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ABSTRACT The invasion ecology principles illustrated in many ecosystems have not
yet been explored in the context of fomite transmission. We hypothesized that invaders
in fomite transmission are trackable, are neutrally distributed between hands and envi-
ronmental surfaces, and exhibit a proximity effect. To test this hypothesis, a surrogate
invader, Lactobacillus delbrueckii subsp. bulgaricus, was spread by a root carrier in an
office housing more than 20 participants undertaking normal activities, and the micro-
biotas on skin and environmental surfaces were analyzed before and after invasion.
First, we found that the invader was trackable. Its identity and emission source could be
determined using microbial-interaction networks, and the root carrier could be identified
using a rank analysis. Without prior information, L. bulgaricus could be identified as the
invader emitted from a source that exclusively contained the invader, and the probable
root carrier could be located. In addition to the single-taxon invasion by L. bulgaricus,
multiple-taxon invasion was observed, as genera from sputum/saliva exhibited co-occur-
rence relationships on skin and environmental surfaces. Second, the invader had a
below-neutral distribution in a neutral community model, suggesting that hands
accrued heavier invader contamination than environmental surfaces. Third, a proximity
effect was observed on a surface touch network. Invader contamination on surfaces
decreased with increasing geodesic distance from the hands of the carrier, indicating
that the carrier’s touching behaviors were the main driver of fomite transmission. Taken
together, these results demonstrate the invasion ecology principles in fomite transmis-
sion and provide a general basis for the management of ecological fomite transmission.

IMPORTANCE Fomite transmission contributes to the spread of many infectious dis-
eases. However, pathogens in fomite transmission typically are either investigated
individually without considering the context of native microbiotas or investigated in
a nondiscriminatory way from the dispersal of microbiotas. In this study, we adopted
an invasion ecology framework in which we considered pathogens as invaders, the
surface environment as an ecosystem, and human behaviors as the driver of micro-
bial dispersal. With this approach, we assessed the ability of quantitative ecological
theories to track and forecast pathogen movements in fomite transmission. By
uncovering the relationships between the invader and native microbiotas and
between human behaviors and invader/microbiota dispersal, we demonstrated that
fomite transmission follows idiosyncratic invasion ecology principles. Our findings
suggest that attempts to manage fomite transmission for public health purposes
should focus on the microbial communities and anthropogenic factors involved, in
addition to the pathogens.
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Contaminated environmental surfaces are known to spread infectious diseases
through contact and carriage of hands (i.e., fomite transmission). Studies investi-

gating the strength and extent of fomite transmission have largely been conducted
within the scopes of separate scientific disciplines. For example, epidemiologists focus
on pathogen viability and spatial distribution (1–4), ecologists focus on the dispersal of
microbiotas between individuals and environmental surfaces (5–10), and engineers
focus on the mechanisms of transmission dynamics (11–15). Despite advances in our
understanding of fomite transmission, pathogens are typically studied individually or
in a nondifferentiated way from the dispersal of microbiotas.

There is increasing awareness of the value of applying invasion ecology principles
(16–18) to understand the fate of pathogens following invasion into the ecosystems of
humans (18–22), animals (23–25), and plants (26–29). As such, invasion ecology princi-
ples can serve as a foundation for developing improved pathogen management strat-
egies. For example, the decreases in human gut microbial diversity after the use of
antibiotics to treat Clostridioides (formerly Clostridium) difficile (19–21) and elimination
of pathogens from water bodies via ozonation and UV irradiation (24, 25) can lead to
an unexpected proliferation of other pathogens. These phenomena are in line with the
diversity-invasibility hypothesis (16, 30), which posits that microbial diversity is inver-
sely correlated with pathogen invasion success because of resource competition.
Numerous pathogen management strategies have been developed to address this
issue, such as introducing a nonpathogenic invader strain that can fill the niche va-
cancy (19), introducing ecological K-strategists (mature microbial communities) that
act as keystone species to stabilize microbial interactions (23–25), and transplanting a
healthy, homeostatic microbial community (20, 24). Despite the relevance of invasion
ecology principles to the aforementioned ecosystems, similar principles have not yet
been explored in the context of fomite transmission.

Adopting an invasion ecology framework that treats the surface environment as an
ecosystem and pathogens as invaders may enhance our understanding of fomite trans-
mission. Fomite transmission may follow idiosyncratic invasion ecology principles, an
understanding of which could serve as a basis for the development of ecological
approaches to manage fomite transmission. For example, if an invader exhibits co-
occurrence relationships with other taxa, it is reasonable to conjecture that they share
an emission source, e.g., sputum or feces, and wearing masks and improving restroom
hygiene could manage their invasion. If an invader is neutrally distributed between
hands and environmental surfaces, then interventions should focus on both hand and
surface hygiene. If invader transmission is mainly driven by the touching behaviors of
infected individuals, locating and quarantining these individuals should be prioritized.

We hypothesized that fomite transmission follows invasion ecology principles. That is,
invaders in fomite transmission are trackable, are neutrally distributed between hands
and environmental surfaces, and exhibit a proximity effect (Fig. 1). To test our hypothesis,
we conducted two independent unsupervised field experiments in an office environment
between 8 a.m. and 9 p.m. with 26 and 23 participants (Fig. 2a and b). The office environ-
ment was chosen because it offers a realistic simplification of a complex built environ-
ment, with manageable environmental variables, including temperature, humidity,
hygiene, layout, and occupancy. Lactobacillus delbrueckii subsp. bulgaricus (L. bulgaricus),
a nontoxic, non-human-origin, Gram-positive bacterium that shares cell envelope proper-
ties with common Gram-positive nosocomial bacterial pathogens (31) (e.g., methicillin-re-
sistant Staphylococcus aureus and vancomycin-resistant Enterococcus), was selected as the
surrogate invader (32). During each experiment, L. bulgaricus was introduced approxi-
mately every 30 min via the hands of an unrevealed root carrier. Microbiotas on skin and
environmental surfaces were extensively sampled prior to invader introduction and at the
end of the experiments. The touching behaviors of the participants throughout the exper-
imental periods were recorded by cameras. We tested the trackability of the invader using
a microbiota-invader network (MIN), a microbiota co-occurrence network (MCN), and a
rank analysis, the neutrality of the invader during touches using a neutral community
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model (NCM), and the invader proximity effect using a surface touch network (STN).
Based on our findings, we argue that applying invasion ecology principles to fomite trans-
mission may improve endemic forecasting, management strategy development, and the
understanding of environmental public health.

RESULTS
Microbiota compositional drift through surface touches. The offices were initially

free of the invader. At the end of the experiments, hands, public surfaces, some objects on
desks (e.g., cups), and chair surfaces (e.g., seatbacks) were highly contaminated with the
invader, whereas faces and phones were the least contaminated surfaces (Fig. S1a to d).
Figure 3a and b show the microbiota compositional drift on surfaces during the experi-
ments. The surfaces on the principal coordinates analysis (PCoA) biplots are distributed
in a ternary graph structure for both experiments, where the three points represent skin
and inanimate surfaces highly contaminated with the invader (the arrow direction of L.
bulgaricus), uncontaminated skin (bottom left), and uncontaminated inanimate surfaces
(top left). Phones showed higher dissimilarities in microbiota composition than other inani-
mate surfaces and skin (Fig. S1e and f). During the 13-h experiment 1, microbiota homogeniza-
tion was significant on hands (paired Mann-Whitney test, Phand = 2.2� 10216) but not on faces
or phones (Fig. 3c; many negative-control samples in experiment 2 were low in biomass and
thus could not be sequenced to generate a meaningful density plot). The observed homoge-
nization could be explained by the touching behaviors of the participants. Their hands were in
contact with more surfaces (network degree in the STN), and with higher frequencies (network
weighted degree in the STN), than their faces and phones (Table S1). We reported the detailed
surface touch data in a previous publication (15).

The invader was trackable in that its identity and emission source could be
determined, and the root carrier could be located. The results of MINs, MCNs, and
the ranks of surface contamination with the invader by participant can be combined to
reveal the identity of the invader, its emission source, and its root carrier in scenarios
where no prior invader information is available. Probable invaders (i.e., those with the
highest network degrees) were identified using the MINs (Fig. 4a and b). L. bulgaricus
was identified as the most probable invader in both experiments (Table S2).

The MCNs revealed co-occurrence relationships during touches (Fig. 4c and d). The
hub genera with the highest network degrees varied between the experiments. However,

FIG 1 Hypotheses of invasion ecology principles in fomite transmission. Invaders in fomite transmission (a) are trackable (their
identities and emission sources can be determined, and root carriers can be located), (b) are neutrally distributed between
hands and environmental surfaces, and (c) exhibit a proximity effect.
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six genera (species level shown in Table S3)—Streptococcus, Haemophilus, Neisseria,
Actinomyces, Rothia, and Gemella—were in the same network communities in both
experiments (pairwise correlations shown in Fig. S2), indicating their co-occurrence
relationships. As they were the most prevalent genera identified in sputum (33) and sa-
liva (34), their co-occurrence relationships may originate from these common sources.
The most probable invader, L. bulgaricus, was repulsed from the center of the force-
directed MCNs due to its barely detectable co-occurrence relationship with other
genera. This result indicates that, consistent with the experimental design, L. bulgari-
cus was emitted from an environmental source that exclusively contained L. bulgari-
cus rather than a human body source, which would result in a co-occurrence relation-
ship with human native taxa, as demonstrated by the six sputum/saliva-associated
genera.

Ranks of surface contamination with the highest relative abundance of L. bulgaricus
by participant narrowed down the most probable root carriers (Fig. 4e). As expected,
participants P19 (experiment 1) and P5 (experiment 2) were identified as the root car-
riers. P24 was also unexpectedly identified as a probable root carrier in experiment 1.

FIG 2 Sampling locations and spatial distribution of the invader. Sampling locations and spatial distribution of the invader illustrated in schematic floor
plans for (a) experiment 1 and (b) experiment 2. Surfaces shown in gray were not sampled. Surfaces with the dot pattern were sampled, but the
corresponding samples had a low biomass and could not be sequenced. Surfaces outlined in green belong to carriers P19 and P5 in experiments 1 and 2,
respectively. This schematic was adopted and modified from the floor plans previously reported by Wang et al. (15).
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The STN bipartite projection showed that P24 had the highest interpersonal intimacy
with P19, indicating that the two participants closely interacted during the experiment.
These findings demonstrate that MINs, MCNs, and the ranks of invader contamination by
participant can be used to determine the identity and emission source of the invader
and the probable root carriers without prior invader information.

The invader was below neutral in that hands accrued heavier invader
contamination than environmental surfaces. Using the NCM, we determined that
the invader introduced in the experiments was in the below-neutral partition (75% of
the invader amplicon sequence variants [ASVs] were below neutral for both experi-
ments [Fig. 5a and b]; 74% and 75% were below neutral in subsample bootstrapping
for experiments 1 and 2, respectively). That is, hands accrued heavier invader contami-
nation than private inanimate surfaces, even with frequent handwashing (0.44 and
0.34 time/person/h for experiments 1 and 2, respectively). Similar to the statistically
significant microbiota homogenization observed on hands (Fig. 3c), this phenomenon

FIG 3 Microbiota compositional drift through surface touches. Microbiota compositional similarities between surfaces indicated by Bray-Curtis dissimilarity
and visualized by PCoA biplots for (a) experiment 1 and (b) experiment 2. Larger nodes represent negative-control samples (from hands, faces, and
phones) collected before the experiments, and smaller nodes represent the samples collected at the end of the experiments. Arrows from larger to smaller
nodes indicate the direction of microbiota compositional drift on the corresponding surfaces during the experiments. The surface type “desk” includes
computer mice, keyboards, cups, and desks, and “chair” includes left and right chair arms and chair seatbacks. Arrows stemming from the coordinate
origins denote the explanatory variables (the 10 most abundant genera in each experiment, including the invader L. bulgaricus) projected onto the PCoA
coordination. (c) Density plot demonstrating microbiota homogenization on hands, faces, and phones during experiment 1. The vertical bars show the
means. Invader ASVs were excluded from the analysis.
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FIG 4 The invader was trackable in that its identity and emission source could be determined, and the root carrier could be located. MINs with Fruchterman-
Reingold force-directed layouts for the 50 most abundant genera (including the invader species L. bulgaricus) for (a) experiment 1 and (b) experiment 2. The

(Continued on next page)
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could be explained by the touching behaviors of the participants. Their hands were in
contact with more surfaces, and with higher frequencies, than private inanimate surfa-
ces (detailed surface touch data were previously reported [15]). Sixty percent of the
ASVs were consistent in NCM partitions between the experiments. Among these, 83%
were above neutral.

Indicator ASVs, i.e., those that had statistical indicative powers for hands and private in-
animate surfaces, were selected using a random forest model (Fig. 5c; error rateinanimate =
14%, error ratehand = 6%; area under curve = 0.98). The indicator ASVs for hands and pri-
vate inanimate surfaces agreed with the NCM partition and appeared to be below neutral
and above neutral, respectively. The exceptions were the ASVs assigned to Cutibacterium
acnes, Corynebacterium tuberculostearicum, and Staphylococcus caprae, which were indica-
tors for hands because of their higher occurrences (i.e., the proportion of samples in which
an ASV was present) and mean relative abundances on hands, but they exhibited high dis-
persal abilities and were neutrally distributed between hands and private inanimate surfa-
ces. Most indicator ASVs were above neutral (57%), similar to the NCM partition, in which
most ASVs that were consistent in the NCM partitions between the experiments were

FIG 4 Legend (Continued)
probable invaders with the highest network degrees are marked in red. Genera with no neighbors are not shown. MCNs with Fruchterman-Reingold force-
directed layouts for the 50 most abundant genera (including the invader species L. bulgaricus) for (c) experiment 1 and (d) experiment 2. Names of the hub
genera with the highest network degrees (vertices with black borders), six sputum/saliva-associated genera (bold genus names), and the invader are marked.
Network communities are denoted by different vertex colors. (e) Invader contamination ranked by participant. Lines and shaded areas represent means 6 0.2
standard deviation. Participants P19 and P5 were the root carriers for experiments 1 and 2, respectively.

FIG 5 The invader was below neutral in that hands accrued heavier invader contamination than environmental surfaces. Fit of the NCM at the ASV level
using pooled hand samples as a source and private inanimate surfaces as the sink community for (a) experiment 1 and (b) experiment 2. Lines and shaded
areas represent expected occurrences and 95% confidence intervals, respectively. The four invader ASVs are marked with black borders. The ASVs
consistent in the NCM partitions between the experiments are highlighted. (c) Indicator ASVs that had statistical indicative powers for hands and private
inanimate surfaces using a random forest model. The ASVs ranked in the top 20 for losses in both prediction accuracy and Gini index (feature variable
impurity in the random forest model) when that particular ASV was removed from the random forest model are shown. CV, coefficient of variation.
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above neutral (83%), indicating a higher diversity of microbiotas on inanimate surfaces
than on hands.

The invader exhibited a proximity effect in that invader contamination on
surfaces decreased with increasing geodesic distance from the hands of the
carrier. The ranks of surface contamination with the invader by participant show that
the private inanimate surfaces of the root carriers accrued higher invader contamina-
tion than the surfaces of the other participants (Fig. 4e). This phenomenon was due to
the invader proximity effect, in which invader contamination on private inanimate
surfaces decreased with increasing geodesic distance (the lowest number of edges con-
necting two vertices) from the hands of the carrier in the STNs (Fig. 6a and b) (Dunn test:
Padj,Exp1,122 = 3.0 � 1027, Padj,Exp1,223 or 11 = 0.024, Padj,Exp2,122 = 0.044, Padj,Exp2,223 or 11 =
0.672 [Fig. 6c and d]). The proximity effect was also observed at the community level, as the
microbiota contribution of carriers to private inanimate surfaces decreased with increasing
geodesic distance from the hands of the carrier (Fig. 6e and f). The contributions of the sur-
face owners’ “best friends,” who had the highest interpersonal intimacies with the surface
owners in the STN bipartite projection, were consistent with the different geodesic distances
(13% and 14% for experiments 1 and 2, respectively). The above-neutral microbiota made rare
contributions, suggesting that although individual above-neutral ASVs were likely to be indica-
tors of inanimate surfaces, they were collectively not compositionally similar to inanimate-
surface microbiotas. High-touch private inanimate surfaces, as indicated by eigencentrality
(a vertex measure that accounts for the centrality of a vertex and its neighbors), did not accrue
higher levels of contamination than low-touch private inanimate surfaces (Fig. S3a to d).

DISCUSSION

In this study, we applied invasion ecology principles to fomite transmission, demonstrating
that the invader was trackable, was below neutral, and exhibited a proximity effect. Without
prior invader information, the MINs, MCNs, and the ranks of surface contamination with the in-
vader by participant jointly revealed that L. bulgaricus was the invader emitted from a source
that contained no other bacteria and identified the probable root carriers who introduced the
invader. The inference agreed with the experimental design that L. bulgaricus was the deliber-
ately introduced invader. The NCMs demonstrated that hands accrued heavier invader con-
tamination than environmental surfaces. Therefore, invader management requires hand
hygiene routines. The STNs indicated that carriers’ touching behaviors were the main drivers
of invader fomite transmission. As carriers can be only retrospectively identified, the cleaning
of public surfaces, including door handles and buttons, which accrued high levels of invader
contamination, should be prioritized.

Implementing targeted management strategies based on the co-occurrence
relationships of an invader. In addition to the single-taxon invasion demonstrated in
the experiments, multiple-taxon invasion of an invader and human native taxa is also
very likely due to phylogenetic (35) and physical mechanisms if an invader originates
from inside human bodies. This phenomenon has been observed with Streptococcus,
Haemophilus, Neisseria, Actinomyces, Rothia, and Gemella, as they are derived from
common media (sputum [33] and saliva [34]) and demonstrate co-occurrence relation-
ships. By extracting the co-occurrence relationships of an invader with other taxa in a mi-
crobial population using the MCN, we can substantially enhance our ability to identify the
emission source of an invader and implement management strategies accordingly. For
example, a recent study on the coronavirus disease 2019 (COVID-19) pandemic found
that severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) had a co-occurrence
relationship with Rothia dentocariosa in samples from hospitalized COVID-19 patients and
environmental surfaces in the hospital environment, but the underlying mechanism was
speculative (36). Using an MCN to overlay information about invaders with the underlying
native microbiota composition, viewing SARS-CoV-2 as the invader and viewing R. dento-
cariosa, which demonstrates co-occurrence relationships with sputum/saliva microbiota, as a
native species of the pulmonary tract and oral cavity, we suggest that the two species co-
invaded the hospital environment in emitted sputum and saliva as a result of their co-
occurrence relationship. In this case, wearing face masks, rather than hand and surface
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hygiene measures, should be prioritized to manage the SARS-CoV-2 invasion. Similarly,
in cases where co-occurrence relationships are identified between an invader and
feces-associated taxa in environments with poor hygiene, restroom hygiene should be
prioritized.

Improving the understanding of environmental public health by adopting an
invasion ecology framework. NCMs can serve as theoretical frameworks for monitoring
the invasion ecology of fomite transmission over time and identifying the collapse tipping
point of a surface ecosystem at which an invader becomes established on the environmental

FIG 6 The invader exhibited a proximity effect in that invader contamination on surfaces decreased with increasing geodesic distance from the hands of
the carrier. STNs with focal layouts for (a) experiment 1 and (b) experiment 2. The vertices representing surfaces are arranged in concentric circles based on
the geodesic distance from the hands of the carrier, which are in the center of the network. Surfaces with no neighbors are not shown. The edge width
represents the log10-transformed number of touches between two surfaces. Box plots showing the distribution of the invader on private inanimate surfaces
based on their geodesic distance from the hands of the carriers for (c) experiment 1 and (d) experiment 2. Box plots show the quartiles, and their means
are represented by diamonds. Microbiota source tracking showing the contribution of sources to sinks (private inanimate surfaces) based on their geodesic
distance from the hands of the carriers for (e) experiment 1 and (f) experiment 2. Note that the sample sizes for panels e and f are smaller than those for
panels c and d, respectively, because only the sinks in which the sources, i.e., the owner, the owner’s “best friend,” and the carrier, were three different
individuals were analyzed to avoid duplication.
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surfaces. When an invader is first introduced, it appears to be below neutral. As active invasion
proceeds, the mean relative abundance of the invader on environmental surfaces and hands
may gradually decrease because environmental factors such as temperature, humidity, and
resource availability could become unfavorable to the growth of the invader in new environ-
ments (30). However, the occurrence of the invader on environmental surfaces may remain
stable if the invader evolves phasic lifestyles to prevent die-off (30). These processes are
reflected in the NCM as a switch in invader neutrality from below neutral (selected by hands)
to above neutral (selected by environmental surfaces). Therefore, the switching of invader
neutrality serves as the collapse tipping point, reflecting active invasion on environmental
surfaces to establish an initial invader population.

The native microbiotas on environmental surfaces, which had a higher diversity
than the microbiotas on hands in our experiments, tend to exhibit resilience against
fomite transmission in the long term. This is supported by the diversity–invasibility hy-
pothesis, because microbial communities with higher diversity are more likely to host
species that are superior to invaders in terms of competition for resources (17). In par-
ticular, indicator species, as the ecological K-strategists that facilitate interspecies inter-
actions, may have an important role in shaping resilience (25). The diversity–invasibility
relationship also informs the feasibility of managing ecological fomite transmission.
Although the traditional approaches of broad-spectrum disinfection and frequent
cleaning have greatly improved surface hygiene, they also alter surface ecosystems by
decreasing microbial diversity, leaving surfaces vulnerable to invasion. Instead, ecologi-
cal approaches that build the resilience of a surface ecosystem against invaders should
focus on surface materials (for microbial adhesion and biofilm formation) (37) and mu-
tualism within the surface microbial community. Ecological approaches to improve mu-
tualism include introducing a nonpathogenic invader strain to fill the niche vacancy (19,
38), introducing a group of ecological K-strategists (23–25), and transplanting a healthy
microbial community to ensure resource utility (20, 24). However, caution should be exer-
cised to avoid the opportunistic initiation of infection during introduction or transplanta-
tion processes and the unexpected emergence of antimicrobial-resistant microorganisms
through horizontal gene transfer (39).

The invader proximity effect highlights anthropogenic “natural” dispersal (i.e., car-
riers’ touching behaviors) in invasion ecology during fomite transmission. Therefore,
the invasion ecology of fomite transmission differs from that observed in ecosystems
where an invader is likely to be introduced by natural dispersal. An active carrier may
support the continuous dispersal of an invader (termed the “introduction effect” or
“propagule pressure” [40]) for its initial establishment on environmental surfaces
against stochastic events (17). In other words, a human-mediated introduction effect
may be a frequent feature of fomite transmission. As a result, the invasion success of
fomite transmission, reflected by invader population growth and site expansion, may
exceed 0.1% (baseline as estimated by the tens rule [16, 28], an invasion ecology hy-
pothesis) because a high introduction effect may temporarily uncouple the diversity-
invasibility relationship for invasion (16, 40).

Implications for environmental public health. In summary, we demonstrated the
potential of adopting an invasion ecology framework that synthesizes epidemiological
and ecological efforts to enhance our ability to manage fomite transmission in our
simulated experiment. We also demonstrated an application of the invasion ecology
framework in the real-world scenario by analyzing and incorporating the results of a
case from the COVID-19 pandemic (36). We found that the identity and emission
source of the invader could be determined, and the probable root carriers could be
identified. Different targeted environmental intervention strategies should be imple-
mented based on invader co-occurrence relationships (e.g., maintaining hand and sur-
face hygiene or wearing masks). We also found that the invader was below neutral in
the NCM, with hands accruing heavier invader contamination than environmental
surfaces. The microbiotas on environmental surfaces, which has a higher diversity than
the microbiotas on hands, tend to shape resilience against fomite transmission in the
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long term. The NCM serves as a theoretical framework to capture the tipping point of a
surface ecosystem at which an invader becomes established on environmental surfaces.
Within this framework, the switching of invader neutrality from below neutral to above neu-
tral represents the tipping point. Moreover, the invader exhibited a proximity effect. The car-
riers’ touching behaviors were the main driver of fomite transmission. The human-mediated
introduction effect distinguishes the invasion ecology of fomite transmission from that of
other ecosystems. Although we demonstrated that fomite transmission follows invasion
ecology principles, we conducted only two 13-h experiments with extensive sampling in
an office environment. Long-term experiments in health care and household environ-
ments that track an invader from dispersal to final establishment or die-off are warranted
to further elucidate the invasion ecology of fomite transmission. A more exclusive surro-
gate invader that is not associated with built environments should be used to reduce the
potential risks of background contamination. Moreover, more advanced tools, such as
metagenomic and metatranscriptomic sequencing, should be applied to assess viable mi-
crobial populations, opportunistic invaders, and cross-domain microbial interactions at
the strain level. Nevertheless, this study provides a foundation for developing ecological
approaches to manage fomite transmission.

MATERIALS ANDMETHODS
Experimental design. This study was approved by the Human Research Ethics Committee of the

University of Hong Kong (reference number EA1811019). Informed consent was obtained from all
participants.

To test our hypothesis, the externally introduced bacterium L. bulgaricus (ATCC 11842) was selected as a sur-
rogate invader for common Gram-positive bacterial pathogens. Two independent unsupervised field experiments
were conducted in two student offices on two consecutive sunny Saturdays between 8 a.m. and 9 p.m. at
Tsinghua University, Beijing, China. The first experiment had 26 participants, and the second had 23. All partici-
pants were graduate students or visiting scholars from the university who were informed of the purpose of the
study but blind to the invader source location. Surface touch data and surface microbiota data were collected. To
collect the touch data, the participants’ activities were recorded using 22 ceiling cameras and analyzed at a 1-s re-
solution (41). Detailed information about the touching behaviors of the participants was previously reported (15).
To collect the microbiota data, each test surface was initially sampled using two swabs (552C; Copan, USA): a wet
swabmoistened with phosphate-buffered saline (806544; Sigma-Aldrich, USA) and a dry swab to collect the resid-
ual liquid. The sampled surface areas are listed in Table S4. Genomic DNA was extracted using a DNeasy
PowerSoil kit (Qiagen, Germany), and the V3-V4 regions of the 16S rRNA genes were amplified using the primers
341F and 806R and analyzed by amplicon sequencing (Novogene, China). The resulting raw amplicon sequenc-
ing data were used to infer ASVs using the R package dada2 (v1.16.0) (42) (details provided in Text S1).
Microbiota data quality control was performed as described in Text S1. After the ASV inference and microbiota
data quality control steps, an average of 64,181 high-quality sequence reads per sample were retained (62.8% of
raw reads). Microbiota data diagnostics included rarefaction curves (Fig. S4a), which demonstrated that the alpha
diversities converged at a rarefaction depth of 30,000 reads, and sequencing depth distribution (Fig. S4b), which
demonstrated that most samples met the sequencing depth threshold of 30,000 reads. The invader L. bulgaricus
was identified based on four ASVs (99.5% similar) detected in the stock solutions.

The night before the experiments were performed, the surfaces in the offices were thoroughly
cleaned with a 2% sodium hypochlorite solution (239305; Sigma-Aldrich, USA). Before beginning the
experiments, the background invader contamination levels in the offices were measured by randomly
collecting samples from five desks, five computer mice, two water dispenser buttons, two door handles,
one printer screen, and one printer button (printer samples were collected only in experiment 2) for
each experiment. Samples were analyzed via a quantitative PCR assay with a detection limit of ;1,000
copies of the L. bulgaricus proline iminopeptidase (pepIP) gene per sample (32). The copy numbers of
the pepIP gene in these samples were all below the detection limit. The L. bulgaricus genome has one
copy of pepIP gene, hence the pepIP gene copy number is equivalent to the number of L. bulgaricus cells.
The participants consented to refrain from consuming certain dairy products the day before and during
the experiments to avoid contaminating the test sites with food-derived L. bulgaricus.

During the experiments, one participant was selected as the root carrier to spread the invader by
applying a 1.5 mL stock solution (preparation method described by Wang et al. [32]) containing approximately
1.2 � 107 cells of L. bulgaricus to the carrier’s hands approximately every 30 min. Before entering the offices,
the participants cleaned their hands, faces, and phones with disinfectant wet wipes, and three samples (one
for both hands, one for both sides of the face, and one for the phone) were collected as negative controls.
Distilled water was provided for the participants to rinse their mouths before entering the offices for the first
time and after meals. Surface samples (from public inanimate surfaces, including door handles, door buttons,
water dispenser buttons, and a printer screen [only in experiment 2]; private inanimate surfaces, including
phones, computer mice, keyboards, cups, desks, chair arms, and chair seatbacks; and skin on the hands and
face) were collected at the end of the experiments. For participants who left early, samples were collected
from their hands, faces, and phones immediately before they left. Samples from unoccupied desks were used
as negative controls to identify environmental contaminant ASVs.
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Microbiota invader network and microbiota co-occurrence network. Pairwise similarity-based MINs
and MCNs (35, 43) were applied to identify invaders that were normally absent in the test environment and
co-occurrence relationships between genera, respectively. The networks were constructed using the 50
most abundant genera (including the invader species) as vertices and Spearman’s r values between genera
as edges. First, a genus table was constructed from an ASV table, in which ASVs unassigned at the genus
level were removed and ASVs assigned to the same genus were pooled. Then, r values between genera
were calculated as cor.test(genusi, genusj, method = “spearman”), excluding surfaces on which both genusi
and genusj were zero, which were removed beforehand. Statistical significance levels from multiple tests
were adjusted using the false discovery rate, and r values with adjusted significance levels equal to or
greater than 0.05 were removed from the downstream MIN and MCN construction. The network character-
istics were calculated using the R package igraph (v1.2.6) (44).

The MINs were constructed using negative r values as edges. In the MINs, each genus was treated
as the invader once, and the other genera were treated as native surface genera. We assumed that the
mean relative abundance of a native genus was pnative, with a small variance before the invader was
introduced to the test environment. Once an invader was introduced, pnative = qnative/(1 2 qinvader), where
q is the relative abundance of a genus on an invader-contaminated surface. That is, qnative and qinvader
were negatively correlated because qnative = 2pnative � qinvader 1 pnative. The negative correlation was indi-
cated by a negative r value. An invader was expected to have the highest number of negative correla-
tions with the other genera, i.e., the highest network degree in an MIN.

The MCNs were constructed using positive r values as edges. In the MCNs, we assumed that the
absolute abundances of two genera with a co-occurrence relationship were positively correlated, and their corre-
lation could be measured by positive r values. Using the relative abundances of genera obtained from amplicon
sequencing, the same r value was obtained as when absolute abundances were used because r measures the
rank correlation. A group of genera with co-occurrence relationships was expected to demonstrate pairwise posi-
tive correlations and, therefore, form a network community in an MCN. Greedy optimization of network modular-
ity (a structural measure that indicates the strength of a division of a network into communities) was used for
community detection. In practice, r3 values were used as edges to increase edge weight heterogeneity, provid-
ing a finer division of the network into communities. The genera that displayed the strongest co-occurrence rela-
tionships, i.e., were in the same community for each experiment, and the communities that demonstrated the
greatest similarity between the experiments, as measured by length(intersect(communityi, communityj))/length
(union(communityi, communityj)), were selected.

Neutral community model. An NCM (45–47) was built to determine the neutrality of each ASV dur-
ing touches. The NCM hypothesizes that dispersal and demographic drift (stochastic deaths and births),
instead of environmental selection, have a key role in shaping the structure of a microbial community.
Briefly, an ASV with a higher relative abundance in a source was expected to have a higher occurrence in a sink
community if dispersal and demographic drift were important ecological forces. In this study, hand samples were
pooled as a single source, and private inanimate surfaces constituted the sink community (excluding source and
sink samples belonging to the carrier). To determine the expected occurrence of each ASV (within the 854 most
abundant ASVs) in the sink community, first, the relative abundance of each ASV in the pooled source was noted
as the probability PASV. The cumulative beta distribution with the upper tail was then used to formulate the
expected occurrence for each ASV in the sink community as pbeta(threshold of relative abundance = 1/N,
shape1 = N� PASV � m, shape2 = N� (12 PASV)� m), where N is the number of ASVs in a sample and a single
free parameter subject to optimization, m, describes the probability of dispersal from a source following a sto-
chastic death within a sink, as opposed to 12 m, the probability of a stochastic birth.

Next, maximum-likelihood estimation was used to optimizem and determine the expected occurrence for
each ASV. The detailed formula derivation and numerical implementation method were previously described
by Sloan et al. (46) and Burns et al. (47), respectively. Finally, the variabilities of the expected occurrences were
calculated using 95% binomial Wilson score confidence intervals. The above-neutral ASVs (above the upper
bound of the confidence intervals), and the below-neutral ASVs (below the lower bound of the confidence
intervals) were considered overrepresented and underrepresented, respectively, in the sink community. That is,
the NCM hypothesis was rejected, and these ASVs were shaped mainly by ecological selection by the sink and
source environments, respectively. Likewise, the ASVs that fell within the confidence intervals were neutrally
distributed. That is, the NCM hypothesis could not be rejected, and these ASVs were shaped mainly by disper-
sal and demographic drift. The neutralities of the invader ASVs were further verified by bootstrapping at a 90%
subsample size with 1,000 simulations.

Surface touch network. STNs were constructed to investigate the invader proximity effect (15). A
vertex represented a surface (two hands of a participant were pooled as one surface), and an edge rep-
resented the log10-transformed number of touches between two surfaces. The geodesic distance from
the hands of the carrier and eigencentrality for each surface were calculated, and their relationships
with invader contamination were investigated. Invader contamination was measured by the relative
abundance of the invader at the species level and the microbiota contribution from the carrier at the
community level using microbiota source tracking.

Network bipartite projection onto hands was used to identify the “best friends” of the participants
for microbiota source tracking. The projection function measured interpersonal intimacies as follows:

Wu;v ¼
X

nbr

ðWu;nbr;direct �Wv;nbr;directÞ14 1Wu;v;direct

where u and v are two hands representing two participants, nbr is a neighbor surface of both u and v,
Wdirect is the edge weight between two surfaces, and W is the projected edge weight between two
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hands. A higher value for W indicated a higher level of intimacy. The best friend of participant u was
defined as participant v, who had the highestWu,v for u.

Other models and statistical tests. PCoA biplots were constructed using the R packages vegan
(v2.5-6) (48) and ape (v5.4-1) (49) to determine the microbiota compositional drift through surface touches
(details provided in Text S1). A random forest model was built using the R package randomForest (v4.6-14)
(50) to identify the indicator ASVs that had statistical indicative powers for hands and private inanimate
surfaces (details provided in Text S1). Microbiota source tracking was conducted using the R package FEAST
(v0.1.0) (51) to investigate the invader proximity effect at the community level (details provided in Text S1).
All statistical tests were conducted in R (v3.6.2) (52). Data visualization was conducted using the R package
ggplot2 (v3.3.2) (53).

Data availability. Raw sequence reads (550 samples) from this study have been deposited in the
NCBI SRA under BioProject no. PRJNA725971.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
TEXT S1, DOCX file, 0.03 MB.
FIG S1, TIF file, 2.8 MB.
FIG S2, TIF file, 0.4 MB.
FIG S3, TIF file, 2.4 MB.
FIG S4, TIF file, 1.8 MB.
TABLE S1, XLSX file, 0.01 MB.
TABLE S2, XLSX file, 0.01 MB.
TABLE S3, XLSX file, 0.01 MB.
TABLE S4, XLSX file, 0.01 MB.

ACKNOWLEDGMENTS
This study was supported by the HK Research Grants Council Collaborative Research

Fund (grant number C7025-16G) and the University of Hong Kong-Zhejiang Institute of
Research and Innovation Seed Funding Scheme (grant number 04004).

We thank Pengcheng Zhao at the University of Hong Kong for the constructive
criticism of the manuscript.

We declare no competing interests.

REFERENCES
1. Bin SY, Heo JY, Song M-S, Lee J, Kim E-H, Park S-J, Kwon H-i, Kim S, Kim Y-i,

Si Y-J, Lee I-W, Baek YH, Choi W-S, Min J, Jeong HW, Choi YK. 2016. Envi-
ronmental contamination and viral shedding in MERS patients during
MERS-CoV outbreak in South Korea. Clin Infect Dis 62:755–760. https://
doi.org/10.1093/cid/civ1020.

2. Chia PY, Coleman KK, Tan YK, Ong SWX, Gum M, Lau SK, Lim XF, Lim AS,
Sutjipto S, Lee PH, Son TT, Young BE, Milton DK, Gray GC, Schuster S,
Barkham T, De PP, Vasoo S, Chan M, Ang BSP, Tan BH, Leo Y-S, Ng O-T,
Wong MSY, Marimuthu K, Lye DC, Lim PL, Lee CC, Ling LM, Lee L, Lee TH,
Wong CS, Sadarangani S, Lin RJ, Ng DHL, Sadasiv M, Yeo TW, Choy CY,
Tan GSE, Dimatatac F, Santos IF, Go CJ, Chan YK, Tay JY, Tan JY-L, Pandit
N, Ho BCH, Mendis S, Chen YYC, Abdad MY, Singapore 2019 Novel Coro-
navirus Outbreak Research Team, et al. 2020. Detection of air and surface
contamination by SARS-CoV-2 in hospital rooms of infected patients. Nat
Commun 11:2800. https://doi.org/10.1038/s41467-020-16670-2.

3. van Doremalen N, Bushmaker T, Morris DH, Holbrook MG, Gamble A,
Williamson BN, Tamin A, Harcourt JL, Thornburg NJ, Gerber SI, Lloyd-Smith
JO, de Wit E, Munster VJ. 2020. Aerosol and surface stability of SARS-CoV-2
as compared with SARS-CoV-1. N Engl J Med 382:1564–1567. https://doi
.org/10.1056/NEJMc2004973.

4. Reynolds KA, Sexton JD, Pivo T, Humphrey K, Leslie RA, Gerba CP. 2019.
Microbial transmission in an outpatient clinic and impact of an interven-
tion with an ethanol-based disinfectant. Am J Infect Control 47:128–132.
https://doi.org/10.1016/j.ajic.2018.06.017.

5. Tong X, Leung MHY, Wilkins D, Cheung HHL, Lee PKH. 2019. Neutral proc-
esses drive seasonal assembly of the skin mycobiome. mSystems 4:
e00004-19. https://doi.org/10.1128/mSystems.00004-19.

6. Leung MHY, Tong X, Wilkins D, Cheung HHL, Lee PKH. 2018. Individual
and household attributes influence the dynamics of the personal skin
microbiota and its association network. Microbiome 6:26. https://doi.org/
10.1186/s40168-018-0412-9.

7. Wilkins D, Leung MHY, Lee PKH. 2017. Microbiota fingerprints lose indi-
vidually identifying features over time. Microbiome 5:1. https://doi.org/10
.1186/s40168-016-0209-7.

8. Ross AA, Doxey AC, Neufeld JD. 2017. The skin microbiome of cohabiting
couples. mSystems 2:e00043-17. https://doi.org/10.1128/mSystems.00043-17.

9. Lax S, Smith DP, Hampton-Marcell J, Owens SM, Handley KM, Scott NM,
Gibbons SM, Larsen P, Shogan BD, Weiss S, Metcalf JL, Ursell LK, Vázquez-
Baeza Y, Van Treuren W, Hasan NA, Gibson MK, Colwell R, Dantas G,
Knight R, Gilbert JA. 2014. Longitudinal analysis of microbial interaction
between humans and the indoor environment. Science 345:1048–1052.
https://doi.org/10.1126/science.1254529.

10. Lax S, Sangwan N, Smith D, Larsen P, Handley KM, Richardson M, Guyton
K, Krezalek M, Shogan BD, Defazio J, Flemming I, Shakhsheer B, Weber S,
Landon E, Garcia-Houchins S, Siegel J, Alverdy J, Knight R, Stephens B,
Gilbert JA. 2017. Bacterial colonization and succession in a newly opened
hospital. Sci Transl Med 9:eaah6500. https://doi.org/10.1126/scitranslmed
.aah6500.

11. Lei H, Li Y, Xiao S, Yang X, Lin C, Norris SL, Wei D, Hu Z, Ji S. 2017. Logistic
growth of a surface contamination network and its role in disease spread.
Sci Rep 7:14826. https://doi.org/10.1038/s41598-017-13840-z.

12. Lei H, Xiao S, Cowling BJ, Li Y. 2020. Hand hygiene and surface cleaning
should be paired for prevention of fomite transmission. Indoor Air 30:
49–59. https://doi.org/10.1111/ina.12606.

13. Zhang N, Li Y, Huang H. 2018. Surface touch and its network growth in a grad-
uate student office. Indoor Air 28:963–972. https://doi.org/10.1111/ina.12505.

14. Xiao S, Jones RM, Zhao P, Li Y. 2019. The dynamic fomite transmission of
methicillin-resistant Staphylococcus aureus in hospitals and the possible
improved intervention methods. Build Environ 161:106246. https://doi
.org/10.1016/j.buildenv.2019.106246.

15. Wang P, Zhang N, Miao T, Chan JPT, Huang H, Lee PKH, Li Y. 2021. Surface
touch network structure determines bacterial contamination spread on

Invasion Ecology Principles in Fomite Transmission mSystems

May/June 2022 Volume 7 Issue 3 10.1128/msystems.00211-22 13

https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA725971
https://doi.org/10.1093/cid/civ1020
https://doi.org/10.1093/cid/civ1020
https://doi.org/10.1038/s41467-020-16670-2
https://doi.org/10.1056/NEJMc2004973
https://doi.org/10.1056/NEJMc2004973
https://doi.org/10.1016/j.ajic.2018.06.017
https://doi.org/10.1128/mSystems.00004-19
https://doi.org/10.1186/s40168-018-0412-9
https://doi.org/10.1186/s40168-018-0412-9
https://doi.org/10.1186/s40168-016-0209-7
https://doi.org/10.1186/s40168-016-0209-7
https://doi.org/10.1128/mSystems.00043-17
https://doi.org/10.1126/science.1254529
https://doi.org/10.1126/scitranslmed.aah6500
https://doi.org/10.1126/scitranslmed.aah6500
https://doi.org/10.1038/s41598-017-13840-z
https://doi.org/10.1111/ina.12606
https://doi.org/10.1111/ina.12505
https://doi.org/10.1016/j.buildenv.2019.106246
https://doi.org/10.1016/j.buildenv.2019.106246
https://journals.asm.org/journal/msystems
https://doi.org/10.1128/msystems.00211-22


surfaces and occupant exposure. J Hazard Mater 416:126137. https://doi
.org/10.1016/j.jhazmat.2021.126137.

16. Jeschke JM. 2014. General hypotheses in invasion ecology. Diversity Dis-
trib 20:1229–1234. https://doi.org/10.1111/ddi.12258.

17. Kinnunen M, Dechesne A, Proctor C, Hammes F, Johnson D, Quintela-
Baluja M, Graham D, Daffonchio D, Fodelianakis S, Hahn N, Boon N, Smets
BF. 2016. A conceptual framework for invasion in microbial communities.
ISME J 10:2773–2779. https://doi.org/10.1038/ismej.2016.75.

18. Costello EK, Stagaman K, Dethlefsen L, Bohannan BJM, Relman DA.
2012. The application of ecological theory toward an understanding of
the human microbiome. Science 336:1255–1262. https://doi.org/10
.1126/science.1224203.

19. Kelly CP, LaMont JT. 2008. Clostridium difficile—more difficult than ever.
N Engl J Med 359:1932–1940. https://doi.org/10.1056/NEJMra0707500.

20. van Nood E, Vrieze A, Nieuwdorp M, Fuentes S, Zoetendal EG, de Vos
WM, Visser CE, Kuijper EJ, Bartelsman JFWM, Tijssen JGP, Speelman P,
Dijkgraaf MGW, Keller JJ. 2013. Duodenal infusion of donor feces for
recurrent Clostridium difficile. N Engl J Med 368:407–415. https://doi
.org/10.1056/NEJMoa1205037.

21. Fuentes S, van Nood E, Tims S, Heikamp-de Jong I, ter Braak CJF, Keller JJ,
Zoetendal EG, de Vos WM. 2014. Reset of a critically disturbed microbial
ecosystem: faecal transplant in recurrent Clostridium difficile infection.
ISME J 8:1621–1633. https://doi.org/10.1038/ismej.2014.13.

22. Curtis MM, Sperandio V. 2011. A complex relationship: the interaction
among symbiotic microbes, invading pathogens, and their mammalian
host. Mucosal Immunol 4:133–138. https://doi.org/10.1038/mi.2010.89.

23. Attramadal KJK, Truong TMH, Bakke I, Skjermo J, Olsen Y, Vadstein O.
2014. RAS and microbial maturation as tools for K-selection of microbial
communities improve survival in cod larvae. Aquaculture 432:483–490.
https://doi.org/10.1016/j.aquaculture.2014.05.052.

24. De Schryver P, Defoirdt T, Sorgeloos P. 2014. Early mortality syndrome
outbreaks: a microbial management issue in shrimp farming? PLoS
Pathog 10:e1003919. https://doi.org/10.1371/journal.ppat.1003919.

25. De Schryver P, Vadstein O. 2014. Ecological theory as a foundation to con-
trol pathogenic invasion in aquaculture. ISME J 8:2360–2368. https://doi
.org/10.1038/ismej.2014.84.

26. van Elsas JD, Chiurazzi M, Mallon CA, Elhottova D, Kristufek V, Salles JF.
2012. Microbial diversity determines the invasion of soil by a bacterial
pathogen. Proc Natl Acad Sci U S A 109:1159–1164. https://doi.org/10
.1073/pnas.1109326109.

27. Chapelle E, Mendes R, Bakker PAHM, Raaijmakers JM. 2016. Fungal inva-
sion of the rhizosphere microbiome. ISME J 10:265–268. https://doi.org/
10.1038/ismej.2015.82.

28. van der Putten WH, Klironomos JN, Wardle DA. 2007. Microbial ecology of
biological invasions. ISME J 1:28–37. https://doi.org/10.1038/ismej.2007.9.

29. Thakur MP, van der Putten WH, Cobben MMP, van Kleunen M, Geisen S.
2019. Microbial invasions in terrestrial ecosystems. Nat Rev Microbiol 17:
621–631. https://doi.org/10.1038/s41579-019-0236-z.

30. Mallon CA, Elsas JDv, Salles JF. 2015. Microbial invasions: The process, pat-
terns, and mechanisms. Trends Microbiol 23:719–729. https://doi.org/10
.1016/j.tim.2015.07.013.

31. Weber DJ, Rutala WA, Miller MB, Huslage K, Sickbert-Bennett E. 2010. Role of
hospital surfaces in the transmission of emerging health care-associated
pathogens: Norovirus, Clostridium difficile, and Acinetobacter species. Am J
Infect Control 38:S25–S33. https://doi.org/10.1016/j.ajic.2010.04.196.

32. Wang P, Zhang N, Lee PKH, Li Y. 2021. Quantification of Lactobacillus del-
brueckii subsp. bulgaricus and its applicability as a tracer for studying
contamination spread on environmental surfaces. Build Environ 197:
107869. https://doi.org/10.1016/j.buildenv.2021.107869.

33. Aguirre E, Galiana A, Mira A, Guardiola R, Sánchez-Guillén L, Garcia-
Pachon E, Santibañez M, Royo G, Rodríguez JC. 2015. Analysis of micro-
biota in stable patients with chronic obstructive pulmonary disease.
APMIS 123:427–432. https://doi.org/10.1111/apm.12363.

34. Huttenhower C, Gevers D, Knight R, Abubucker S, Badger JH, Chinwalla AT,
Creasy HH, Earl AM, FitzGerald MG, Fulton RS, Giglio MG, Hallsworth-Pepin
K, Lobos EA, Madupu R, Magrini V, Martin JC, Mitreva M, Muzny DM,
Sodergren EJ, Versalovic J, Wollam AM, Worley KC, Wortman JR, Young SK,
Zeng Q, Aagaard KM, Abolude OO, Allen-Vercoe E, Alm EJ, Alvarado L,

Andersen GL, Anderson S, Appelbaum E, Arachchi HM, Armitage G, Arze CA,
Ayvaz T, Baker CC, Begg L, Belachew T, Bhonagiri V, Bihan M, Blaser MJ,
Bloom T, Bonazzi V, Paul Brooks J, Buck GA, Buhay CJ, Busam DA, Campbell
JL. 2012. Structure, function and diversity of the healthy human micro-
biome. Nature 486:207–214. https://doi.org/10.1038/nature11234.

35. Faust K, Sathirapongsasuti JF, Izard J, Segata N, Gevers D, Raes J, Huttenhower
C. 2012. Microbial co-occurrence relationships in the human micro-
biome. PLoS Comput Biol 8:e1002606. https://doi.org/10.1371/journal
.pcbi.1002606.

36. Marotz C, Belda-Ferre P, Ali F, Das P, Huang S, Cantrell K, Jiang L, Martino
C, Diner RE, Rahman G, McDonald D, Armstrong G, Kodera S, Donato S,
Ecklu-Mensah G, Gottel N, Salas Garcia MC, Chiang LY, Salido RA, Shaffer
JP, Bryant MK, Sanders K, Humphrey G, Ackermann G, Haiminen N, Beck
KL, Kim H-C, Carrieri AP, Parida L, Vázquez-Baeza Y, Torriani FJ, Knight R,
Gilbert J, Sweeney DA, Allard SM. 2021. SARS-CoV-2 detection status associ-
ates with bacterial community composition in patients and the hospital envi-
ronment. Microbiome 9:132. https://doi.org/10.1186/s40168-021-01083-0.

37. Gilbert JA, Stephens B. 2018. Microbiology of the built environment. Nat
Rev Microbiol 16:661–670. https://doi.org/10.1038/s41579-018-0065-5.

38. Paetzold B, Willis JR, Pereira de Lima J, Knödlseder N, Brüggemann H,
Quist SR, Gabaldón T, Güell M. 2019. Skin microbiome modulation
induced by probiotic solutions. Microbiome 7:95. https://doi.org/10
.1186/s40168-019-0709-3.

39. Arnold BJ, Huang IT, Hanage WP. 2022. Horizontal gene transfer and
adaptive evolution in bacteria. Nat Rev Microbiol 20:206–218. https://doi
.org/10.1038/s41579-021-00650-4.

40. Lockwood JL, Cassey P, Blackburn T. 2005. The role of propagule pressure
in explaining species invasions. Trends Ecol Evol 20:223–228. https://doi
.org/10.1016/j.tree.2005.02.004.

41. Zhang N, Wang P, Miao T, Chan P-T, Jia W, Zhao P, Su B, Chen X, Li Y.
2021. Real human surface touch behavior based quantitative analysis on
infection spread via fomite route in an office. Build Environ 191:107578.
https://doi.org/10.1016/j.buildenv.2020.107578.

42. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP.
2016. DADA2: high-resolution sample inference from Illumina amplicon
data. Nat Methods 13:581–583. https://doi.org/10.1038/nmeth.3869.

43. Faust K, Raes J. 2012. Microbial interactions: from networks to models.
Nat Rev Microbiol 10:538–550. https://doi.org/10.1038/nrmicro2832.

44. Csardi G, Nepusz T. 2006. The igraph software package for complex net-
work research. InterJournal Complex Systems 2006:1695.

45. Hubbell SP. 2001. The unified neutral theory of biodiversity and biogeog-
raphy, vol 32. Princeton University Press, Princeton, NJ, USA.

46. Sloan WT, Lunn M, Woodcock S, Head IM, Nee S, Curtis TP. 2006. Quantify-
ing the roles of immigration and chance in shaping prokaryote commu-
nity structure. Environ Microbiol 8:732–740. https://doi.org/10.1111/j
.1462-2920.2005.00956.x.

47. Burns AR, Stephens WZ, Stagaman K, Wong S, Rawls JF, Guillemin K,
Bohannan BJM. 2016. Contribution of neutral processes to the assembly
of gut microbial communities in the zebrafish over host development.
ISME J 10:655–664. https://doi.org/10.1038/ismej.2015.142.

48. Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin P, O’hara R,
Simpson G, Solymos P, Stevens M, Wagner H. 2020. vegan: commu-
nity ecology package, v2.5–7. https://CRAN.R-project.org/package=
vegan.

49. Paradis E, Schliep K. 2019. ape 5.0: an environment for modern phyloge-
netics and evolutionary analyses in R. Bioinformatics 35:526–528. https://
doi.org/10.1093/bioinformatics/bty633.

50. Liaw A, Wiener M. 2002. Classification and regression by randomForest. R
News 2:18–22.

51. Shenhav L, Thompson M, Joseph TA, Briscoe L, Furman O, Bogumil D,
Mizrahi I, Pe'er I, Halperin E. 2019. FEAST: fast expectation-maximization
for microbial source tracking. Nat Methods 16:627–632. https://doi.org/
10.1038/s41592-019-0431-x.

52. R Core Team. 2019. R: a language and environment for statistical comput-
ing, R Foundation for Statistical Computing, Vienna, Austria. https://www
.R-project.org/.

53. Wickham H. 2016. ggplot2: elegant graphics for data analysis. Springer-
Verlag, New York, NY, USA.

Invasion Ecology Principles in Fomite Transmission mSystems

May/June 2022 Volume 7 Issue 3 10.1128/msystems.00211-22 14

https://doi.org/10.1016/j.jhazmat.2021.126137
https://doi.org/10.1016/j.jhazmat.2021.126137
https://doi.org/10.1111/ddi.12258
https://doi.org/10.1038/ismej.2016.75
https://doi.org/10.1126/science.1224203
https://doi.org/10.1126/science.1224203
https://doi.org/10.1056/NEJMra0707500
https://doi.org/10.1056/NEJMoa1205037
https://doi.org/10.1056/NEJMoa1205037
https://doi.org/10.1038/ismej.2014.13
https://doi.org/10.1038/mi.2010.89
https://doi.org/10.1016/j.aquaculture.2014.05.052
https://doi.org/10.1371/journal.ppat.1003919
https://doi.org/10.1038/ismej.2014.84
https://doi.org/10.1038/ismej.2014.84
https://doi.org/10.1073/pnas.1109326109
https://doi.org/10.1073/pnas.1109326109
https://doi.org/10.1038/ismej.2015.82
https://doi.org/10.1038/ismej.2015.82
https://doi.org/10.1038/ismej.2007.9
https://doi.org/10.1038/s41579-019-0236-z
https://doi.org/10.1016/j.tim.2015.07.013
https://doi.org/10.1016/j.tim.2015.07.013
https://doi.org/10.1016/j.ajic.2010.04.196
https://doi.org/10.1016/j.buildenv.2021.107869
https://doi.org/10.1111/apm.12363
https://doi.org/10.1038/nature11234
https://doi.org/10.1371/journal.pcbi.1002606
https://doi.org/10.1371/journal.pcbi.1002606
https://doi.org/10.1186/s40168-021-01083-0
https://doi.org/10.1038/s41579-018-0065-5
https://doi.org/10.1186/s40168-019-0709-3
https://doi.org/10.1186/s40168-019-0709-3
https://doi.org/10.1038/s41579-021-00650-4
https://doi.org/10.1038/s41579-021-00650-4
https://doi.org/10.1016/j.tree.2005.02.004
https://doi.org/10.1016/j.tree.2005.02.004
https://doi.org/10.1016/j.buildenv.2020.107578
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nrmicro2832
https://doi.org/10.1111/j.1462-2920.2005.00956.x
https://doi.org/10.1111/j.1462-2920.2005.00956.x
https://doi.org/10.1038/ismej.2015.142
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1093/bioinformatics/bty633
https://doi.org/10.1093/bioinformatics/bty633
https://doi.org/10.1038/s41592-019-0431-x
https://doi.org/10.1038/s41592-019-0431-x
https://www.R-project.org/
https://www.R-project.org/
https://journals.asm.org/journal/msystems
https://doi.org/10.1128/msystems.00211-22

	RESULTS
	Microbiota compositional drift through surface touches.
	The invader was trackable in that its identity and emission source could be determined, and the root carrier could be located.
	The invader was below neutral in that hands accrued heavier invader contamination than environmental surfaces.
	The invader exhibited a proximity effect in that invader contamination on surfaces decreased with increasing geodesic distance from the hands of the carrier.

	DISCUSSION
	Implementing targeted management strategies based on the co-occurrence relationships of an invader.
	Improving the understanding of environmental public health by adopting an invasion ecology framework.
	Implications for environmental public health.

	MATERIALS AND METHODS
	Experimental design.
	Microbiota invader network and microbiota co-occurrence network.
	Neutral community model.
	Surface touch network.
	Other models and statistical tests.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

