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SUMMARY The skin is the largest organ in the human body whose surface contains a diverse
microbial community that contributes to human health by harboring and protecting against
pathogens. The composition of the microbial community on the human hand is unique as it
has frequent and direct interactions with the surrounding environment. Various factors impact
the microbial species present on the dominant hand of an individual, with a primary intrinsic
factor being sex and an extrinsic one being hygiene practice. While hygiene practices like
hand washing have been shown to decrease overall microbial load, there is a current
knowledge gap on how other hygiene practices, such as sheet washing, intersect with sex to
impact the skin microbiome. This study therefore explored the impact of sex and the hygiene
factor of sheet washing frequency on the microbial composition of hands among individuals
residing in shared dormitories. Through microbial diversity and abundance analyses, our
findings suggest that sex is a greater driver of hand microbial composition than sheet washing
frequency, but that sheet washing frequency still has an effect, as less frequent sheet washing
is associated with greater variations in hand microbial composition. Overall, the findings from
our study contribute to the growing field of research on how hygiene habits influence the
human microbiome in a sex-specific manner, providing a platform for further investigations
on the effects of these intersecting factors on health outcomes.

INTRODUCTION

ygiene practices have historically been associated with lowering microbial
concentrations on the skin to reduce the transmission of diseases (1). One of the most
common pathways pathogens are spread across populations is through touch, often done by i bl i .
he d . hand (). 1 tioati into th ffect of hvai ti the hand Malkowski. 2024. Individuals in shared dormitories
t e or.nlnant and (2). Investigation in o the effect of hygiene practices on the han who rarely wash their sheets are associated with
microbiome can allow for the recommendation of more informed hygienic choices to prevent greater sex-specific microbial changes compared to
the spread of pathogenic diseases (3). Many studies have focused on hand washing as the  individuals who wash their sheets frequently.
. . . . - . UJEMI+ 10:1-13
primary hygiene practice to lower pathogenic transmission, leaving a current knowledge gap
about the hygiene practice of sheet washing on the hand microbiome (1, 4). Editor: Ronja Kothe, University of British Columbia
Bed sheet washing has long been considered a beneficial hygiene practice to reduce the
spread of disease, as inadequately washed sheets have been recognized to harbor pathogens
(5). Humans come into direct contact with their bed sheets where their microbiota are then
dispersed throughout the night (6). Infrequent sheet washing would lead to the accumulation
of microbes and potential pathogens as many microorganisms can survive on similar surfaces
for periods ranging up to several months (5). Due to the daily direct contact humans have
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with bed sheets, the human hand microbiome has the potential to be influenced by the
microbes present on bed sheets.

Another factor that contributes to the composition of the hand microbiome is sex (4).
Genetic differences between male and female skin that participate in the formation of the
microbial environment include skin thickness, number of hairs, sweat, sebaceous glands, and
sex hormones (7). Sex has a substantial impact on determining hand microbial diversity, as
women have been shown to consistently have a higher microbial diversity than men (4).
Gender may also play a role in a social context, as a study has shown that worldwide women
tend to adhere to hygiene practices more strictly than men (8).

While genetics is a major contributor to the composition of the microbial community on
the skin, one of the most influential factors that are within human control is hygiene practices.
Previous studies have shown that hygiene practices reduce the overall microbial load while
sex creates distinct bacterial communities (4). Using data from Richardson et. al, our group
investigated the hygiene practice of sheet washing in conjunction with sex to see if either
factor influences the microbial community composition of the human skin (9). We
hypothesized that both sheet washing frequency and sex would impact the microbial diversity
of the hand microbiome.

Past research by students at the University of British Columbia used the same dataset
from Richardson et. al to investigate the impact of roommates on an individual’s microbiome
and the abiotic environment of the shared space. Their findings showed significant differences
in the microbiome of the abiotic samples between single and multiple occupancy dorms (10).
To provide further information about the microbial communities of a shared space, our group
aimed to expand on their findings focusing on hygiene practices and sex and their impact on
biotic microbial composition.

Through our analyses of various diversity metrics, we found that both sex and sheet
washing frequency influence hand microbiome diversity and composition, however, sex has
a stronger effect. When sheets were washed less frequently, taxa bar plots revealed a greater
variation in the abundance of phyla when comparing between sexes, and core microbiome
analysis showed a greater diversity of unique microbial genera. DESeq?2 results showed more
unique upregulated genera in females than males across both sheet washing frequency groups.
The two most upregulated genera found for females and males respectively were
Corynebacterium and Prevotella. These two genera were common in the hand microbiome
of both sexes, while the most abundant unique genera were Qipengyuania and Anaerococcus
for females and Aggregatibacter and Acinetobacter for males in the high and low sheet
washing frequency groups respectively. These findings contribute to current research being
conducted on skin microbial community composition by investigating how hygiene habits
influence the hand microbiome in a sex-specific manner. By expanding on current findings
of hygiene practices and sex on the hand microbiome, hygienic practices can be recommended
to reduce pathogenic transmission.

METHODS AND MATERIALS

Scripts.
https://github.com/mairi-macaulay/MICB475 Group13/tree/904fcbbf7b8b8d63e4068b5751
ceeb8ebb70b3c9/Lab_Notebook

Dataset and metadata filtering. The dataset originated from a study conducted by
Richardson et al. that examined the skin and environmental surfaces within a shared
dormitory (9). The study was conducted with four time points over 3 months, during which
samples were collected from 37 participants and their rooms in the dormitories at the
University of Chicago. The selected metadata category used for this project was sex and
weekly frequency of bed sheet washing. Before initiating the data processing, the sheet
washing frequency was divided and added as an additional column in the metadata file using
Microsoft Excel (v. 16.77.1). Samples were categorized into two groups based on the sheet
washing frequency reported from histogram categorization prior to collection: 28 samples of
“high” frequency, from individuals who washed sheets every 0 to 2 weeks, and 11 samples
of “low” frequency, from individuals who washed their sheets more than every 6 weeks. Each
sample was further categorized by sex, resulting in four groups: male high frequency (20

September 2024 Volume 10:1-13 Undergraduate Research Article

UJEMI+

https://jemi.microbiology.ubc.ca/



Anwari et al.

samples), female high frequency (8 samples), male low frequency (7 samples), female low
frequency (4 samples).

Initial data processing in QIIME2. From the Quantitative Insights into Microbial Ecology
Version 2 (QIIME2) server (11), we imported and demultiplexed the dorms dataset. The
demultiplexed dataset was denoised to remove the low-quality reads, with a truncation length
of 150 nucleotides (Figure S1). Then, Amplicon Sequence Variants (ASVs) were clustered
using DADAZ2 (12). The V4 regions of the 16s ribosomal RNA gene from the SILVA database
were extracted and were targeted with a 515F (5’-GTGCCAGCMGCCGCGGTAA-3’)-
806RB (5’-GGACTACHVGGGTWTCTAAT-3") primer pair (13). The denoised and
clustered dataset was trained using the pre-trained classifier to assign the taxonomy of the
reads. Mitochondria and chloroplast sequences were removed, and the metadata was filtered
to keep only the skin (hand) samples. To address unequal sequencing depth and retain the
majority of the samples and ASVs, the sampling depth was set to 6223 where 653,415
(38.06%) features were obtained in 105 (92.11%) samples (Figure S2). The ASVs are
saturated and as a result, 9 samples were discarded at this rarefaction depth.

Formatting and filtering phyloseq object files for diversity analyses. Taxonomy,
metadata, ASV tables, and phylogenetic tree from the preliminary QIIME processing steps
were formatted and merged into a phyloseq object in R (v. 4.2.3) using packages phyloseq,
ape, tidyverse, and vegan (14—17). For alpha diversity, beta diversity, and taxonomic bar plot
analyses, the phyloseq object was filtered to remove non-bacterial sequences, samples with
less than 100 reads, and samples where sheet washing frequency was not applicable. Phyloseq
objects were rarefied to a sampling depth of 6223 to be consistent with preliminary QIIME
processing rarefactions steps. This resulted in a reduction in the sample size of the four sex-
specific sheet washing frequency groups: male high frequency (18 samples), female high
frequency (6 samples), male low frequency (7 samples), female low frequency (3 samples).
For DESeq2 and core microbiome analyses, the phyloseq object was not rarefied and
additionally filtered to remove ASVs with less than 5 counts. Phyloseq objects for all analyses
were also filtered for different sexes.

Alpha and beta diversity analyses. Alpha and beta diversity analysis and subsequent
statistical analyses were conducted in R (v. 4.2.3) using vegan, phyloseq and tidyverse
packages (14, 16, 17). For alpha diversity, differences in Observed, Chaol, ACE, Shannon,
Simpson, Inverse Simpson, and Fisher’s metrics were analyzed between low and high sheet
washing frequency groups categorized by sex to determine differences in hand microbial
composition (18-23). Two-way ANOVA statistical analyses were performed on each alpha
diversity metric (24). Significance was defined with a p-value cutoff of < 0.05. For beta
diversity, differences in unweighted UniFrac, weighted UniFrac, Jaccard, and Bray-Curtis
metrics were calculated between hand microbial compositions of differing sexes with varying
sheet washing frequency habits (25-28). A pairwise permutational analysis of variance
(PERMANOVA) was performed on the beta diversity metrics in R (29). Each metric was
conducted with a p-value cutoff of <0.05 to define statistical significance.

Taxa bar plot analysis at the phylum level. Taxa bar plot analysis was conducted in R (v
4.2.3). The following packages were loaded: phyloseq, tidyverse, ggplot2, ape, and vegan
(14-17, 30). To determine the distinct phyla and their abundance associated with the varying
sheet washing frequencies and sex, the taxonomic data’s relative abundance at the phylum
level was calculated for groups categorized by sheet washing frequency (high, low) and sex
(male, female). The phyla that represent a relative abundance greater than 1% were filtered
for. Using ggplot2, the taxa bar plots at the phylum level were generated for analysis.

Taxa bar plot analysis at the genus level. The top 5 most abundant phyla were further
analyzed at the genus level. The phyla of interest included Actinobacteriota, Firmicutes,
Bacteroidota, Fusobacteriota, and Proteobacteria. Taxa bar plot analysis was conducted in R
(v 4.2.3). The following packages were added: phyloseq, tidyverse, ggplot2, ape, and vegan
(14-17, 31). To assess distinct genus and their abundance associated with the varying sheet
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washing frequencies and sex, the taxonomic data’s relative abundance at the genus level was
calculated for groups categorized by sheet washing frequency (high, low) and sex (male,
female). To generate five genus-level taxa bar plots, the data was filtered for each phylum of
interest. Genera that had a relative abundance of less than 1% were removed. Taxa bar plots
were generated for further analysis at the genus level.

Core microbiome analysis. To identify both shared and unique core microbiome genera
associated with different sexes and sheet washing frequencies, a core microbiome analysis
was conducted. By using the phyloseq (v. 4.2.3) and microbiome (v 1.22.0) R packages (14,
32), the non-rarefied phyloseq data was converted into relative abundance for both low and
high sheet washing frequency groups for females and males. To determine the optimal
prevalence and abundance threshold, a heatmap was generated to visualize the range of
prevalence and abundance levels for individual bacteria at the genus levels (Figure S5, S6,
S7, S8). This heatmap analysis utilized microbiome R packages (v 1.22.0) for taxonomic data
analysis and RColorBrewer packages (v 1.1-3) for defining the colour palette in the figure.
To visualize the result, ggVennDiagram package was used to generate a four-way Venn
diagram, illustrating the core microbiome for our analysis (v 1.2.3) (33). The minimum
prevalence and abundance parameters were set at 0.5 (50%) and 0.001 (0.1%), respectively.

DESeq2 analysis. To compare the differences in abundance between sexes and sheet washing
frequency, a DESeq2 analysis was conducted in R (v 4.2.3) and used the phyloseq, ape,
tidyverse, vegan, ggplot2, and DESeq2 packages (14-17, 31, 34). A non-rarefied phyloseq
object was imported and edited to ensure the object contained no zeros. Two phyloseq objects
were created by filtering for two sheet washing frequencies: high and low, with 28 and 11
samples, respectively. One phyloseq object was filtered for only high sheet washing
frequency data and the other for low sheet washing frequency data. Two DESeq2 objects
were then created from the phyloseq objects and analyses were run comparing differences in
sex in the two sheet washing groups. Volcano plots were run and genera were filtered at a p-
value cutoff of < 0.01, a log, fold change >2, and a baseMean > 1. Genera were then pruned
and a list of genus names from each group was created. Each genus was identified as being
unique to either males or females per sheet washing frequency group. Using ggplot2, a bar
plot was created at the genus level to identify the upregulated and downregulated ASVs
present in both comparison groups as log, fold change (31).

RESULTS

Diversity of hand microbial communities varies more significantly due to sex than
sheet washing frequency. Alpha diversity analyses including Observed, Chaol, ACE,
Shannon, Simpson, Inverse Simpson, and Fisher’s diversity were conducted to determine
differences in hand microbial composition on groups categorized by sheet washing frequency
(low, high) and sex (female, male) of individuals (Figure 1, Figure S3). Based on two-way
ANOVA statistical analyses, no alpha diversity comparisons were found to be significantly
different. To determine whether the beta diversity of hand microbial communities differed
between the variables, beta diversity metrics were run between groups categorized by sex
(female, male) and sheet washing frequency (low, high). Regardless of sheet washing
frequency, all beta diversity metrics (unweighted UniFrac, weighted UniFrac, Jaccard, Bray-
Curtis) differed significantly between sexes (Table 1, Figure S4). The greatest difference
between sex-specific sheet washing frequency groups was observed between the “female
high” and “male high” groups (Table 1, Figure S4). The same-sex comparisons that differed
only in terms of sheet washing frequency showed no significant differences in beta diversity
metrics except for unweighted UniFrac for the “female high” vs “female low” comparison
and Bray-Curtis for the “male high” vs “male low” comparison (Table 1, Figure S4).
Therefore, there may be phylogenetically different microbial taxa present or absent between
“female high” and “female low” group hand microbiomes, but the overall abundance of these
differential taxa is small. Comparatively, there may be differences in the abundance of shared
taxa between “male high” and “male low” group hand microbiomes, but no significant
differences in the presence or absence of specific taxa. These results indicate that beta
diversity of hand microbial communities varies more significantly due to sex than due to sheet
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FIG. 1 Sex-specific sheet washing frequency groups do not significantly differ in alpha diversity. (A) Observed species
diversity (richness) boxplot of groups categorized by sex and sheet washing frequency (p-values of 0.99 for Female Low/High
and 0.64 for Male Low/High). (B) Shannon’s diversity boxplot of groups categorized by sex and sheet washing frequency (p-
values of 0.99 for Female Low/High and 0.65 for Male Low/High). Legend specifying groups categorized by sheet wash
frequency and sex is shown on the right. Statistical analysis was performed using a two-way ANOVA, *p<0.05.

TABLE. 1 Sex impacts hand microbial community beta diversity metrics at low and high sheet washing
frequency. Beta diversity metrics (Unweighted UniFrac, Weighted UniFrac, Jaccard, Bray-Curtis) were run
on pairs of groups categorized by sex (Female, Male) and sheet washing frequency (Low, High).

PERMANOVA statistical testing, *p<0.05; **p<0.01; ***p<0.001.

Beta Diversity PERMANOVA P-values
Metric

Female High vs Male High vs Male Female High vs Female Low vs

Female Low Low Male High Male Low

Unweighted 0.026* 0.088 0.008** 0.020*
UniFrac
Weighted UniFrac 0.082 0.054 0.019* 0.012*
Jaccard 0.211 0.053 0.018* 0.020*
Bray-Curtis 0.211 0.045* 0.014* 0.020*

washing frequency; however, sheet washing frequency in females can impact microbial
presence and sheet washing frequency in males can impact microbial abundance.

A reduction in sheet washing frequency corresponds to an increased variation in the
relative abundance of phyla observed between males and females. To determine if sheet
washing frequency and sex affect the phyla present on the skin of those in shared dorms, we
calculated the relative abundance of phyla present across the various sex-specific sheet
washing groups (Figure 2). Through analysis of the plots generated, it is observed that the
variation in the abundance of phyla between sexes increases as sheet washing frequency
decreases (Figure 2A). With reference to this data, five additional taxa bar plots were
generated, focusing specifically on the five phyla depicted in Figure 2A. In Figure 2B
(Actinobacteriota) and Figure 2C (Firmicutes), an apparent trend emerges of higher frequency
of sheet washing leading to reduced variation in the overall relative abundance percent of
these phyla between males and females. Proteobacteria also demonstrates a similar trend,
however, this difference is less pronounced in comparison to Actinobacteriota and Firmicutes
(Figure 2E). In contrast, Figure 2D demonstrates that the relative abundance of Bacteroidota
decreases in similarity between sexes as sheet washing frequency increases. The data also
suggests that Fusobacteriota is only present on the skin samples of those with high sheet
washing frequency and absent on those who do not wash their sheets as often (Figure 2F).
Overall, there is a discernible trend which indicates that higher sheet washing frequency is
associated with reduced variation in the relative abundance of phyla between males and
females. Through analysis of the generated taxa bar plots, the primary genera constituting
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FIG. 2 Low sheet washing frequency results in higher variation in the relative abundance of phyla observed between
males and females. (A) The phyla present in the various sex-specific sheet washing groups are represented by differing colours
in the bars. The phyla of interest, which include (B) Actinobacteriota, (C) Firmicutes, (D) Bacteroidota, (E) Proteobacteria,
and (F) Fusobacteriota, are further analyzed through taxa bar plots which visualize variation at the genus level of the various
sex-specific sheet washing groups. All figures have legends on the right which represent the various genera (B-F) and phyla
(A) present in the taxa bar graphs.

each phylum can be identified. This includes Corynebacterium for Actinobacteriota,
Streptococcus for Firmicutes, Prevotella for Bacteriodiota, and Fusobacterium for
Fusobacteriota. Proteobacteria have a variety of genera; therefore, it does not have one
dominating or prevalent genus.

Both sexes exhibit a greater diversity of unique microbial genera when bed sheets
are washed less frequently. A core microbiome analysis was conducted to explore the
relationship between sex and bed sheet washing frequency, both in relation to each other and
within each variable. The Four-way Venn diagram revealed 15 core microbial genera,
constituting 20% of the overall core microbiome, which remained unaffected by sex or the
frequency of bed sheet washing (Figure 3). Our findings revealed greater microbial diversity
among females who infrequently wash their sheets in comparison to females who frequently
wash their sheets (Figure 3). This observed pattern is consistent for males as well, where
lower sheet washing frequently is associated with higher genera diversity (Figure 3). These
results suggest a divergence in microbial genera between the sexes, particularly when the
sheets are washed less frequently.

DESeq2 analysis shows fewer shared differentially abundant genera than those
unique to one group with more upregulated genera in female groups across both sheet
washing frequencies. A DESeq?2 analysis was run to compare differences in ASV abundance
between sexes in conjunction with sheet washing. Volcano plots revealed twenty-five
significant values in the high sheet washing group and twenty-two significant values in the
low group (Figure 4A-D). In the high sheet washing frequency group, results showed that
more unique genera are abundant in the female group in comparison to the reference male
group as seen in the number of genera present on the female side in Figure 4B. The shared
genera between the two groups consisted of five genera including Corynebacterium,
Prevotella, Paracoccus, Staphylococcus, and Kocuria, listed in the same order as Figure 4B.
In the high sheet washing frequency group for females, sixteen genera were found to be
significantly upregulated, thirteen of which were unique to the female group (Figure 4B).
Some of the most unique upregulated genera included Qipengyuania, Williamsia,
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FIG. 3 For both sexes, individuals with low sheet washing frequency have more unique core microbiomes than
individuals with high washing frequency. Four-way Venn diagram illustrating the percentage and number of
overlapping and unique microbial genera present in females with low sheet washing frequency, females with high sheet
washing frequency, males with low sheet washing frequency, and males with high sheet washing frequency. The diagram
has a minimum prevalence threshold of 0.5 (50%) and an abundance threshold of 0.001 (0.1%). The numbers in each
circle represent the genera above these thresholds. The colour corresponds to the number of counts of genera, with a
darker red indicating a higher count and a darker blue indicating a lower count.

Mycobacterium, Brevundiomonas, and Nocardioides (Figure 4B). For the male high sheet
washing frequency group, the three unique genera were Aggregatibacter, Fusobacterium, and
Rothia (Figure 4B). The unique genera upregulated in the high sheet washing group are
different from the low sheet washing group, as seen by the labeled genera on the y-axis
between Figures 4B and 4D. In the low sheet washing frequency group, there were eleven
significantly upregulated genera for females and six for males (Figure 4D). The unique
species for the female low sheet washing frequency group included Anaerococcus, Blautia,
Subdoligranulum, Lactobacillus, and Bacteroides while the male low sheet washing group
consisted of the genera Acinetobacter, Pseudomonas, and Brachybacterium (Figure 4D).

DISCUSSION

The primary motivation of this study was to explore the impact of sex and the hygiene
factor of sheet washing frequency on the microbial composition of hands among individuals
residing in shared dormitories.

Our first analysis aimed to explore the broad differences in microbial diversity within and
between sex-specific sheet washing frequency groups through alpha and beta diversity
analyses. Alpha diversity analyses did not yield significant results, suggesting that richness,
abundance, and evenness levels within individual hand samples were similar between sexes
and sheet washing frequency groups (Figure 1). This is consistent with a previous study that
revealed that Chaol, Shannon’s diversity, and phylogenetic distance did not differ
significantly when only looking at sex (35). Beta diversity analyses revealed significance,
notably between sexes, indicating that sex may influence microbial community diversity
(Table 1, Figure S4). This finding supports a previous study that observed significant
differences in beta diversity metrics of facial skin samples between sexes (36). There was
also significance in some beta diversity metrics between sheet washing frequency groups,
specifically unweighted UniFrac and Bray-Curtis (Table 1, Figure S4). While there is
minimal literature that explores sheet washing, other hygiene practices like hand washing
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FIG. 4 Across high and low sheet washing frequencies, females have a higher number of upregulated genera than men.
(A, B) DESeq?2 plots representing high sheet washing frequency in females vs. males. (C, D) DESeq?2 plots representing low sheet
washing frequency in females vs. males. (A, C) DESeq2 analysis showing volcano plot when comparing (A) high and (C) low
sheet washing frequency between female and male sexes (p-value of 0.01, log2FoldChange > 2, and baseMean > 1). (B, D) Bar
plot at the genus level comparing (B) high sheet washing frequency and (D) low sheet washing frequency between females and
males. Genera present on the right-hand side (positive Log2FoldChange) are genera that are more abundant in the female group
while the genera present on the left-hand side (negative Log2FoldChange) are more abundant in the male group.

have been shown to impact unweighted UniFrac beta diversity metrics, aligning with our
findings, as well as weighted UniFrac beta diversity metrics (37). Overall, this data suggests
that sex is a greater driver of hand microbial community diversity than sheet washing
frequency but that sheet washing frequency can still influence microbial presence and
abundance. Based on the significant beta diversity results, our subsequent analyses focused
on evaluating between-community differences rather than within-community differences and
exploring the underlying causes behind these differences.

When comparing the relative abundance of phyla, an evident trend is that less sheet
washing results in greater variation in the abundance of phyla when comparing females and
males. This trend is specifically apparent in Actinobacteriota and Firmicutes, where the
difference in relative abundance between males and females is more pronounced in low sheet
washing frequency compared to high sheet washing frequency samples (Figure 2B, Figure
2C). Previous literature suggests a decades-long decline in microbial diversity and ancestral
microbes within the human population due to an increase in hygiene practices, which could
explain the reduction in variation of relative abundance of phyla between sexes in high sheet
washing frequency compared to low sheet washing frequency samples (38). Taxa bar plot
analysis also suggests that while the dominant phyla present are shared among the various
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conditions, some phyla are unique. Such phyla include Verrucomicrobiota, which is only
observed in female low sheet washing frequency samples (Figure 2A). These findings are
consistent with the literature which states that females have a higher abundance of
Verrucomicrobia in the gut microbiome compared to males (39). The lack of
Verrucomicrobiota in high sheet washing frequency samples supports the trend that low sheet
washing frequency results in higher microbial variation due to decreased hygiene practice.
Additionally, taxa bar plot analysis identifies the dominant genera constituting the population
of each phylum. Corynebacterium (Figure 2B) has a higher relative abundance in males than
females in both high and low sheet washing frequency in the Actinobacteriota phylum. These
findings are validated by previous research which states that females have higher
concentrations of vaginal microbiota, including Eneterbacterales and Lactobacillaceae,
whereas males have higher concentrations of Cutibacterium and Corynebacterium (40).

Core Microbiome analysis aimed to investigate the correlation between the sheet washing
frequency and sexes, while also examining the shared and unique genera associated with each
group. Our results revealed that there is greater diversity in hand microbial composition when
bed sheets are washed infrequently (Figure 3). The observation aligns with the taxa bar plot
analysis, which highlighted increased variation between sexes in the abundance of specific
phyla under infrequent sheet washing conditions (Figure 2). While there is a lack of previous
literature on sheet washing and its impact on the skin microbiome, it is well-established that
sanitation practices reduce the overall microbial load on abiotic surfaces (1). Therefore, the
infrequent washing of bed sheets likely leads to a greater accumulation of various
microorganisms on the fabric. When individuals encounter these bed sheets, they are more
likely to pick up a diverse subset of microorganisms onto their hands. Factors such as the
shedding of skin cells, various bodily fluids, and other elements like pets or foods on beds
contribute to the breeding of bacteria (41-43). The combination of warmth, darkness and the
presence of moisture provides a suitable habitat for bacteria to thrive and reproduce (44).
Furthermore, our analysis revealed distinct core microbial composition between sexes,
especially when sheets are washed less frequently. This is expected as sex-specific properties
of skin are known to have differences in skin thickness, the number of hairs, sweat production,
and hormone production (40). In the core microbiome of males with low washing frequency,
the most abundant genera unique to this group are identified as Kocuria, Streptococcus, and
Acinetobacter (Figure S5). Conversely, females with infrequent sheet washing display a core
microbiome dominated by Lactobacillus, Faecalibacterium, and Dialister, unique to this
group (Figure S6). The abundance of these genera only represents those unique to their
respective groups, which is why other bacteria with higher prevalence are not listed as they
are also present in other groups. While all of these identified genera are primarily non-
pathogenic, they can act as opportunistic pathogens, causing infections under conditions of
weakened immunological response or in individuals with debilitated health (45, 46). For
instance, Kocuria has been found in many infections including urinary tract infections,
cholecystitis, brain abscesses, and meningitis (45). Additionally, Acinetobacter is known to
be a contributor to nosocomial infections (46). Overall, infrequent sheet washing increases
genera in the core microbiome of the skin that can act as opportunistic pathogens.

DESeq?2 analysis revealed there were five shared genera between the two sexes for both
high and low sheet washing frequency (Figure 4B, Figure 4D). A shared genus that was the
most upregulated for females across both sheet washing frequency groups was
Corynebacterium (47), which is typically found on the skin microbiome (Figure 4B, Figure
4D). The most upregulated genus for males was the Prevotella genus which was also shared
with females and is a genus typically found in the oral microbiome (Figure 4B, Figure 4D)
(48). The genus that switches from being upregulated from the female side to the male side
as sheet washing frequency decreases is Paracoccus (Figure 4B, Figure 4D). This genus
contains several hundred species and is found in a variety of pristine and polluted
environments, indicating that it may have been brought in from an outside environment (49).
Staphylococcus was upregulated in females across both sheet washing species and is typically
present on mucus membranes and skin of humans (Figure 4B, Figure 4D) (50). The shared
genus abundant on the male side for both sheet washing frequencies was the Kocuria genus
which research has shown to be part of the normal flora of skin and oral cavities of humans
(Figure 4B, Figure 4D) (45). As expected, all five shared genera were common to both sexes
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(Figure 4B, Figure 4D). Interestingly, this DESeq?2 analysis contradicts a previous study that
showed higher abundances of Corynebacterium on male hands (51). However, the study
reinforced our finding of a higher abundance of Lactobacillus in the female low sheet washing
group as compared to the other sex-specific sheet washing groups (51). These results are
consistent with the core microbiome results in Figure 3 which show shared genera between
sex-specific sheet washing groups; however, each sheet washing group in conjunction with
sex had unique genera present.

The unique genera found to be significantly abundant for females and males changed
depending on sheet washing frequency; however, females had more unique species in both
cases. These results suggest that hygiene practices and sex influence the abundance of genera
found on the human skin.

Limitations Our study explored differences between males and females; however, the
samples from our dataset only looked at biological sex and not gender, therefore our
conclusions only account for biological and behavioural sex differences. Our study is also
unable to distinguish whether behavioural differences or genetic and physiological
differences between sexes are driving the observed differences. Additionally, sheet washing
frequency may serve as a reflection of an individual’s overall hygiene habits and external
factors such as hand washing frequency may be confounding variables that impact the
microbial composition of individuals as hand washing frequency has been previously shown
to impact microbial diversity (37). Various factors such as age, health, lifestyle, and
environment also impact the human microbiome (40). While our investigation focused on sex
and sheet washing frequency, additional variables included in the dataset such as time spent
outside, time spent with windows open, and/or roommates, could be further confounding
variables contributing to the observed differences. The original dataset only sampled a single
environment, a college dormitory, which generally consists of individuals within a limited
age range. Differences in age and environments, such as urban or rural settings, have
previously been demonstrated to impact skin microbial composition (35). While our results
showed that differences in both sex and sheet washing frequency drive variation in microbial
composition, our conclusions are specific to the context of our study and cannot be
generalized to other age groups and environmental settings. Additionally, the dataset had
small sample sizes, particularly for the female low sheet washing frequency group, making it
difficult to draw generalizations about this group as well as the others. Further research with
larger sample sizes is needed to validate our findings. The specificity of our results was also
limited to genus-level identification for taxonomic, core microbiome, and differential
abundance analyses as many samples in the dataset lacked species-level taxonomic
information.

Conclusions The objective of our study was to investigate the influence of sex and the
hygiene factor of sheet washing frequency on the hand skin microbial composition of
individuals in a shared living environment. We found that both sex and sheet washing
frequency impacted hand skin microbiome diversity and composition. More specifically, we
first found that sex is a greater driver of microbial composition than sheet washing frequency
as there were greater differences in beta diversity metrics between sex groups than within sex
groups, and sex impacted the abundance of genera similarly at high and low sheet washing
frequency. However, sheet washing frequency still influences hand microbial representation,
with bacterial genera representation at both low and high sheet washing frequency found to
be mostly different. More specifically, we observed that less frequent sheet washing is
associated with greater differences in hand microbial composition load between sexes since
there were greater variations in abundance of certain phyla, as well as more unique genera
when sheets were washed less frequently. The presence and abundance of genera in each
group indicate that a higher frequency of hygiene practices, like sheet washing, can decrease
microbiome differences between sexes and reduce opportunistic pathogens. Altogether, our
study contributes to the continued field of research on the differential composition of
microbiota between sexes but uniquely discusses how sex intersects with hygiene practices
like sheet washing to influence microbial diversity and abundance. Our study therefore acts
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as a platform for future research on how hygiene habits influence the human microbiome and
health outcomes in a sex-specific manner.

Future Directions To address one of the limitations previously discussed, this study could
be re-run and expanded to include possible confounding variables found in the dataset. Such
variables could include time spent with windows open, time spent outside, and/or roommates.
Specifically, previous research on the same dataset has shown that having one or more
roommates induces significant changes in the microbiome (10). Other previous research has
also demonstrated the effect of time spent outside where after spending time outdoors,
microbial richness and phylogenetic diversity increase and the skin microbiome becomes
more similar to soil microbiota (40). Therefore, these practices should be explored to see if
they correlate with sex or sheet washing and whether they could be contributing to the
microbial composition differences observed in this study. Additionally, as mentioned in the
discussion of limitations, sheet washing frequency could be linked to general hygiene
practices so it could therefore be the sum of these actions, instead of solely sheet washing,
that influence microbial composition. To address this, future studies could research the
contribution of different hygiene practices to overall microbial composition differences.

To address another previously mentioned limitation, future studies could aim to increase
the scope of the research on hygiene practices, sex, and microbial composition. One way to
increase the scope could be to investigate the effects of various hygiene practices. Hand
washing has already been shown to impact microbial composition, but other hygiene practices
like showering or teeth brushing are not as well characterized (4). Additionally, other sample
types could be explored, such as the abiotic surface samples available in the data set. Finally,
the study took place in a single college dormitory with individuals of similar age and likely
socioeconomic status, so including more diverse populations in future research could allow
the findings to be extrapolated to the general population to a greater degree.

Finally, since our study was limited to examining taxa-level differences, we were unable
to explore whether different species were pathogenic. Future studies could delve into species-
level impacts of sheet washing frequency and sex, in addition to researching whether the
microbial diversity differences observed in this study are associated with differential short-
and/or long-term health outcomes.
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