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Abstract

The skin harbors diverse communities of microorganisms, and alterations to these commu-
nities can impact the effectiveness of the skin as a barrier to infectious organisms or injury.
As the global availability and adoption of antibacterial products increases, it is important to
understand how these products affect skin microbial communities of people living in rural
areas of developing countries, where risks of infection and injury often differ from urban pop-
ulations in developed countries. We investigated the effect of antibacterial soap on skin
microbial communities in a rural Malagasy population that practices subsistence agriculture
in the absence of electricity and running water. We quantified the amount of soap used by
each participant and obtained skin swab samples at three time points: prior to soap use,
immediately after one week of soap use, and two weeks after soap use was discontinued.
Soap use did not significantly impact ecological measures of diversity and richness (alpha
diversity). However, the amount of soap used was a predictor of community-level change
(beta diversity), with changes persisting for at least two weeks after subjects stopped using
soap. Our results indicate that the overall species richness of skin microbial communities
may be resistant to short-term use of antibacterial soap in settings characterized by regular
contact with the natural environment, yet these communities may undergo shifts in microbial
composition. Lifestyle changes associated with the use of antibacterial soap may therefore
cause rapid alterations in skin microbial communities, with the potential for effects on skin
health.

Introduction

The microbes (bacteria, fungi, protozoa, Archaea) that live in and on the human body are
abundant and diverse, with important implications for health [1-4]. These microbes are
thought to have co-evolved with humans in relation to the body sites they inhabit, providing
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an array of functions for the host, ranging from digestion to immune defense [5]. While
research endeavors such as the Human Microbiome Project [6] aim to establish the normal
range of variation in human microbiomes (encompassing all microbes, their genes, and func-
tions) and effects on health, this task has been challenging due to the marked variation of
microbial communities (groups of microorganisms that coexist in a mutual space) within and
across populations [7]. With the exception of a few studies [8-10], microbiome research has
focused on people living in Western settings, such as the United States and Europe, and is pre-
dominantly centered around the gut microbiome.

Less is known about the microbial communities on human skin, despite it being the largest
organ and home to a variety of bacteria and other organisms important for health [11]. The
skin also acts as an interface between the human body and the outside environment, and skin
anatomy and physiology allow different microbes to flourish across various skin sites [12].
While most skin communities are characterized by four bacterial phyla (Actinobacteria, Firmi-
cutes, Bacteroidetes, and Proteobacteria), the species-level diversity of skin microbes is much
more robust [12]. Due to the dynamic nature of the skin microbiome and the role of the skin
as an intermediary between humans and the outside world, efforts have been made to under-
stand the development of skin microbial communities [13]. These studies reveal that immedi-
ately after birth, infant skin microbial communities are relatively homogenous across body
sites [14]. Colonization of the skin with new microbial organisms does not begin until about
three months of age, and bacterial composition at a young age may have an impact on an indi-
vidual’s microbiome and health in the future, possibly affecting the skin microbiome’s stability
and immune function [14]. However, these bacterial communities change over time, with
body sites eventually differing in microbial composition as a child matures [13]. For example,
physiological changes throughout puberty, such as increased density and thickness of body
hair, drastically impact the overall structure of skin microbial communities by altering the
local ecosystem of certain skin sites and the microbial communities that each site can support
[13].

In addition to changes that occur throughout development, human skin bacterial commu-
nities also undergo alteration due to environmental variables. The body can be viewed as an
island that is in constant interaction with different microbes over time, with a wide variety of
environmental and biological factors influencing the diversity and abundance of these micro-
organisms [11, 15]. In the case of both skin and gut microbial communities, certain resident
bacteria are able to slow or even resist the invasion of other taxa [15-18]. This can lead to
long-term stability of microbial communities, with disruption occurring only when these com-
munities are significantly perturbed [15, 16]. Environmental characteristics of the skin also
affect bacterial composition [19]. For example, variation in physiological traits make some
skin sites more conducive to bacterial survival and proliferation [20], with moist or sebaceous
skin sites (such as the armpit or inner elbow) tending to harbor a higher abundance and diver-
sity of bacteria than dry skin sites (inner forearm or buttock) [21, 22]. Skin microbial commu-
nities also vary across human populations, due to differences in host genetics, cultural
practices, and geography [9, 10]. As examples, one study concluded that the skin microbiomes
of individuals from China differ greatly from that of Westerners-the genus Enhydrobacter was
found to be common on the skin of the Chinese participants but not on the skin of Westerners
[10]. Another study found striking differences when comparing Amerindians of South Amer-
ica to populations in New York and Colorado, with the United States individuals’ forearms
dominated by Propionibacterium, one of the groups of Amerindians’ forearms dominate by
Staphylococcus, and the other group of Amerindians’ forearms significantly more diverse than
the other two groups [9]. These differences have been attributed to lifestyle heterogeneity that
results in variation in environmental exposures—including exposures to soil, water, and
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plants—and the intensity of these exposures, where greater amounts of contact with the outside
environment may result in a stronger environmental signature.

Behavioral practices can also impact skin microbial communities [11, 12, 21, 23, 24]. Hand-
washing removes dirt, organic material, and microorganisms, with different techniques result-
ing in varying degrees of “cleanliness” [25]. For example, duration and friction play a key role
in handwashing; the Association for Professionals in Infection Control and Epidemiology
(APIC) recommends that people, “vigorously rub hands together for 10 to 15 seconds.” Other
behavioral differences that impact handwashing effectiveness include glove use, nail polish,
jewelry, types of hand lotion used, and compliance to standards set by the workplace. Addi-
tionally, while plain soap works by binding to dirt and organic material, antiseptic soaps con-
tain specific bactericidal active ingredients that eliminate microorganisms, both pathogenic
and beneficial [23].

While people in developed countries often have access to antibacterial products and are
encouraged to maintain high levels of personal hygiene through public health programs and
cultural norms, these products are much less common in low and middle-income countries
(LMICs). As some LMICs transition toward increased development, access to and use of anti-
bacterial soaps may increase. In addition, as LMICs see an increase in antibiotic resistance, the
addition of more antibiotic products, including soap, is of concern. The net benefits of antibac-
terial soap on human health is unclear and potentially even harmful, as evidenced by the US
Food and Drug Administration’s (FDA) recent ruling to prohibit the sale of soaps and sham-
poos containing certain antibacterial ingredients [26]. While some studies highlight ingredi-
ents in antibacterial soap that can be harmful to human and environmental health, more
research is needed to determine the effects of antibacterial soap use across a range of diverse
human populations [27-32]. Our study is intended to expand our understanding of the effects
of antibacterial soap use on humans in a non-Western setting.

We aimed to assess the impact of antibacterial soap on skin bacterial communities in a pop-
ulation in rural Madagascar. This population is valuable in this context for several reasons.
First, subsistence agricultural is commonly practiced without powered machinery, putting
people in close contact with elements of the natural environment, including domesticated and
wild animals. Due to this increased diversity and intensity of environmental exposures, the
effects of antibacterial soap on skin microbial communities may differ from effects in Western
populations. Second, this population lacks access to running water, and instead uses naturally
flowing, mountain-derived water for bathing. Use of this common water source, which con-
trasts with Western plumbing and bathing practices, may homogenize microbial communities
across individuals. Third, this rural community lacks access to Western hygiene products,
including antibacterial soap. Hence, skin bacterial communities may be less disturbed on aver-
age, providing context for understanding how antibacterial soap alters microbial communities
in novel ways. Finally, this population is increasingly exposed to aspects of the Western life-
style through economic development. Moving forward, demand for Western products, includ-
ing soap, is likely to increase, making it important to investigate how the use of antibacterial
soaps affects skin microbial communities, and in turn, health.

We investigated the hypothesis that antibacterial soap use impacts skin microbial commu-
nities in this rural population. By comparing an experimental group with access to antibacte-
rial soap to a control group without access to antibacterial soap, we tested the following
predictions:

1. Individuals using antibacterial soap exhibit a greater change in taxonomic richness (alpha
diversity) after one week of soap use, as compared to a matched control group that was not
given access to antibacterial soap.
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2. Change in alpha diversity of microbial taxa covaries with the amount of soap used, consis-
tent with a dose-response relationship.

3. Individuals using antibacterial soap exhibit a greater change in taxonomic richness after
having stopped soap use for two weeks, compared to individuals that did not use antibacte-
rial soap over the same time period.

4. Individuals using antibacterial soap exhibit a greater change in the composition of skin
microbial communities across sampling periods (beta diversity).

5. Changes in beta diversity covary with amount of antibacterial soap used, consistent with a
dose-response relationship.

6. Because the composition of the microbial community may inhibit the invasion of new
microorganisms, changes in community composition following antibacterial soap use
would persist for at least two weeks after discontinuing soap use.

Materials and methods
Participants and experimental design

The study was conducted in Mandena, Madagascar (approximately -18°42°00” S 47°50°00” E),
located in the SAVA region (an acronym for the four major cities in the region: Sambava,
Antahala, Vohémar, and Andapa). The village consists of approximately 3,000 people and is
adjacent to Marojejy National Park. We first recruited individuals at a village-wide meeting,
where the project was introduced and interested individuals were invited to participate in the
study on future dates. Upon their return to our health clinic and after obtaining informed writ-
ten consent through Malagasy translators, we obtained basic health measurements for each
participant, including temperature, blood pressure, heart rate, height, and weight. Participants
with clinically elevated health measurements, open wounds, infirmity, or illness were excluded
from enrolling in the study. Of the eligible participants, we enrolled 20 adult males that ranged
in age from 18 to 75 years. After obtaining a second informed written consent facilitated by
Malagasy translators, ten individuals were randomly assigned to the experimental group to use
antibacterial soap for one week, while the other ten individuals were assigned to the control
group that would not be administered antibacterial soap. We selected individuals at random
because most participants reported using only local soap, which we observed was used for
bathing, washing clothes, and cleaning dishes. We administered Santex antibacterial soap
(containing Triclocarban, an antimicrobial agent common in Western hygiene products) [33]
to the experimental group, as it was difficult to acquire in Mandena and would only be used by
the experimental group with explicit instructions to solely use the soap for bathing. At the con-
clusion of the study, all subjects were given two bars of Santex soap as compensation for partic-
ipation. Surveys that inquired about basic health, lifestyle, and demographic characteristics
were administered with the help of local Malagasy translators. All surveys and sample collec-
tion were approved by the Duke University Institutional Review Board (IRB Protocol C0848)
and local Malagasy health authorities.

We sampled each individual at four skin sites (right ankle, right medial forearm, right outer
hand, right armpit) using sterile, dual-tipped rayon swabs (Fisher BD BBL CultureSwab,
Media-free). All skin swab samples were obtained by rubbing the swab across the site for 30
seconds, with all sampling conducted by authors MBM and JJY. We provided individuals in
the experimental group with both written and verbal instructions to maintain their typical
bathing schedule, but to use the soap on specific body parts at each bath time (i.e., the four
body sites that we sampled) and to refrain from sharing the soap with family members. We did
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not provide the control group with instructions regarding soap use because avoiding hygienic
practices in this rural environment could put these individuals at risk of disease, and we wished
to minimize disruptions to the typical behaviors of our participants. All subjects were swabbed
at three different time points to investigate how antibacterial soap use impacts skin microbial
composition. The first sampling event, defined as Time Period 1, took place before the intro-
duction of soap (to obtain a baseline skin microbial community sample); the second, Time
Period 2, occurred after one week (7-8 days) of antibacterial soap use (to investigate the imme-
diate effects of soap use); and the third, Time Period 3, occurred two weeks (14-15 days) after
discontinuation of antibacterial soap use (to determine any lasting effects of antibacterial soap
use) (Table 1). We collected the remaining soap at Time Period 2 to ensure discontinuation of
antibacterial soap use in the experimental group. At each sampling event, all participants were
swabbed once over a span of three days, regardless of whether they received soap. The soap
that was administered to the experimental group was weighed at the beginning and end of
Time Period 2 to quantify the amount of soap used by each individual. One participant used
his entire bar of soap before the sampling event at Time Period 2 and was given a second bar.

The swab samples were stored in a refrigerator powered by a generator when available, or
inside a plastic cooler at room temperature with a daytime mean of 20°C (David Samson, per-
sonal communication, 2017). Because Mandena is not supported by electricity and a labora-
tory was inaccessible, we stored the samples in a uniformly cool environment in the field and
during transit, rather than exposing samples to repeated freeze-thaw cycles. A previous study
found that differences in short-term storage conditions did not significantly alter microbial
communities, and that samples stored in non-freezing conditions were still useful for analyses
[34]. Samples were transported to the United States on three separate flights (all within two
weeks of collection), using insulated envelopes with ice packs on the plane and hotel room
refrigerators when possible during layovers. Upon arrival in the United States, they were
stored at -80°C at the North Carolina Museum of Natural Sciences in Raleigh, NC until the
DNA extraction phase.

Lab procedures

DNA extraction followed the MO BIO Powersoil DNA Isolation Kit (MO BIO, before merging
with Qiagen) protocol with two modifications (S1 Text). The extracted DNA was then sent to
the Duke University Sequencing Core for library preparation and sequencing of the 16S rRNA
V3-V4 region (S2 Text).

Data analysis

44,308,999 300 bp MiSeq read pairs were joined in QIIME (Quantitative Insights into Micro-
bial Ecology, 1.9.1), with join_paired_ends.py, using the fastq-join method with a maximum
percentage difference (-p) of 25%. Assembled amplicons were further quality filtered with

Table 1. Time periods of sampling time of both experimental group and control group.

Time Event
Period
1 Before introduction of soap to experimental group (to obtain a baseline skin microbial community
sample)
2 After one week (7-8 days) of antibacterial soap use in experimental group (to investigate the

immediate effects of antibacterial soap use)

3 Two weeks (14-15 days) after discontinuation of antibacterial soap use in experimental group (to
determine any lasting effects of antibacterial soap use)

https://doi.org/10.1371/journal.pone.0199899.t001
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split_libraries_fastq.py (phred quality Q20), resulting in 20,583,303 sequences used for down-
stream analysis. 16S rRNA OTUs were picked using the closed reference method with Sort-
MeRNA and greengenes database (version 13.8) at 97% similarity. A minimal sampling depth
(-e) of 8,000, and otherwise default parameters, were used for subsequent diversity analyses
with core_diversity_analyses.py of the QIIME package. All QIIME pipeline scripts were run
on the Duke Compute Cluster. All sequence reads have been deposited at GenBank under the
accession KBXC00000000.

To ensure there were no biases between the experimental group and control group, we
were first compared the two groups with two separate t-tests, one comparing Shannon diver-
sity index between the two groups and the other comparing observed OTUs between the two
groups. We found no significant differences between the two groups for either measure of
alpha diversity. To investigate the impact of antibacterial soap on alpha diversity of skin micro-
bial communities, we compared the change in bacterial taxa for all individuals between Time
Period 1 and 2, grouping together individuals that used soap (experimental group) and indi-
viduals that did not use soap (control group). We quantified alpha diversity as taxonomic rich-
ness (number of OTUs), and as combined taxonomic richness and abundance (Shannon
diversity index). We used paired t-tests with an alpha of 0.05 for observed OTUs and Shannon
diversity indices for both the experimental and control groups, comparing alpha diversity in
Time Period 1 and 2 matched by subject (Prediction 1). We repeated this to compare between
Time Period 2 and 3, following discontinuation of soap use. To investigate if change in alpha
diversity covaries with amount of soap used (Prediction 2), we used linear regression models
including both the control and experimental group to assess whether the amount of antibacte-
rial soap used had an impact on the number of OTUs or the Shannon diversity index from
Time Period 1 to 2. We repeated this process from Time Period 2 to 3 to investigate the rela-
tionship between discontinuing soap use and resulting alpha diversity (Prediction 3). We
included amount of soap used and subject’s age as predictors of change in alpha diversity.

We defined beta diversity as the UniFrac distance between two of the same samples (col-
lected from the same body site on the same individual) from different time periods [35]. A
greater UniFrac distance indicates greater dissimilarity between two samples, while a smaller
change indicates more similarity. To investigate the impact of antibacterial soap on beta diver-
sity (Prediction 4), we combined all the samples from both the experimental and control
group, and then created a general linear regression model to predict the UniFrac distance
between two of the same samples from Time Period 1 and Time Period 2, using amount of
soap used and age as predictors (to determine a dose-response relationship, Prediction 5). To
test whether antibacterial soap use had an impact on microbial composition two weeks after
discontinuation of soap (Prediction 6), we generated a general linear mixed model including
both the experimental group and control group to predict beta diversity with time period,
amount of soap used, and age as fixed effects and participant identity as a random effect. All
statistical tests were run in R version 3.1.2 [36]. We used linear discriminant analysis effect size
(LEfSe) analysis for the experimental group, separated by time period, to investigate differen-
tial abundance of particular microbial taxa affected by soap use [37].

Results

The amount of soap used significantly predicted beta diversity from Time Period 1 to Time
Period 2 (Table 2). The coefficient indicated a positive dose-response relationship, i.e., more
soap use yielded greater beta diversity. This variable also predicted beta diversity in a general
linear mixed model, although sampling period did not (Table 3). At all four body sites, with
the exception of ankles, soap use was associated with an increase in beta diversity from Time
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Table 2. General linear regression model predicting change in beta diversity from Time Period 1 to 2 for all subjects.

Predictor Coefficient
Soap Used 0.00146
Age 0.00131
Armpit -0.0347
Forearm -0.0101
Hand -0.00784

p-value t-value Std. error
0.0261* 2.78 0.000642
0.0865 1.74 0.000757
0.238 -1.19 0.0291
0.740 -0.333 0.0303
0.793 -0.263 0.0298

Note: The body site predictor uses the ankle as the reference category.

Significant p-values are marked with an asterisk (*).

d.f.=70.

https://doi.org/10.1371/journal.pone.0199899.t002

Period 1 to Time Period 2 (Fig 1). LefSe analysis results showed that for the experimental
group, differences in microbial communities were at least partially driven by the genera Ramli-
bacter and Variovorax for Time Period 1 (before soap use) and Acidovorax for Time Period 2
(after one week of soap use) (Fig 2).

We found no significant differences in alpha diversity (number of OTUs or Shannon diver-
sity index) between samples collected at Time Periods 1 and 2 (Table 4). The control group
showed a significant difference in Shannon diversity between Time Periods 2 and 3, while the
difference in the number of OTUs approached significance (Table 5). In contrast, neither
number of OTUs nor Shannon diversity differed significantly between Time Periods 2 and 3
for the experimental group (Table 5). The amount of soap used or body site was not a signifi-
cant predictor of change in these metrics across the three time periods.

Discussion

We found that soap use impacts the community composition of microbes on human skin, but
may not affect the taxonomic richness of these communities. Changes in community composi-
tion persisted for at least two weeks in the experimental group, which suggests that continued
use of antibacterial soap may have long-term effects on skin microbial communities. Similar
effects have been documented for the use of other hygienic products, such as antiperspirant
and deodorant [38].

Although we expected that use of antibacterial soap would change the taxonomic richness
of skin microbes (Prediction 1), we failed to find any evidence of that relationship, as measured
by the number of OTUs and Shannon diversity index across the four body sites (Table 4).
Moreover, there was no effect across Time Period 1 to 2 (soap use) or Time Period 2 to 3
(post-soap use) (Prediction 3). It could be that our small sample size-associated with the chal-
lenges of fieldwork in a remote location-limited our ability to detect significant effects. How-
ever, the direction of statistically significant results in additional analyses was opposite to that

Table 3. General linear mixed model predicting change in beta diversity with sampling period, amount of soap
used, and age as predictors, and participant as a random effect.

Predictor Coefficient t-value Std. error
Sampling Time 0.00400 0.236 0.0170

Soap Used 0.00180 3.47* 0.000519
Age 0.000982 1.56 0.000630

Note: Significant t-values are marked with an asterisk (*).

https://doi.org/10.1371/journal.pone.0199899.t003
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Fig 1. Comparison of change in beta diversity for experimental group versus control group differentiated by skin
site.

https://doi.org/10.1371/journal.pone.0199899.g001

of our predictions, suggesting there was sufficient power in our sample size to detect differ-
ences in taxonomic richness. In addition, each of the 20 participants contributed samples from
four different body sites over three time periods, thus vastly increasing our sample size while
controlling for the individual sampled.

Despite the lack of change in alpha diversity, we found support for predictions related to
changes in beta diversity. There was greater dissimilarity in microbial communities across
time in samples from the experimental group than in samples from the control group (Table 2,
Prediction 4). This indicates soap use is a driver of variation in microbial community composi-
tion. In addition, the magnitude of the coefficients in our models covaried with the amount of
soap used (Table 2), indicating a dose-response relationship (Table 2, Prediction 5). Interest-
ingly, soap use covaried with greater beta diversity (i.e., larger UniFrac distances) for all skin
sites except for the ankle (Fig 1). This may be due to increased contact between ankles and the
outside environment, compared to other body sites. This is in line with findings from a similar
study in Mandena, where ankle samples exhibited greater similarity to domesticated cattle
than did other body sites, likely due to shared environment of unshod human feet and cattle
while working in the agricultural fields [8]. In this light, perhaps soap use affected microbial
communities on body sites that contained typical human skin microbes, whereas ankles con-
tained more environmentally-sourced microbes that were less affected by soap use.

Our LefSe analysis (Fig 2) indicated that the differences in microbial communities over the
three time periods were driven by the genera Ramlibacter, Variovorax, and Acidovorax, all of
which are part of the family Comamonadaceae, which consists of environmental bacteria from
water and soil, as well as certain pathogens [39]. It may be that soap use reduced certain bacte-
rial taxa, allowing other formerly unsuccessful taxa to colonize the open niches. Previous
research demonstrated that bacteria compete for limited resources, and that when certain

soap, by SampleTime

0.0 0.5 1.0 15 2.0 25 3.0 35 4.0
LDA SCORE (log 10)

Fig 2. Top discriminative taxa determined by LEfSe analysis for different time periods for the individuals that received soap.

https://doi.org/10.1371/journal.pone.0199899.g002
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Table 4. Variation in OTUs and Shannon diversity index from Time Period 1 to Time Period 2.

Measurement Group Mean difference t-statistic d.f. p-value
Number of OTUs Control -84.21 -1.646 34 0.109
Number of OTUs Experimental 2.68 0.040 31 0.968
Shannon diversity index Control -0.2363 -1.129 34 0.267
Shannon diversity index Experimental -0.4042 -1.502 31 0.143

Note: Mean difference is calculated as Time Period 2 -Time Period 1, such that negative differences reflect a decline in the metric during the soap use period. The

control group was not given access to soap, while the experimental group was given access to soap.

https://doi.org/10.1371/journal.pone.0199899.t004

bacterial strains die, other species can successfully colonize the area [15, 19]. While this would
present a community-level shift in composition, it may result in minimal changes in overall
species richness (i.e., a one-to-one species turnover). This could also explain our finding that
soap use does not predict change in alpha diversity, but does have an effect on beta diversity.
In this rural setting, individuals come into close contact with multiple, diverse sources of envi-
ronmental bacteria [8]. This could result in two, non-mutually exclusive phenomena: (i) after
soap use, open niches on the skin could quickly be filled by environmentally-derived taxa that
normally are unable to compete with the resident skin microorganisms; and (ii) irrespective of
soap use, human skin microbial communities harbor taxa that are typically considered to be
environmentally sourced. The latter could explain the unexpected finding that Shannon diver-
sity index significantly increased in samples from the control group (Table 5). In addition, it
may be that the introduction of soap prompted the experimental group to bathe more fre-
quently than is typical in this setting (and perhaps more frequently than the control group),
due to an induced pressure to use the soap and present clean skin at sample collection events.
The common practice of bathing outdoors in the communal river could lead to increased
exposure to water and soil taxa, therefore counteracting effects of soap use on skin microbial
communities that are observed in Western settings.

Importantly, time period was not a significant predictor of beta diversity based on our gen-
eral linear mixed model (Table 3), indicating that shifts in microbial communities persisted
for at least two weeks (Prediction 6). This is relevant for considering potential long-term health
impacts of antibacterial soap. Further studies could investigate the duration of the effects of
soap, and whether they can induce a permanent change in microbial community composition.
This effect on microbial communities may also be an avenue for the emergence of antimicro-
bial resistance; as such, future studies should target bacterial taxa that are most likely to acquire
resistance. The World Health Organization (WHO) and Centers for Disease Control and

Table 5. Variation in OTUs and Shannon diversity index from Time Period 2 to Time Period 3.

Measurement Group Mean difference t-statistic d.f. p-value
Number of OTUs Control 108.64 1.983 30 0.057
Number of OTUs Experimental 4.4281 0.065 31 0.949
Shannon diversity index Control 0.6072 2.526 30 0.017*
Shannon diversity index Experimental 0.4421 1.312 31 0.199

Note: Mean difference is calculated as Time Period 3 -Time Period 2. The experimental group discontinued soap use for 2 weeks from Time Period 2 to Time Period 3.
Significant p-values are marked with an asterisk (*).

https://doi.org/10.1371/journal.pone.0199899.t005
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Prevention (CDC) have acknowledged antimicrobial resistance as a priority for public health,
making this study relevant to health concerns globally [40, 41].

In 2013, the FDA urged continued research on the possible effects of antibacterial soap use,
especially soaps containing the active ingredients Triclosan and Triclocarban. Three years
later, the FDA prohibited the sale of hygiene products containing these antibacterial agents
[26]. As the soap used in our study contained Triclocarban, these results are relevant to con-
cerns raised by governmental organizations and citizen advisory groups, and future studies
should continue to investigate the effects of these products on health. While evidence suggests
that soap use is more effective at reducing bacterial contamination than is washing with only
water [23], recent studies indicate that washing with antibacterial soap is no more effective at
reducing bacterial levels than is the use of regular soap [42-45]. Similarly, antibacterial soap is
no more effective at reducing disease incidence on a community level than is non-antibacterial
soap [24]. In light of these studies, more work is needed to disentangle health outcomes related
to the use of these products.

Other studies have identified a wide variety of associated environmental health concerns
from antibacterial product use [31]. These effects include contamination of public water
sources with antimicrobial agents [27, 32] and pathogenic effects on the gut microbial commu-
nities of rats [28, 29]. Because people in Mandena predominantly wash their bodies, clothes,
and dishes (regardless of soap use) in a communal river, there is concern that negative side
effects of human antimicrobial product use could affect the environment and non-human ani-
mals [46]. It is possible that frequent contact with domesticated animals (many of which are
vitally important to livelihoods in Madagascar) facilitates transfer of antimicrobial chemicals
that persist on human skin after using these products. For example, results from a similar
study conducted at this site [8] suggest that if chemical properties of antimicrobial products
persist on human skin or in the environment, they could be transferred to domesticated cattle
that come into frequent contact with humans.

There is a growing interest in the microbiomes of non-Western populations [8-10, 47], and
some studies have found that these populations harbor greater microbial diversity than do
Western populations [9, 47]. Our results indicated that while antibacterial soap may not
directly affect microbial taxonomic richness, it may lead to changes in the composition of skin
microbial communities. This highlights the importance of understanding the impacts of soap
on microbial communities of individuals without previous exposure to these products, espe-
cially as globalization is likely to increase the use of antimicrobials in non-Western settings.
This is relevant to theories such as the Old Friends Hypothesis [48, 49] and the Biome Deple-
tion Hypothesis [50], which suggest that a reduction in microbial diversity may result in detri-
mental immune system development. In this light, future work in settings like Mandena
should investigate whether individuals do in fact harbor beneficial microbes and the conse-
quences of losing them, particularly in settings that are targeted for global public health initia-
tives that promote soap use.

In conclusion, we found that antibacterial soap impacts the structure of microbial commu-
nities, and that these changes persist for at least two weeks. These findings suggest that antibac-
terial products have a lasting impact on skin microbes, and are especially important in the
context of changing lifestyles throughout the developing world, with increases in wealth likely
to be associated with increased demand for hygienic products such as antibacterial soaps.
While the efficacy of antibacterial soap and bactericidal products has been under scrutiny, the
health-related effects of these products on skin microbial communities has yet to be examined
thoroughly. Future research would benefit from considering additional environmental and
behavioral factors that have the potential to impact the skin microbial communities in rural
settings, such as interactions with non-human animals, occupation, and use of shoes.
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