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Alterations in the human skin microbiome after ocean water
exposure

Marisa Chattman Nielsenl, Sunny C. Jiang1:2"
IEnvironmental Health Sciences, University of California, Irvine.

2Civil and Environmental Engineering, University of California, Irvine.

Abstract

Skin is the body’s first line of defense against invading microorganisms. The skin microbiome has
been shown to provide immunity against exogenous bacterial colonization. Recreational water
exposures may alter the skin microbiome and potentially induce skin infections. This study
explored the link between ocean water exposures and the human skin microbiome. Skin
microbiome samples were collected, using swabs, from human participants’ calves before and
after they swam in the ocean, and at 6 hours and 24 hours post-swim. Genomic analysis showed
that skin microbiomes were different among individuals before swimming. But after swimming,
microbial communities were no longer different, which was demonstrated by a decrease in inter-
sample diversity. Taxonomic analysis showed that ocean bacteria, including potential pathogens,
replaced the native skin bacteria and remained on the skin for at least 24 hours post-swim. This
research provides insight into the relationship between the human skin microbiome and the
environment.

Keywords

microbial community; skin infection; vibrio; next-generation sequencing; skin microbiome;
recreational water

Introduction:

It is estimated that 41% of the U.S. population swim in oceans, lakes, rivers or streams each
year (National Survey on Recreation and the Environment (NSRE) 2000-2002.). Even
though exercise and recreational activities have numerous health benefits such as improved
aerobic fitness and cardiovascular health (Oja et al., 2015), poor water quality and reports of
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recreational water related iliness (RWRI) can significantly impact the value of beaches.
Exposure to these waters can cause negative health effects including: gastrointestinal and
respiratory illness, ear infections, and skin rashes (Collier et al., 2015). In fact, 16.3% of all
ocean beachgoers reported a new health issue after going to the beach (Collier et al., 2015).
Similarly, windsurfers were 2.9 times more likely to get one or more of the following
symptoms after windsurfing in contaminated water: gastroenteritis, conjunctivitis, otitis and
skin infection. The relative risk of the symptoms increased with reported numbers of times
the windsurfers fell into the water (Dewailly et al., 1986). Arnold et al., (2017) reported that
surfers in San Diego, CA were three times more likely to get a skin infection during dry
weather months and nearly five times more likely during wet weather months than those
with no water exposure. Among various RWRI, skin irritation or infections are frequently
reported by those that engage in recreational water activities, but are less studied than
gastrointestinal illnesses.

Recreational beach waters are often contaminated by wastewater and storm-water runoff
(Arnold et al., 2017). The presence of a variety of pathogens, such as: Salmonella spp.,
Shigella spp., Campylobacter spp., Vibrio spp., Staphylococcus aureus, intestinal parasites,
viruses and other organisms in sewage and storm-water runoff can cause illness in humans
that contact the water. The 2009-2010 Waterborne Disease and Outbreak Surveillance
System (the most recent report) reports 24 disease outbreaks associated with natural
(untreated water including rivers, lakes, streams, oceans) recreational waters (Hlavsa et al.,
2014). Southern California coastal regions are among the most urbanized in the world
(Arnold et al., 2017) and most of the rainfall occurs during the wet weather season
(November to May) (Cao et al., 2017). Human fecal contamination, which includes
potentially pathogenic bacteria, of ocean water is significantly higher in the wet weather
months due to the increase of storm-water run-off during rainfall events (Cao et al., 2017).

Wastewater and storm-water runoff are not the only sources of potential pathogens in ocean
water. Naturally occurring bacteria, such as Vibrio species and Mycobacterium species, are
found in marine environments all over the world and can cause human disease (Sridhar and
Deo, 2017; Yu, 2018). Environmental parameters (e.g. temperature, turbidity, salinity, sea
level height and climate change) can contribute to the virulence and abundance of Vibrio
species (Yu, 2018). Several Vibrio species such as Vibrio cholerae and Vibrio
parahemolyticus are well known human pathogens. And Vibrio vulnificus is considered one
of the most dangerous waterborne pathogens, causing severe wound infections and
septicemia (Bisharat et al., 2005). While predominately found in warm waters such as the
U.S. Gulf Coast, these pathogenic Vibrio species have all been detected in the coastal waters
of Southern California (Dickinson et al., 2013), and have been implicated in non-foodborne
infections in all coastal regions of the U.S. and other parts of the world (Dechet et al., 2008).
Furthermore, the extensive use of antibiotics has affected environmental bacteria, including
Vibrio species, rendering them more resistant to antibiotics which makes treating these skin
infections especially difficult (Han et al., 2007). Naturally occurring atypical
Mycobacterium species, such as Mycobacterium marinum and Mycobacterium
scrofulaceum, have been associated with skin infections directly related to aquatic exposure
(Griffith et al., 2007; Sridhar and Deo, 2017). These organisms can cause self-limiting,
slowly-healing ulcers as well as more invasive health effects (e.g. joint and bone infections)
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in up to 29% of the cases (Gonzalez-Santiago and Drage, 2015). As the climate changes and
ocean temperatures rise, Vibrio vulnificus and other organisms that prefer warmer
temperatures may increase in abundance in locations that are not currently suitable
(Kaffenberger et al., 2017). This could result in increased water contamination and more
frequent infections.

Skin is the body’s first line of defense, both physically and immunologically, during
exposure to contaminated water. Recent studies have shown that the human skin microbiome
plays an important role in immune system function against localized and systemic diseases,
and infection (Hannigan and Grice, 2013). The human skin microbiome refers to the
microorganisms that inhabit human skin. The microbial composition differs among
individuals and skin sites but individuals are more similar to themselves than they are to
others (Grice et al., 2009)(Schommer and Gallo, 2013). The topographical difference in
microbial composition is associated with the skin types. For example, sebaceous sites (i.e.
face, back), moist sites (i.e. axilla, groin, toe webs) and dry sites (i.e. forearm, buttocks, calf)
all have different microbial communities, even in the same individual (Hannigan and Grice,
2013). Even though there is much variability among individuals and body sites, there is no
significant temporal variation among individuals. Most bacteria detected on normal human
skin belong to the following phyla: Actinobacteria (51.8%), Firmicutes (24.4%),
Proteobacteria (16.5%), and Bacteroidetes (6.3%) (Grice et al., 2009). The dominant genera
are also quite stable and include: Staphylococcus, Corynebacterium, Propionibacterium,
Lactobacillus and Streptococcus (Grice et al., 2009; Pereira et al., 2017).

A healthy microbiome protects the host from colonization and infection by opportunistic and
pathogenic microbes (Hannigan and Grice, 2013). Recent research has demonstrated that
changes in the microbiome can leave the host susceptible to infection and influence disease
states (Naik et al., 2015)(Nakatsuji et al., 2017). For example, Naik et al. (2015) showed that
Staphylococcus epidermidis, a normal human commensal, activated skin-resident dendritic
cells and specific T cells that helped protect the skin from invading pathogens (Naik et al.,
2015). Nakatsuji et al. (2017) demonstrated that human skin commensal bacteria produced
antimicrobials to prevent S. aureus infection. They also showed that patients with cutaneous
disorders were deficient in these protective organisms (Nakatsuji et al., 2017).

The skin microbiome not only protects hosts from pathogen colonization but also may
modulate the pathogenesis of a variety of cutaneous disorders (Meisel et al., 2016).
Alterations in the microbial communities on the skin have been linked to psoriasis, atopic
dermatitis, acne and chronic wound infections (Gardiner et al., 2017; Rocha and Bagatin,
2018; Zeeuwen et al., 2013). Environmental factors that alter microbiome diversity (Price et
al., 2009) are often associated with disease conditions (Gardiner et al., 2017). For example,
Chang et al. showed a healthy microbiome differed significantly from the microbiome
associated with psoriasis. Normal skin bacterial species, such as Staphylococcus epidermidis
and Propionibacterium acnes, were less abundant but opportunistic pathogens like
Staphylococcus aureus were more abundant in psoriatic patients than in healthy patients
(Chang et al., 2018). This was attributed to a decrease in immunoregulatory bacteria such a
S. epidermidis and P, acnes, that subsequently led to increased colonization by S. aureus
(Chang et al., 2018). Similar characteristics have been observed in patients with atopic
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dermatitis. Skin microbiome dysbiosis in the affected individuals results in decreased normal
commensal bacteria and increased colonization by S. aureus (Williams and Gallo, 2017).

Much of the current research on the skin microbiome parallels that on the gut microbiome
and human health. Alterations in the gut microbiome are not only physically associated with
the gastrointestinal illnesses, like irritable bowel syndrome, inflammatory bowel disease and
colon cancer, but also other diseases such as rheumatoid arthritis, obesity and Parkinson’s
disease. This past research demonstrates that the effects of change in the normal microbiome
may have a greater and more far reaching impact than previously thought (Gilbert et al.,
2016). While direct exposure to pathogens can cause infection, the role of the human
microbiome in immunity and infectious disease development has become increasingly
recognized. Characterizing the changes in the resident skin microbiota associated with
recreational water exposure may provide insight into the complex and fragile balance
between healthy skin and skin infection.

High throughput sequencing technologies, like next-generation sequencing (NGS), have
revolutionized microbiome research. NGS utilizes sequencing parallelization that results in
millions of reads originating from specific amplified DNA sequences. The 16S rRNA gene
is highly conserved among bacteria, but also has numerous variable regions that facilitate
bacterial identification. The taxonomic composition of the microbiome has proven to be an
important feature for distinguishing healthy individuals from those with disease states in
numerous studies (Gilbert et al., 2016).

Understanding the changes of the skin microbiome during recreational water exposure and
the role of the human microbiome against pathogen invasion and infection can offer new
strategies in protecting humans against RWRI. This research provides the foundation for the
investigation of the potential link between alterations in the human skin microbiome and
increased risk of infections. This research may aid in the revision of safety guidelines for
exposure and the development of diagnostic and therapeutic tools that can help correct
alterations in the skin microbiome for treatment or prevention of infections.

Sample collection

This study was approved by the University of California, Irvine Institutional Review Board
(IRB #2017-3751). Sample collection occurred in April, 2018 at Huntington Dog Beach in
Huntington Beach, CA. A large poster summarizing the study and asking for volunteers was
displayed at the collection site. Interested participants inquired and were given a detailed
study description if they met the participant criteria. Only those who were 18 years of age or
older, could speak and read English, and could swim were allowed to enroll. Participants
gave verbal consent to enroll in this study. We obtained skin microbiome samples from nine
participants including three males and six females, age ranges from 24-39, with no
sunscreen application, infrequent exposure to the ocean and beach (once per month or less),
no shower/bath in the past 12 hours, no antibiotic usage in the past 6 months, and no active
infections. No identifying information was collected from the participants; samples were
assigned a number (1 through 9). Samples were collected from an 8cm x 8cm section of skin
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on the back of the participants’ calves using rayon-tipped swabs moistened in sterile saline.
The calf was selected as the body site of interest because it has a large flat surface area and
sustains constant water exposure while wading/swimming without requiring the participant
to be completely submerged in the water. Samples were collected before the individuals
swam in the ocean. They were then instructed to swim or wade in the ocean for 10 minutes
and the second set of samples was collected after they completely air-dried, which took
approximately 20-30 minutes. The before and after samples were collected from the same
calf but on different sections of the skin to ensure the sample collection taken before
swimming did not remove bacteria from the section of skin swabbed after swimming. The
before swimming samples were collected from the right side of the right calf and the after
swimming samples were collected from the left side of the right calf after the area had air-
dried.

The participants were then instructed not to shower or to wash the leg area for 24 hours and
were trained using the above-mentioned swabbing method to collect their own samples for
the 6 hour and 24 hour post-swim collections. The 6 hour sample was collected from the
right side of the left calf and the 24 hour sample was collected from the left side of the left
calf. Participants were instructed to keep the samples on ice after collection and investigators
met with participants to retrieve the samples; no samples were shipped to the laboratory. Ice
packs and coolers were provided, if requested. All samples were received on ice and
processed within 24 hours of collection. An ocean water sample (75ml) from the swim site,
at the time of sample collection, was collected and analyzed in the same manner as the
experimental samples.

DNA extraction, PCR amplification and 16s rRNA gene sequencing

All samples were kept on ice until centrifuged to concentrate bacteria. Cell pellets were
frozen at —80°C within 24 hours of collection. DNA was extracted from the cell pellets, and
a single-step 30 cycle PCR was performed for the 16S rRNA gene V4 variable region using
PCR primers 515F/806R ( 515F: 5'-GTGCCAGCMGCCGCGGTAA-3; and 806R: 5’-
GGACTACVSGGGTATCTAAT-3"). PCR conditions were: 94°C for 3 minutes, followed by
28 cycles of 94°C for 30 seconds, 53°C for 40 seconds and 72°C for 1 minute, after which a
final elongation step at 72°C for 5 minutes. All samples underwent DNA extraction, PCR
and analysis by NGS using the 16S rRNA gene V4 variable region on an lon Torrent PGM
at MR DNA Laboratory ( Shallowater, TX.).

Analysis and interpretation of sequencing results

Sequence data were analyzed using QIIME (Caporaso et al., 2010) at The University of
California, Irvine. After importing the raw sequencing data, sequences were demultiplexed;
primers, barcodes, short sequences, sequences with ambiguous base calls, and sequences
with homopolymers exceeding 6 bp were removed using QIIME default settings. After
initial quality control, each sample had between 6,320 and 167,432 DNA sequences, with an
average of 97,048 sequences per sample and a total of 3,299,632 sequences in the data set.
Chloroplast sequences were removed from the data. Sequences were filtered using a cut-off
quality score of 25, clustered (using Uclust at 97% sequence similarity) into an open
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reference operational taxonomic unit (OTU) table and taxonomically classified (using Uclust
consensus taxonomy assigner).

Alpha and beta diversity analyses were created from the resulting OTU table with taxonomic
assignments. The OTU alignment failures were removed. Simpson and Shannon indices
were calculated in QIIME and the table outputs were uploaded into R Studio using R version
3.5.0 “Joy in Playing” (R Studio Inc., Boston, MA) for boxplot generation and further
statistical analyses. P values were calculated using the Wilcoxon Rank Sum Test in R Studio.

Skin microbiome diversity

Alpha diversity: To investigate whether the skin microbiome changes after ocean water
exposure, we first examined the alpha diversity (intra-sample diversity) metrics of the
samples collected before swimming, after swimming, 6 hours post-swim and 24 hours post-
swim. Results from all participants were pooled together by sample collection time.
Community richness (chaol-abundance-based richness estimator and observed OTUs),
evenness (Simpson index) and overall diversity (Shannon index) are shown in Figure 1a-1d
and Table S1. Overall, we observed statistically significant differences in microbial diversity
before and after the subjects swam in the ocean (Figure 1c-1d). Microbial diversity was the
highest immediately after swimming, followed by 6 hours post-swim and before swimming.
Samples collected 24 hour post-swim had the lowest diversity. Over time, the bacterial
communities decreased in diversity as they trended towards baseline (before swimming).
These results indicate that skin microbiome is altered by exposure to ocean water and
changes are evident for at least 24 hours post-swim.

Beta diversity: We further explored the effects of ocean water exposure on the skin
microbiome using beta diversity metrics (inter-sample diversity). We generated a Weighted
Unifrac Distance Matrix, which is a qualitative representation of the difference in
communities using phylogenetic branches that are weighted by the relative abundances of
sequences. Using this matrix, Principle Coordinate Analysis (PCoA) plots were created
(Figure 2). Principle Coordinate 1 (PC1) represents 54.52% variation, Principle Coordinate 2
(PC2) 8.22% and Principle Coordinate 3 (PC3) 6.84%. After ocean water exposure, we
observed a distinct cluster indicating that even though the alpha diversity (intra-sample
diversity) was the highest, the samples from individual subjects were not distinctly different
from one another. Each point on Figure 2 represents a sample from a human subject
identified by the first number and followed by either B (before swimming), A (after
swimming), 6 (6 hours post-swim) or 24 (24 hours post-swim). As time passed, the beta
diversity measurements trended toward baseline (before swim) for each individual subject.
As illustrated by the dash-lines in Figure 2a, the skin microbiome of subjects 1 and 2 slowly
returned to the microbiome signature of the skin before swimming and at different rates.
Similar patterns were also observed for other subjects but the dash-lines were not included
on the graph to avoid overcrowding of the lines. It should be noted, participant 3 and 4 did
not have 6 hour or 24 hour samples collected, participant 8 and 9 did not have 6 hour

Mar Pollut Bull. Author manuscript; available in PMC 2021 April 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nielsen and Jiang Page 7

samples collected and participant 6’s before sample was below the sampling depth of 25,000
sequences for the analyses and was not included.

Taxonomy changes in the skin microbiome after exposure

The predominating phyla (Figure 3a) on the skin changed after swimming when compared
to before swimming. Actinobacteria decreased from 34% to 6.7%, Firmicutes decreased
from 32.3% to 9.4%, Proteobacteriaslightly decreased from 24.8% to 24% and
Bacteroidetes increased from 7% to 41.8%. As time passed, the bacterial community
composition trended towards baseline. In comparison, the ocean water sample was
comprised of 63% Proteobacteria, 17.2% Bacteroidetes, 8.4% Cyanobacteria, 71.4%
Actinobacteria, 1.7% Verrucomicrobiaand 0.7% Firmicutes.

A similar difference was seen at the familiae level (Figure 3b). Before swimming, the
predominating familiae on the skin were Micrococcaceae (23.4%), Staphylococcaceae
(17.7%), Corynebacteriaceae (6.7%), Streptococcaceae (5.4%) and Lactobacillaceae (3.4%).
After swimming, the predominating familiae were Flavobacteriaceae (29.6%),
Puniceicoccaceae (6.7%), Cryomorphaceae (5.9%), Rhodobacteraceae (4.2%) and
Corynebacteriaceae (4%). At 24 hours post-swim, Staphylococcaceae began to establish
dominance at 13.5% and Corynebacteriaceae increased to 9.6%. These changes were even
more obvious at the genus level (Figure 3c). Before swimming, the skin is inhabited by
indigenous bacteria such as Staphylococcus, Streptococcus, and Corynebacteria, as expected
(Grice et al., 2009). After swimming, however, those organisms were significantly reduced
and ocean-borne bacteria predominated. Even though a significant amount of normal skin
flora was washed off and subsequently replaced by marine bacteria, the data demonstrate
that as time passed, indigenous flora began to re-establish.

Changes in the skin microbiome of individual participants

Taxa alterations were also evident in individual subjects as time passed (Figure 4). The phyla
and genus relative abundance was shown side by side for individuals 2, 5 and 7 to
demonstrate that the individual participant results were similar to those seen in the pooled
data shown in Figure 3. At the phyla level (Figure 4a), Firmicutes and Actinobacteria
initially decreased in relative abundance after exposure to ocean water and slowly increased
back to baseline levels. Bacteroidetes increased after swimming and slowly decreased as
time passed. The ocean water appeared to simultaneously wash off resident skin bacteria and
deposit ocean-borne bacteria onto the skin. This change may be dependent on the relative
abundance of Proteobacteria (62.94%), Bacteroidetes (17.18%), Actinobacteria (7.45%) and
Firmicutes (0.70%) present in the ocean water. These data are summarized for each
individual participant (Table S2). All of the participants acquired bacteria from the genus
Vibrio after swimming (Figure 4b). This genus includes potential pathogens, although
specific pathogenic species were not identified because organisms were only reported to the
genus level. While this genus made up a very small percentage of total OTUs (0.37%) on the
participants’ skin, it still demonstrated that Vibrio spp. were present on the skin after
swimming in the ocean. In some participants, these organisms persisted for 6 hours, and in
one participant (7), for 24 hours. It is also worth mentioning that the fraction of Vibrio spp.
detected on human skin was more than 10 times greater than the fraction of Vibrio spp. in
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the ocean water sample (only 0.032%), suggesting it has a specific affinity for attachment to
human skin. Even though the human skin microbiome differed greatly between individuals,
the effects of ocean water exposure on the skin microbiome were similar among individuals.

Approximately 17.2% of all bacteria detected on human skin after swimming were likely
ocean bacteria because they were found in the ocean water but were not detected on the
participants before they entered the water (Figure 4c). These ocean bacteria persisted on the
skin for at least 24 hours and decreased in concentration over time. The top 3 most abundant
ocean bacterial genera that were detected in the after swimming samples are shown in Figure
4c and Table S3. The most abundant of these were members of the family Pelagibacteraceae
(unknown genus), Sediminicola spp., and Pseudoalteromonas spp. Again, Figure 4 data
demonstrated that exogenous bacteria found on the skin after swimming, originated from the
ocean, and persisted on the skin of individual human subjects for at least 24 hours.

Discussion:

Linking skin microbiome change with skin health

Skin is the primary barrier protecting us from the external environment. The microbiome is
currently believed to be an integral part of our immune system because of the association
between host and microbial factors and the downstream effects on immune cells (Belkaid
and Tamoutounour, 2016; Zitvogel et al., 2018). A healthy microbiome, which is largely
stable over time (Oh et al., 2016), has been shown to defend our bodies from invading
pathogens and protect us from disease. Alterations in the skin microbiome have been
associated with skin diseases (Furue et al., 2018). Our data demonstrate for the first time that
ocean water exposure can alter the diversity and composition of human skin microbiota. A
portion of the native skin microbiota was replaced by ocean bacteria, which was reflected in
the increase in diversity and detection of ocean-borne bacteria in post-swim skin
microbiome samples. This conclusion was further confirmed by the observation that
although most individuals had different microbiomes when compared to one another pre-
swim, they all had similar compositions after swimming, as shown in the beta-diversity
analyses.

The dramatic changes in the skin microbiome from a normal indigenous microbiome
signature to a completely different diversity signature after ocean water exposure signifies
the importance of understanding the relationship between ocean exposure and skin health.
Washing off native skin bacteria could weaken immunity against exogenous bacteria in the
ocean. Ocean bacteria, including Vibrio spp., are clearly evident on the skin after exposure
although Vibrio is not the predominant bacterial genus in the ocean water. This result
implies that skin has the ability to attract exogenous bacteria from recreational water. Vibrio
vulnificus, a naturally occurring pathogen in marine water, can cause necrotizing wound
infections that can result in sepsis and death (Oliver, 2015). Although it is not the intention
of this study to expose participants to water of poor quality, the results of the study imply
that microbial pathogens would attach to human skin if they were present in the water.

Attachment and persistence of pathogens on the skin not only has implications for increased
risk of skin infections, but harmful organisms found in recreational water of poor quality
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may infect humans through the fecal-oral route. It is possible that as pathogens persist on the
skin, there is a chance for accidental transfer from the skin to the mouth, or even transfer to
another individual. This could cause gastrointestinal illness not only at the beach, but in the
hours or days post-exposure. This is especially dangerous for children and
immunocompromised individuals whom are more susceptible to infection.

Study Limitations

There were several limitations in this study. The ‘before swimming samples’ were collected
after most of the individuals had entered the beach area (with the exception of participant 1
and 2) but before they entered the water. In some cases, participants were walking and
standing in the sand for 2 hours or more before samples were collected. Participants 1 and 2
did not have ocean bacteria detected on the skin before they entered the water, but all the
other participants did. We believe that aerosols produced by the waves and skin contact with
the sand may deposit a small amount of ocean-borne bacteria onto the skin. Ideally, all
‘before swimming samples’ should have been collected before participants entered the beach
area but the phenomenon that ocean bacteria may be acquired on the skin without entering
the water should be investigated.

The participant size in this study was small and conclusions from the study population may
not apply to the general population. However, the microbiome sample size is sufficient for
the study because even though only 9 participants were analyzed, 2—4 different time point
samples were collected on each individual for a total of 34 samples. The samples averaged
97,048 bacterial sequences per sample. This sample size is similar to numerous highly
influential human skin microbiome studies published in recent years. For example, Grice et
al. investigated the human skin microbiome in healthy individuals and used samples from
only 10 human participants (Grice et al., 2009). Another study assessing the temporal
stability of the human skin microbiome used samples from 12 healthy human participants
for genomic analysis (Oh et al., 2016). Studies on the association between certain disease
states and the skin microbiome have also utilized small participant numbers. A 2018 study
investigating the difference in the skin microbiome of healthy individuals and those with
atopic dermatitis was based on 10 diseased individuals compared to 8 healthy individuals
(Furue et al., 2018). We had the opportunity to include additional participants but instead
chose to adhere to strict study criteria designed to minimize confounding factors and
additional variables.

Medical history was not collected from the participants and sex differences were not
assessed due to the small number of participants. Chronic skin disorders and other
characteristics may influence how the human skin microbiome responds to environmental
exposures. In order to account for these variables, each person served as their own control to
assess the effects of ocean water exposure and minimize confounding factors. Additional
studies are necessary to understand how unique skin characteristics influence the effects of
ocean water exposure on the human skin microbiome.

Another potential limitation was the use of 16S rRNA gene hypervariable region 4
sequencing for our study. V4 region was selected for the greatest coverage of bacteria with
different niches due to the large number of environmental and human commensal bacteria
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present in our samples. However, V4 has limitations in detection of some human skin
commensals, particularly Propionibacteria spp. 16S rRNA gene sequencing of the V4 region
is likely to identify as many bacteria as possible and to elucidate the effects of ocean water
on the skin microbiome with the expectation that metagenomic analysis would be a useful
tool for future research.

Lastly, this study only analyzed the skin microbiome on the calf. This body site was chosen
because of its large, flat surface area and sustained water contact while wading. Different
body sites are known to have different microbial community compositions. We anticipate
these effects would be similar on other body sites and may even be accentuated in areas that
have a lower abundance of commensals, have a higher abundance of more fastidious
commensals, have the ability to trap water (inside the ears and nasal cavity), and/or maintain
contact with the ocean sediment (toes).

Future research

There has been little research devoted to investigating the effects of environmental exposures
on the skin microbiome. The microbiome can be altered in response to external substances,
such as antibiotics and toxic chemicals, however, ocean water is unique in that it removes
resident bacteria and simultaneously deposits foreign bacteria on the skin. A large portion of
the population is exposed to ocean water, therefore, a better understanding of ocean
exposure and skin microbiome may protect public health during water recreational activities.
This is especially of concern with increasing water temperatures and pollutant runoffs and a
higher concentration of pathogens in natural waters (Kaffenberger et al., 2017). Future work
to connect changes in the skin microbiome with a prospective epidemiological study in poor
quality water (i.e. post-storm condition) may offer a direct link between changes in the
microbiome and skin infections.

Some participants encountered more drastic changes in the skin microbiome that persisted
for a longer time as compared to the other participants. The physical characteristics of an
individual’s skin, such as: skin type, hydration level, skin product usage, sun exposure,
hygiene, etc., may affect the changes seen. Some participants have a less diverse skin
microbiome before swimming (as measured by species richness) and would therefore appear
to have a larger increase in diversity after swimming. Research by Wang et al. (2016) has
shown that differences in the human skin microbiome may be governed by differences in
available carbon sources on the skin. They demonstrated that increasing sucrose on the skin
promoted the fermentative capabilities of S. epidermidis, but not P acnes. When P, acnes and
S. epidermidis were co-cultured in the presence of sucrose, P acnes growth was diminished
(Wang et al., 2016). Individuals have different levels of available sugars which support the
growth of different indigenous bacteria (Wang et al., 2016). Such differences may also
support the attachment and persistence of exogenous bacteria on the skin. The skin
microbiome and its responses to environmental exposure may also differ by sex. There is an
unexplained observation reported in the literature that males are more likely to acquire
Vibrio vulnificus (Tacket et al., 1984) and Aeromonas spp. infections (Baddour, 1992) after
water exposure. Future research in this area may shed new light on wound and other
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necrotizing infections and the differences in the skin microbiome of males and females after
exposure.

Wastewater, storm-water, discharges from animal agriculture, aquaculture and hospitals all
contribute to the release of antibiotics and antibiotic resistant bacteria into the environment.
Antibiotic resistant organisms have been found in ocean water (Dang et al., 2008; Di Cesare
etal., 2012; Leonard et al., 2015), which present additional risk to recreational bathers for
acquiring antibiotic resistant infections (Di Cesare et al., 2012; Morroni et al., 2016). Future
metagenomic research is needed to elucidate the connection between recreational water
exposure and acquisition of antibiotic resistance organisms on human skin.

Providing evidence that ocean water exposures under certain circumstances (e.g.,
geographic, seasonal, exposure frequency) may increase health risks, will allow public
health organizations to generate appropriate mitigation recommendations to help reduce the
occurrence of RWRI. Potential strategies for reducing skin related health risks from
exposure to ocean water could include protective recommendations (e.g., showering
immediately post-swim, exposure time limits based on age, immune status and other
characteristics) and therapeutic interventions targeted at re-population of normal skin
commensals. Public and occupational health organizations will be better positioned to make
recommendations that protect people while enabling them to continue to enjoy and work in
marine environments.

Alterations of the human skin microbiome have been linked to skin diseases but the impact
of recreational ocean water exposure on the human skin microbiome has not yet been
studied. This study is the first step towards an understanding of the relationship between
recreational water exposure, the skin microbiome, and potential skin infection. The
following conclusions can be made from the results of this study:

. Ocean water exposure removed normal resident bacteria from human skin, which
have been shown to modulate the immune system and provide protection against
invading pathogens. Therefore, the removal of these symbiotic organisms could
leave the host susceptible to infection.

. Ocean water exposure simultaneously deposited ocean-borne bacteria onto the
skin, including potential pathogens that could cause infection.

. While the normal skin microflora re-established dominance as time elapses post-
exposure, exogenous bacteria was present on the skin for at least 24 hours after
swimming. This might present an opportunity for pathogenic bacteria to cause
infection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2.

PC1 - Percent varnation explained 54.52%

The bacterial community beta diversity of skin microbiome before and after ocean
swimming. Each point on the PCoA plot represents a skin microbiome sample where the
first number indicates the human subject number. Beta diversity analysis was performed by
weighted Unifrac PcoA where the 3 primary axes are shown a) PC1 vs PC2 and b) PC1 vs
PC3. These coordinates represent 69.58% variation (PC1=54.52%, PC2=8.22%, and

PC3=6.84%).
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