director of ERDC-CRREL was Mr. David B. Ringelberg, and the
Director was Dr. Joseph L. Corriveau.

The work was also performed by the Data and Signature Analysis
Branch of the Topography, Imagery, and Geospatial Research Division,
ERDC Geospatial Research Laboratory (GRL). At the time of publica-
tion, Ms. Jennifer L. Smith was Branch Chief; Ms. Martha Kiene was
Division Chief; and Mr. Ritchie Rodebaugh was Technical Director for
Geospatial Research and Engineering. The Deputy Director of ERDC-
GRL was Ms. Valerie L. Carney, and the Director was Mr. Gary Blohm.

COL Teresa A. Schlosser was Commander of ERDC, and Dr. David W.
Pittman was the Director.



ERDC TR-20-22 vii

Acronyms and Abbreviations

ASV Amplicon Sequence Variants

bp Base Pair

CRREL Cold Regions Research and Engineering Laboratory
ERDC Engineer Research Development Center
GRL Geospatial Research Laboratory

NacCl Sodium Chloride

PBS Phosphate-Buffered Saline

PCoA Principal Coordinates Analysis

PCR Polymerase Chain Reaction

RDP Ribosomal Database Project

qPCR Quantitative Polymerase Chain Reaction

T20 Tween20 in a NaCl Solution






ERDC TR-20-22

11

Introduction

Background
1.1.1 Human-associated microbes

Humans are a habitat for microorganisms, with various bacterial and fun-
gal species preferentially inhabiting specific areas of the body, from the
skin to the gut (Sharma et al. 2019; Grice and Segre 2011). In fact, human
cells are considerably outnumbered by microbial cells (Qin et al. 2010).
Recent key research recognized the importance of human-associated mi-
crobiota in human function, even at the psychological level. Large pro-
grams such as the Human Microbiome Project addressed the microbiome
by investigating microbiota living in and on healthy or diseased humans,
using advanced techniques, such as high throughput DNA technology (Hu-
man Microbiome Project Consortium 2012). The Human Microbiome Pro-
ject and others have identified common microbiota typical to particular
parts of the human body, such as Propionibacterium on skin and Bac-
teroides in the human gut (Qin et al. 2010; Chen and Tsao 2013; SanMi-
guel and Grice 2015).

Compelling research findings show that the genetic information within
these microbiomes can be accurately used to sociologically and medically
group populations by country of origin (Holbert et al. 2015; Leung et al.
2015; Pehrsson et al. 2016), distinct culture groups (Nishijima et al. 2016),
or exposure to antibiotics (Hu et al. 2013). Interestingly, one specific gut
bacterium, Helicobacter pylori, is present in half the human population.
Each of the seven distinct global strains are associated with a particular
geographic origin (Nishijima et al. 2016), making it a potential identifier of
an individual’s prior location. Even more compelling, Tung et al. (2015)
found associations between gut microbiota and social groupings after con-
trolling for diet, kinship, and shared environments in baboons. Further-
more, the skin microbial communities of individuals from one region can
be accurately distinguished from other racial groups (Hospodsky et al.
2014; Leung et al. 2015; Gupta et al. 2017). Therefore, current research of
the attached microbiome reveals differences across groups of individuals
and may be used as a tool to provide fundamental knowledge of exposure
patterns of microbes associated with human cells. However, it is not



ERDC TR-20-22

known whether the association between the microbial signature and geo-
graphic location remains strong when the microbial signature lingers in
the human-made environment (built environment).

1.1.2 Detached microbial cells

Microbes in indoor dust have been studied extensively with the aims of im-
proving indoor air quality and human health (Rintala et al. 2008), under-
standing microbial survival on different building substrates (Kelley and
Gilbert 2013), and linking human presence with associated microbiota in
the environment (Lax et al. 2014). Unlike detached fungi, detached bacte-
ria are more promising candidates to detect human movement in the built
environment; they do not change significantly across seasons (Rintala et
al. 2008; Adams et al. 2013; Barberan et al. 2015) and are more closely re-
lated to the number and types of occupants in a home (Barberan et al.
2015; Dannemiller et al. 2017).

Because this is such a nascent field, recent literature is both disjointed and
sometimes conflicting. For instance, Luongo et al. (2017) found that mi-
crobiota collected from airborne dust in a dormitory differed between gen-
ders; however, the longevity of the signatures was not investigated. In an-
other study examining the surfaces of public restrooms, ecological succes-
sion of human-associated microbiota showed large changes in community
succession in the first five hours after the closing of the bathrooms but
minimal changes over the next two months (Gibbons et al. 2015). In con-
trast, a longitudinal study of families in actively used homes found that a
person’s absence from the home for a few days corresponded to a decrease
in that person’s hand-, foot-, and nose-associated contributions to the
home’s microbiome (Lax et al. 2014), suggesting that the indoor microbi-
ome is indeed dynamic. Sharma et al. (2019) took it a step further through
a longitudinal study of cohabitation among United States Air Force Acad-
emy cadets and determined that the skin microbiota is sensitive to occu-
pancy while the gut microbiome was not.

Questions remain regarding the short-term changes in microbial commu-
nity succession. In fact, both Weikl et al. (2016) and Pakpour et al. (2016)
claim that spatial and temporal changes in indoor bacterial and archaeal
communities in the built environment are still poorly understood. Their
assessment is corroborated by an explosion of recent studies that range
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1.3

from the skin-associated microbiome to large-scale studies in the built en-
vironment, including metropolitan areas. Though it is published that mi-
crobiota found in dust can indicate gender (Luongo et al. 2017), colonize a
home within three days, and decline once the person leaves the home (Lax
et al. 2014), more research is needed to discern the stability of the signa-
ture, particularly under varying environmental conditions and when occu-
pancy changes.

Objectives

The goal of this research was to survey biological signatures on office
items present in the built environment. To do so, we outlined the follow-
ing objectives:

1. Test for the detection of biological signatures in the built environment.
2. Analyze biological signatures found on objects in the built environment.
3. Investigate community succession in the built environment

Approach

We conducted a series of studies examining the microbial communities in
the built environment. Samples were collected from items and surfaces
around a working laboratory, including both office spaces and laboratory
spaces. To assess if biological signatures could be detected in the built en-
vironment, we quantified the total bacterial biomass using quantitative
polymerase chain reaction (qQPCR). To analyze both the bacterial commu-
nities in the built environment and the longevity of the microbial signa-
tures, we performed and analyzed 16S rRNA gene sequencing. Addition-
ally, we used graphical and statistical methods to compare the microbial
communities on the tested surfaces.
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2.2

Methods

Swab preparation

Swab preparation and post-sample-collection swab processing were per-
formed in a biohood. Three or four sterile cotton-tipped swabs (Puritan,
SKU# 806-WC) were added to a Whirl-Pak bag (1 bag per surface sample)
containing 1 mL" of sterile swabbing solution (Figure 1). The swabbing so-
lution was either 1x phosphate-buffered saline (PBS) at a pH of 7.4 or 0.1%
Tween20 in 0.15M NaCl' (T20). Swabs were completely saturated with the
solution prior to sampling the surfaces. After swabbing the indicated sur-
face (described in section 2.2), swabs were placed back into the sterile
Whirl-Pak bag. The wood portion of the sterile cotton swab was removed
using flame-treated wire cutters and tweezers. The cut swab was prepared
for DNA extraction by placing it in a Qiagen PowerSoil DNA extraction
PowerBead tube. The tubes with the cotton swabs were stored at —20°C
until DNA extraction was performed (described in section 2.3).

Figure 1. Sterile swabs presoaking in sterile swabbing solution prior to sample collection.

HW MM Y N
] T | e pee
oAl ":— B i ‘\iﬁ;i‘;\ =] ‘.‘ -:L«\n,_ Al
A % Mo, UME we -
R A T - R -y
N TR - e o0 ot
iaad -m . - g 1‘ - | = A

Sample collection

Swabbing was performed in triplicate (replicates 1, 2, and 3) unless indi-
cated otherwise. The sterile presoaked cotton swab was moved back and
forth on the sampling area for ten seconds while rotating the swab. Table 1
and Figure 2 provide details for swabbed items.

* For a full list of the spelled-out forms of the units of measure used in this document, please refer to
U.S. Government Publishing Office Style Manual, 31st ed. (Washington, DC: U.S Government Publishing
Office, 2016), 248-252, https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-2016/pdf/GPO-STYLEMAN-
UAL-2016.pdf.

T Sodium chloride.
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Table 1. Sample-collection information.
Reference Swabbing
ltem Description Figure Objective Solution
Carpet Three areas of an office carpet were swabbed (not N/A 1and 2 PBS or T20
adjacent to each other) with solution. Swab areas were
approximately 10 cm in length.
Computer Swabbing occurred on the left and right sides (R1 and |Figure 2B |1 and 2 T20
Mouse R2, respectively) and below the scrolling wheel (R3).
Computer The right side of the mouse was swabbed in triplicate. |N/A 1 T20
Mouse The left side was cleaned with 70% ethanol, followed by
(section 3.1.2) |DNA Away and RNase Away. After cleaning, the left side
was swabbed in triplicate.
Doorknob The top (shown as R1 and R2) and back (not shown) of |Figure 2G |1 T20
the doorknob were swabbed. The left side was cleaned
with 70% ethanol, followed by DNA Away and RNase
Away. After cleaning, the bottom (not shown) and front
(shown as R3) were swabbed.
Floor Three areas of a laboratory floor were swabbed (not N/A land 2 PBS or T20
(section 3.1.3) |adjacent to each other) with solution. Swab areas were
approximately 10 cm in length.
Floor A 10 x 10 cm square was demarked with tape. The Figure 2F (1and 3 PBS (ta3) or
(section 3.3.1) [square was cleaned with 70% ethanol, followed by DNA T20 (to
Away and RNase Away. Immediately after cleaning, and t1)
three areas of the square were swabbed (to). The
square was swabbed again after 24 hours (t1) and 43
days (tas).
Floor Three sections of a laboratory floor, each containing Figure 2E (1 and 3 PBS (tas) or
(section 3.3.2) [two squares, were demarked using tape (squares and T20 (to)
within a pair were ~14.5 cm apart). At each section, Figure 14
one square was swabbed without being cleaned. After
all three “unclean” squares were sampled, then the
“clean” squares were cleaned with 70% ethanol,
followed by DNA Away and RNase Away. After the
cleaning protocol, the “clean” squares were swabbed in
triplicate. All squares were swabbed again after 43
days (ta3).
Handicap Swabbing occurred in straight lines from top to bottom |Figure 2D |1 and 2 T20
Button for in three parallel regions of the automatic door opener.
Automatic
Doors
Microwave Swabbing occurred in straight lines from top to bottom |Figure 2C |1 and 2 T20
in three parallel regions of the number pad on the
microwave.
Negative Swabs were presoaked with the appropriate buffer. N/A 1,2,and 3 |PBS or T20
Controls Swabbing controls were carried out in quadruplicate.
Pen Swabbing occurred along the length of the pen on Figure 2A |1 and 2 T20

either side of the clip and on the side opposite the clip.
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2.4

Figure 2. ltems sampled for biological signatures. Red polygons depict the areas that were
swabbed. Each item was swabbed three times (R1, R2 or R3). Swabbed surfaces included (A)
pen, (B) mouse, (C) microwave, (D) handicap Button, (£) floor (section 3.3.2), (£) floor (section

3.3.1), and (G) doorknob.

To remove molecular signatures before sampling, select surfaces were
cleaned with the following solutions applied in order: 70% ethanol, DNA
Away (Molecular BioProducts Cat. # 7010), and RNAse Away (Molecular
BioProducts Cat. # 7002). After the application of each cleaning solution,
the surface was wiped with Kimwipes (Kimtech Science Cat. # 34133). Sur-
faces that underwent cleaning prior to sampling are specified in Table 1.

DNA extraction

Prior to extraction, the DNA PowerSoil tubes containing the swabs were
quickly thawed by hand warming. DNA was extracted using the Qiagen
PowerSoil DNA extraction kit protocol (Qiagen, Cat. # 12888-100) with
the following exceptions. After addition of solution 1, samples were vor-
texed for at least 5 seconds to ensure complete distribution of solution 1.
Tubes were incubated at 70°C for 5 minutes, vortexed for 5 seconds, and
incubated at 70°C for 5 additional minutes. A DNA extraction blank was
included with each set of DNA extractions.

Quantitative polymerase chain reaction

Quantitative polymerase chain reaction was performed to assess bacterial
biomass per sample on a LightCycler 480 System (Roche Molecular Sys-
tems, Inc., Indianapolis, IN). The 16S rRNA gene was amplified using the
331F/797R primer set and the hydrolysis probe BacTaq (Nadkarni et al.
2002). Each 20 pL reaction contained 0.5 uM of each primer, 5 uL. of DNA



ERDC TR-20-22

2.5

template, 125 nM of probe, and 10 pL of the LightCycler 480 Probes Mas-
ter Mix (Roche Molecular Systems, Cat. # 04887301001). The conditions
for qPCR were as follows: a denaturation step of 95°C for 600 seconds fol-
lowed by 45 cycles of 95°C for 30 seconds, 57°C for 60 seconds, 72°C for
25 seconds, and final extension at 40°C for 30 seconds. The cycle thresh-
old value was identified using the second derivative maximum method.
Each reaction was run in duplicate.

The absolute gene copy number for each sample was determined using an
external calibration curve. Genomic DNA from Pseudomonas protegens
(ATCC, Cat. # BAA-477) was extracted using the UltraClean Microbial
DNA isolation kit (MoBio Laboratories, Cat. # 270676). The DNA concen-
tration was measured using a Qubit fluorometer. The extracted DNA was
serial diluted and 5 pL of the DNA template was used per reaction for the
standard curve. The 16S gene copy number was calculated from the meas-
ured DNA concentration assuming six copies of the 16S rRNA gene per P.
protegens organism. The reported copy number values are the average of
three or four sample replicates.

DNA sequencing

Samples and controls for 16S rRNA gene sequencing were sent to the Envi-
ronmental Sample Preparation and Sequencing Facility at the Argonne
National Laboratory. In short, polymerase chain reaction (PCR) amplicon
libraries targeting the 16S rRNA gene present in genomic DNA were pro-
duced using a barcoded primer set adapted for the Illumina MiSeq (Capo-
raso et al. 2012), followed by the generation of DNA sequence data using
Ilumina paired-end sequencing. Specifically, the V4 region of the 16S
rRNA gene was PCR amplified with region-specific primers (515F/806R)
that include sequencer adapter sequences used in the Illumina flowcell
(Caporaso et al. 2011, 2012). The reverse amplification primer also con-
tained a twelve-base barcode sequence (Caporaso et al. 2011, 2012). Each
25 uL PCR reaction contained 9.5 uL. of MO BIO PCR Water (Certified
DNA-Free), 12.5 uL of QuantaBio’s AccuStart IT PCR ToughMix (2x con-
centration, 1x final), 1 uL of primer (5 uM concentration, 200 pM final), 1
uL of Golay barcode tagged primer (5 uM concentration, 200 pM final),
and 1 pL of template DNA.
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The conditions for PCR are as follows: 94°C for 3 minutes to denature the
DNA followed by 35 cycles at 94°C for 45 seconds, 50°C for 60 seconds,
and 72°C for 9o seconds with a final extension of 10 minutes at 72°C to en-
sure complete amplification. Amplicons were then quantified using
PicoGreen (Invitrogen) and a plate reader (Infinite 200 PRO, Tecan). Once
quantified, volumes of each of the products were pooled into a single tube
so that each amplicon was represented in equimolar amounts. The pool
was cleaned up using AMPure XP Beads (Beckman Coulter) and quantified
using a fluorometer (Qubit, Invitrogen). After quantification, the molarity
of the pool was determined and diluted down to 2 nM, denatured, and
then diluted to a final concentration of 6.75 pM with a 10% PhiX spike for
sequencing on the Illumina MiSeq. Amplicons were sequenced on a

151 bp” x 12bp x 151bp MiSeq run using customized sequencing primers
and procedures (Caporaso et al. 2012).

Sequence quality control and processing

The forward and reverse read files were demultiplexed into individual files
using the “split_libraries_fastq” script within QIIME 1.9 (Caporaso et al.
2010). Additionally, any remaining adapters or barcode sequences were re-
moved, resulting in 11,393,776 reads in 114 samples. All data processing for
quality control and taxonomic assignment was performed using the R pack-
age DADA2 (Callahan et al. 2016) with R version 3.5.2 (R Core Team 2018).
Briefly, forward and reverse reads were trimmed to exclude the first 20
base pairs (bp) of the forward reads and the first and last 20 bp of the re-
verse reads. Additionally, reads were trimmed to exclude any base pair with
a quality score of two or lower. Sequence reads that met the following crite-
ria were removed from the analysis: contained ambiguous base pairs, had
an expected error score of 2 or higher, read length less than 125 bp, or were
PhiX reads. Introduced errors were estimated, and the resulting estimated
error rates were visually examined for best fit. To infer amplicon sequence
variants (ASV), redundant reads were dereplicated followed by pairwise
alignments. Forward and reverse reads were merged, and chimeras were
removed, leaving 10,429,749 total reads. Taxonomy was assigned using the
naive Bayseisan classifier method (Wang et al. 2007) and the Ribosomal
Database Project (RDP) taxonomic training set 16 (Cole et al. 2014).

* Base pair.
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Acidobacteria taxonomic structure does not consistently include the hier-
archy information used to assign taxonomic levels in DADA2 (phylum,
class, order, family, genus) (Dedysh et al. 2018, Mizrahi-Man et al. 2013).
As a result, when taxonomic data from the RDP database is parsed into the
taxonomic levels in DADA2, a subset of Acidobacteria organisms are mis-
assigned below the class level. To circumvent this, we exported the taxa ta-
ble, manually curated the Acidobacteria taxonomic structure, and im-
ported the new taxa table for use in phyloseq. This ensured that ASVs
identified as the phylum Acidobacteria were no longer binned as “unas-
signed taxa” at the genus level when in fact a genus had been assigned.

Sequence analysis

The following methods were all performed using the R package phyloseq,
version 1.26.1 (McMurdie and Holmes 2013); and visualizations were cre-
ated in ggplot2 (Wickham 2016). The sequence variant table, taxonomic as-
signments, and sample metadata were combined together into one phy-
loseq object. Any taxa that did not possess a taxonomic designation at the
phylum level were removed. ASVs that were identified as chloroplasts at
the class level were removed. Alpha diversity was calculated from the ASV
counts using the Shannon diversity index (Shannon 1948). Taxa counts
were converted to relative abundance. Principal Coordinates Analysis
(PCoA) was performed on log-transformed (y = log10(1 + x)) relative abun-
dances using the Bray-Curtis dissimilarity metric (Bray and Curtis 1957).
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3.1

Results

To test differences in biological signatures in the built environment, we
collected samples from various locations around a working laboratory, in-
cluding from office spaces and laboratory spaces (Table 1 and Figure 2).
Locations included carpet located in an office shared by multiple people,
the floor in a heavily used laboratory, buttons on a microwave in a shared
common space, the handicap button on a heavily used dual door system, a
door handle, and computer mice and pens at individuals’ work stations
(Table 1 and Figure 2).

Detection of biological signatures in the built environment
3.1.1 Verification

The first task was to verify the detection and reproducibility of biological
signatures in the built environment with limited to no experimenter con-
tamination. As a first step, we used qPCR of the 16S rRNA gene to deter-
mine total bacterial biomass from the sampled surfaces. Bacteria were de-
tected in every sample (Figure 3 and Appendix A). However, the bacterial
biomass in the swabbing controls and DNA extraction blank controls were
low compared to the built-environment samples. For example, when com-
paring the average total bacterial biomass of all controls to samples col-
lected from the floor, a computer mouse, and a pen, the total bacterial bio-
mass of the controls were approximately 21, 30, and 15 times lower, re-
spectively (Figure 3 and Appendix A), indicating successful collection and
detection of biological signatures in the built environment.

The microbial communities in the control and built-environment samples
were compared by examining PCoA dissimilarity plots created from 16S
rRNA gene DNA sequencing data. Figure 4 is a representative figure of
these analyses. Samples collected from the floor, a computer mouse, and a
pen clustered away from the controls (Figure 4). This indicates that the
microbial communities collected from the built-environment samples
(floor, computer mouse, and pen) were dissimilar to the controls. Further-
more, Shannon diversity was lower for the control samples (extraction
blank and swab) compared to the built-environment samples (Figure 5),
indicating both abundance and richness were lower in the control samples.
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Figure 3. Bacterial abundance detected in the built environment. The total bacterial
biomass was determined by qPCR from selected samples: floor, computer mouse, pen,
swabbing controls, and extraction blanks. The reported 16S rRNA gene copy number are
the average of 3 or 4 replicates. Error bars represent the standard error. An asterisk
denotes a reported average that includes values extrapolated outside the lower end of
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Figure 5. Box plots showing Shannon diversity of all samples.
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From these analyses, we determined that the sample-collection method
used in the present study was successful in collecting microorganisms
(bacteria and archaea) from the built environment, any contamination
introduced from the swabs or DNA extraction kit did not alter the sam-
pling results.

3.1.2 Removal of biological signatures through cleaning

To investigate if biological signatures could be removed from surfaces in
the built environment, half of a selected item (computer mouse or door
handle) was cleaned, (described in Table 1) prior to sampling. Swabbing
was performed in triplicate on the clean and uncleaned surface of each ob-
ject. Bacterial biomass and community diversity were compared to evalu-
ate the cleaning procedure (Figure 6). Cleaning reduced the total bacterial
biomass of both the computer mouse (75% reduction) and the door handle
(94% reduction). However, the cleaned surface of the computer mouse was
above the detected levels of the swab control (Figure 6A). Additionally, the
clean door samples (Figure 6, red diamonds) clustered with the swabbing
control samples (green diamonds), while the computer mouse samples
(clean and unclean) clustered together (blue diamonds and blue triangles),
indicating these sample communities were more similar to each other
(Figure 6B).
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Figure 6. Removal of biological signatures in the built environment. Plots of (4) total
bacterial biomass and (B8) PCoA dissimilarity using the Bray-Curtis dissimilarity metric
display signatures detected from a computer mouse and a door handle where one half of
the object was cleaned prior to sampling. Error bars represent the standard error. An
asterisk denotes a reported average that includes values extrapolated outside the lower
end of the standard curve.
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These data indicate that while cleaning resulted in a decline of the total
bacterial biomass on both types of surfaces, the cleaning procedure was
not as effective on the surface of the computer mouse. These results are
not surprising as bacteria have been detected in fairly sterile built environ-
ments like cleanrooms and intensive care units (Mahnert et al. 2019). In-
terestingly, previous research in the built environment has been conducted
in relation to pathogen removal efficiency (Josephson et al. 1997; Lesho et
al. 2015) and microbial resistance (Mahnert et al. 2019; Fahimipour et al.
2018); but to our knowledge, an in-depth study of the impacts of direct
cleaning on the microbiome of different indoor surfaces has yet to be con-
ducted. Future studies will need to consider the item surface type and
adapt cleaning methods as necessary.

3.1.3 Investigation of wetting agents

We tested the efficacy of two wetting agents, the nonionic detergent
Tween20 with NaCl and PBS, for sample collection from the floor and car-
pet. The first two principal components captured 70.8% of the variance
(Figure 7). The samples separated by sample location rather than wetting
agent along PCoA1, which accounted for 54% of the variance explained by
the ordination analysis (Figure 7). The reproducible community structure
observed in the floor samples was not observed in samples collected from
the carpet; this is expected as the carpet samples have large alpha diversity
(Figure 7 and Figure 5). Two clusters were observed from the carpet-sam-
ple replicates (Figure 7). We expected these clusters to separate by wetting
agent if the wetting agent impacted the groups of bacteria collected in the
sample; however, the data does not reflect this. We do note that one PBS
replicate is grouped with two of the T20 carpet replicates and vice versa,
suggesting a handling error; however, due to study constraints, we could
not verify this.

Our experiment demonstrated the importance of testing surface types and
wetting agents prior to large-scale studies, as these factors may influence
the resultant microbial community detected. Additionally, as the replicate
samples of the carpet swabbing tests were not reproducible, we recom-
mend that future collection of carpet samples use a vacuum with a filtra-
tion system attached as described in Sharma et al. (2019).
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3.2

Figure 7. PCoA diversity plot displaying similarities between samples collected
from the floor and carpet by using either phosphate-buffered saline (PBS) or
Tween20 in a NaCl solution (T20) as a wetting agent. Ordination was generated
using the Bray-Curtis dissimilarity metric.
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Analysis of biological signatures on objects in the built
environment

3.2.1 Survey of biological signatures on surfaces

To investigate the how the microbial community structure varied on sur-
faces in the built environment, we analyzed the microbial community from
select locations around a working laboratory. These locations consisted of
two major groups: human-contact items and floor-surface locations (Table
1 and Figure 2). In the PCoA of all of the built-environment microbiomes,
the first two principal components captured 59.4% of the variance (Figure
8). Differences were observed along PCoA1 between the floor-surface sam-
ples (floor and carpet) and the human-contact samples (handicap button,
microwave, pen, and computer mouse) (Figures 8 and 9). Interestingly,
the floor-surface samples show dissimilarity to each other along PCoA1,
with the carpet samples being more similar than the floor samples to the
human-contact samples. Additionally, the human-contact samples show
dissimilarity to each other along PCoA2 and dissimilarity to the floor-sur-
face samples along PCoA1.
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The most abundant bacterial genera in the floor samples were Acinetobac-
ter, Pseudomonas, and Massilia (Figure 9). High levels of Acinetobacter
were expected as this is a genus commonly found in soil (Baumann 1968).
Acinetobacter was also present in the carpet samples but at lower relative
abundance (Figure 9). Interestingly, we observed higher relative abun-
dance levels of Staphylococcus in the carpet samples than in the floor sam-
ples (Figure 9). Observing Staphylococcus in the built environment was
expected as it is commonly found on skin (Byrd et al. 2018; Grice and
Segre 2011) and can be deposited via desquamation (Meadow et al. 2015;
Downing et al. 1982; Adams et al. 2015). The increased relative abundance
on the carpet compared to hard flooring material might be due to the car-
pet fibers’ ability to better retain biological particles (Dannemiller et al.
2017). Furthermore, we observed a higher alpha diversity between the car-
pet-sample replicates than the floor-sample replicates (Figures 5 and 9).

In general, the bacterial communities from the human-contact samples
consisted of high relative abundance of Staphylococcus, Streptococcus,
Pseudomonas, or Corynebacterium while the genus Acinetobacter (ob-
served in the floor-surface samples) was less abundant (Figure 9). The
bacterial communities in the three replicate samples from the handicap
button were more similar to each other than the replicates from the micro-
wave were. This is interesting as both items were exposed to a high num-
ber of different individuals. When an individual pushes the handicap but-
ton, they may be more likely to use the palm of their hand whereas people
may use their fingers to push the buttons on a microwave. Perhaps, the
variances in how people interact with objects account for the differences
observed. One of the microwave replicates had a high abundance of bacte-
ria from genus Lactococcus. Lactococci are lactic acid bacteria, and many
species within this genus are used in the dairy industry as fermenters
(Cavanagh et al. 2015). In the same replicate, Propionibacterium was pre-
sent; members of this genus survive on the skin, for example around seba-
ceous glands (Brook and Frazier 1991; Mollerup et al. 2016).



ERDC TR-20-22

17

Figure 8. PCoA plot displaying dissimilarity between communities collected on indicated
surface types in the built environment. Ordination was generated using the Bray-Curtis
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Figure 9. Bar chart displaying relative abundance of bacteria detected on objects in the built environment reported at the genus level.
The legend lists the top twenty taxa.
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3.2.2 Microbial signatures used for fingerprinting

We tested if we could discern items belonging to individuals by using the
microbial biological signature that remains on an object. A computer
mouse and a pen were swabbed at two individuals’ workstations (work-
station 1 and workstation 2). In the PCoA of the items, PCoA1 and PCoA2
captured 71.8% and 7.7% of the variance, respectively (Figure 10). Inter-
estingly, samples separated along PCoA1 according to workstation rather
than according to item (Figure 10), indicating microbial community simi-
larity between the items from the same workstation and dissimilarity be-
tween items collected at different workstations. The relative abundance at
the genus level demonstrated microbial patterns distinct to each of work-
stations (Figure 9).

To highlight this, Figure 11 displays the average relative abundance of se-
lected bacteria. Workstation 1 (computer mouse 1 and pen 1) had low lev-
els of Staphylococcus and high levels of Pseudomonas, whereas work-
station 2 had high levels of Staphylococcus and low levels of Pseudomo-
nas. The detected levels of Acinetobacter were not significantly different
between the two workstations. This simplified example outlines how select
bacteria or an individual’s microbial community structure could be used as
an identifier. However, further investigation is needed to develop methods
to compare groups of individuals and to evaluate the strength of an indi-
vidual’s signature and the stability of that signature in the built environ-
ment using a machine learning approach. There are multiple machine
learning algorithms in existence, but the most common for microbiome
applications, due to its superior performance, is random forest (Topcuoglu
et al. 2020). Random forest uses a feature table consisting of samples with
abundance information for either sequences or taxonomy and recognizes
patterns for predictive outputs into like groups. More sampling than in the
present study is necessary to have the statistical power to analyze a test
and training dataset. Overall, the use of random forest machine learning
has a promising application in microbiome forensics with humans shed-
ding approximately 10 microbial cells per hour, leaving behind a biologi-
cal deposit that can be unique to each person (You and Chen 2013).
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Figure 10. PCoA plot displaying similarities between communities collected from
computer mice and pens at two individuals’ workstations. Ordination was generated
using the Bray-Curtis dissimilarity metric.
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3.3 Community succession in the built environment

3.3.1 Longitudinal changes in microbiomes of the built environment

To investigate recolonization of a microbial community, we measured lon-
gitudinal changes in the floor microbiome after the removal of the biologi-
cal signatures. Sampling of a 10 x 10 cm square of floor was performed af-
ter cleaning (to), 1 day (t1), and 43 days (t43). When examining the bulk
bacterial biomass, there was a 1.37-fold increase between to and t: and a
49.2-fold increase between to and t43 (Appendix A). We observed differ-
ences between to and t; communities along PCoA 2 and t43along PCoA 1
(Figure 12). We also observed variance between the individual replicates
from each of the first two time points (Figures 12 and 13). After 43 days
(t43), the replicates were similar in both taxa composition and abundance,
indicating the community reached an equilibrium (Figures 12 and 13).

Figure 12. PCoA plot displaying biological signatures detected on the floor after
cleaning (%), 1 day (%), and 43 days (#s). Arrows indicate the progression of the
community. Ordination was generated using the Bray-Curtis dissimilarity metric.
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Figure 13. Bar chart displaying relative abundance at the genus level of floor samples immediately (%), 1 day (%), and 43 days (#s3) after cleaning,
Swabbing at each time point was performed in triplicate. The legend lists the top twenty taxa.
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3.3.2 Microbiome response to perturbation

We further investigated recolonization and succession of microbial com-
munities by surveying microbial communities with and without a disturb-
ance event (cleaning) over time. Three locations of a laboratory floor were
sampled: section 1 (S1), section 2 (S2), and section 3 (S3) (Figure 14). Each
section consisted of two squares, one that was disturbed (clean) and one
that was not disturbed (unclean) (cleaning described in Table 1). Within
each square, we collected three replicate swabbing samples (R1, R2, and
R3) (Figure 14 and Figure 2E). Each section was sampled at the beginning
of the experiment (to) and 43 days (t43) later. Sampling locations were sub-
ject to routine daily use, including janitorial services during the course of
the experiment.

Figure 14. Diagram of experimental setup (not to scale). Each location was
sampled at the beginning of the experiment (&) and 43 days (#3) later.
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The microbial communities of all three floor locations initial (o) unclean
square replicates (S1 to unclean, S2 t, unclean, and S3 to unclean) formed a
tight cluster on the PCoA plot (Figure 15, S1, S2 and S3 blue diamonds)
and show similar community composition (Figure 16). The initial (t,) un-
clean squares, regardless of room location, lacked microbial community
differences, indicating a stable starting community.
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Cleaning the squares (disturbance event) reduced the total bacterial bio-
mass (Appendix A) and changed the microbial community structure (com-
pare blue diamonds to red diamonds, Figure 15). The S3 to clean samples
showed the greatest change due to the disturbance event, with a shift along
PCoA 2 and a steep decline in community diversity (Figures 15 and 16).
The S1 to clean and S2 to clean samples (S1 and S2 red diamonds) cluster
closer to the to unclean samples (S1, S2, and S3 blue diamonds), indicating
that a higher proportion of the starting community remained after clean-
ing (Figure 15). The greater diversity observed in these samples compared
to the S3 to clean samples further supports this notion (Figure 16).

Figure 15. PCoA plot displaying biological signatures detected on clean and
unclean squares located within three sections of the floor (S1, S2, and S3) at the
start of the experiment (%) and 43 days (#3) later. Arrows indicate the
progression of the community. Ordination was generated based on the Bray-
Curtis dissimilarity metric.
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Figure 16. Relative abundance of floor samples immediately (%) and 43 days (#3) after the disturbance event (cleaning). Swabbing was performed in
triplicate at each square for each time point. The legend lists the top twenty taxa.
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After 43 days, the cleaned and uncleaned microbial communities were
similar regardless of the cleaning treatment, as demonstrated by their
close proximity on the PCoA graph (all blue and red triangles, Figure 15).
Interestingly, the community after 43 days was different from the starting
community (Figures 15 and 16). Generally, there was a decrease in Aci-
netobacter and an increase of Comamonas between the initial community
(to unclean samples) and the final community (all t43 samples) (Figure 16).
The appearance of Rheinheimera in all of the t;3 samples is interesting as
it was not present in the initial community, indicating introduction during
the course of the experiment.

Though we observed differences between the initial and final community,
microbial community structure in between these end states is unknown.
More time points would elucidate whether the community had a con-
sistent or irregular trajectory. This would inform better forecasting for fo-
rensics applications.
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4 Conclusions

Here we demonstrated our ability to detect microbial signatures in the
built environment. Microbial signatures were quantified, and analysis of
the community structures showed clear taxonomy and community differ-
ences between touched items and ground samples. In fact, our data show
that microbial community data could effectively link an individual to an
object. Additionally, these preliminary studies investigated community
progression and the establishment of community stability after a disturb-
ance event.

Bio-signatures originating from human skin could provide timely infor-
mation on groups of individuals who are occupying or were passing
through a particular location. Human-associated microbes found in the
built environment have clear advantages since the microbes

a. are indicative of occupants;

b. may undergo characteristic time-evolution pathways, allowing us to
gauge time since the presence of the original human host;

c. carry information about recent activity patterns (e.g., food, sleep,
health, and locations visited) and cultural characteristics;

d. could be hard to counter, as a person sheds one million skin cells per
day with associated microbiota; and

e. may provide information on family associates through shared microbes.

More-detailed studies are needed to develop methods to compare groups
of individuals and to evaluate the strength of an individual’s signature and
the stability of that signature in the built environment. Finally, the role of
disturbance (i.e., cleaning products or introduction of a new individual)
and how it may impact the trajectory of the microbial communities is
poorly understood. If the microbial communities undergo succession in re-
peatable patterns, then it may be possible to predict the time that the dis-
turbance occurred. Research in this area would therefore offer new, inno-
vative technologies to track individuals in the built environment.
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Appendix A: Supplemental Figure

Figure A-1. Bacterial abundance detected in the built environment. The total bacterial biomass was determined by qPCR from all samples,
swabbing controls, and extraction blanks. The reported 16S rRNA gene copy number are the average of 3-4 replicates. Error bars represent the
standard error. An asterisk denotes a reported average that includes values extrapolated outside the lower end of the standard curve.
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