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Abstract

Background: Bovine mastitis is one of the most economically important diseases affecting dairy cows. The choice of
bedding material has been identified as an important risk factor contributing to the development of mastitis. How-
ever, few reports examine both the culturable and nonculturable microbial composition of commonly used bedding
materials, i.e., the microbiome. Given the prevalence of nonculturable microbes in most environments, this informa-
tion could be an important step to understanding whether and how the bedding microbiome acts as a risk factor for
mastitis. Therefore, our objective was to characterize the microbiome composition and diversity of bedding material
microbiomes, before and after use.

Methods: We collected 88 bedding samples from 44 dairy farms in the U.S. Unused (from storage pile) and used (out
of stalls) bedding materials were collected from four bedding types: new sand (NSA), recycled manure solids (RMS),
organic non-manure (ON) and recycled sand (RSA). Samples were analyzed using 16S rRNA sequencing of the V3-V4
region.

Results: The overall composition as well as the counts of several microbial taxa differed between bedding types,
with Proteobacteria, Actinobacteria, Bacteroidetes and Firmicutes dominating across all types. Used bedding contained
a significantly different microbial composition than unused bedding, but the magnitude of this difference varied by
bedding type, with RMS bedding exhibiting the smallest difference. In addition, positive correlations were observed
between 165 rRNA sequence counts of potential mastitis pathogens (bacterial genera) and corresponding bedding
bacterial culture data.

Conclusion: Our results strengthen the role of bedding as a potential source of mastitis pathogens. The consistent
shift in the microbiome of all bedding types that occurred during use by dairy cows deserves further investigation
to understand whether this shift promotes pathogen colonization and/or persistence, or whether it can differentially
impact udder health outcomes. Future studies of bedding and udder health may be strengthened by including a
microbiome component to the study design.
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Background
Bedding management has been a crucial component
of dairy farming. Ideally, dairy cows should spend about
10 to 13 h per day in a prone position to encourage essen-
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proper bedding management plays an important role in
increasing the productivity of dairy farms [3]. Choice of
bedding material is one crucial aspect of bedding man-
agement, and the type of bedding has been shown to
have a significant effect on udder health and production
outcomes in dairy cows [4].

Bedding materials can be broadly classified into two
main groups: inorganic and organic, with the latter cat-
egory subclassified into non-manure organic materials
and manure-based materials [5]. Recent studies reported
that inorganic materials were the most common bedding
type used by U.S. dairy farms, followed by organic non-
manure materials, and finally manure-based materials
[6]. However, these studies comprised convenience sam-
ples, and the true distribution of bedding material use on
U.S. dairy farms is not currently known, particularly by
herd size. Organic bedding materials are typically com-
posed of plant byproducts such as straw, hay, saw dust,
wood shavings, crop residues, and composted manure or
dried manure solids [7]. Availability and low cost make
these materials a popular bedding choice, while a major
drawback is that they promote rapid growth of environ-
mental mastitis pathogens after getting mixed with fresh
manure and moisture in dairy farms [8]. In contrast to
organic bedding, inorganic bedding materials are not
made from plants or other organic materials. Sand is the
most common inorganic bedding type and is considered
to be the gold standard of bedding materials because new
(virgin) sand is relatively dry and should contain very
low levels of organic matter. As such, bacterial growth is
impeded, and mastitis causing pathogens are often signif-
icantly lower in used sand bedding compared to organic
bedding material [9]. Sand also provides superior com-
fort [10]. However, sand can be more costly than some
other bedding materials, depending on local availability.
Recycling and reusing sand bedding can help to reduce
this cost, but does not alleviate other complications from
sand, including disadvantages during manure handling
when the sand settles at the bottom of manure collection
pits.

Bedding management practices can greatly affect
the cleanliness and bacterial population of bedding on
dairy farms. The amount and application frequency of
fresh bedding are two management factors that impact
the bedding microbiome, i.e., the microbial popula-
tion on the bedding. Organic bedding materials usually
reach maximum bacterial populations within 24 h after
the new material is laid down [11, 12]. Moisture and pH
also influence bacterial growth in bedding materials [8],
and infrequent bedding replacement allows for more
accumulation of manure, mud and urine which can rap-
idly deteriorate bedding quality, leading to extensive
contamination.
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Bacterial growth also varies between different bed-
ding types depending upon the physical, biochemical,
and nutritional characteristics of the bedding [9]. Previ-
ous studies found that a higher percent of bedding dry
matter was associated with reduced total bedding bacte-
rial counts; and that frequent addition of new bedding
material into used bedding improved cow hygiene [13].
To evaluate bedding quality and its relation to mastitis
in dairy cows, multiple studies have evaluated the total
bacterial count and presence of common pathogens in
various bedding materials. While certain mastitis patho-
gens can be considered innate to some types of bedding,
others, such as E. coli or Klebsiella spp., are assumed to
be introduced through contamination of bedding materi-
als by feces, water, or feed [14]. Different types of bed-
ding have exhibited different levels of both total bacterial
counts and counts of bacteria such as Bacillus spp., Kleb-
siella spp., coliforms and non-coliform gram-negative
organisms, streptococci or Streptococcus-like organisms
(SSLO), and Staphylococcus spp. [6, 15]. While most
studies have focused on mastitis-causing pathogens and
total bacterial counts derived from aerobic culture, few
reports describe a predominance of other pathogens
belonging to the families Aerococcaceae, Ruminococ-
caceae, Moraxellaceae, Corynebacteriaceae, Staphylococ-
caceae and Lachnospiraceae [16, 17].

Intramammary infection (IMI) is a prevalent problem
in dairy production, causing huge economic loss for dairy
producers and negatively impacting cow health and milk
quality. Bedding materials have been associated with
mastitis epidemiology [18, 19]. Numerous studies have
demonstrated a correlation between bedding bacterial
counts (BBC) and the counts of bacteria on the teat apex
of cows using that bedding, suggesting that bedding may
be a substantial source of bacteria colonizing the teat
epithelium [8, 20-23]. Molecular epidemiologic studies
have identified IMI-causing strains of bacteria in bedding
material, suggesting that bedding can act as a reservoir
for some pathogens [24, 25]. Aerobic culture of bedding
to determine BBC has been used to estimate bedding-
associated mastitis risk [5, 6]. Furthermore, it has been
suggested that certain types of bedding materials have
been shown to increase mastitis risk due to propensity to
support pathogen growth, which then colonizes the teat,
leading to infection [6]. Though many studies have dem-
onstrated a correlation between BBC and teat end bacte-
ria count, and between BBC and mastitis risk [6, 26], few
studies have investigated potential association between
the bedding microbiome and mastitis. Furthermore, it
is unknown whether the commensal bedding microbi-
ome plays a role in supporting or preventing coloniza-
tion of the bedding with potential mastitis pathogens.
There are descriptive reports of various aspects of the
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bedding microbiome, including seasonal variation [16]
and changes associated with manure solids recycling
[27]; however, none compare the culturable and uncul-
turable microbiome of different types of bedding in rela-
tion to use status.

Very little is known about the bedding microbiome,
including whether or not it differs by bedding type and
during use by cows. Advancing baseline knowledge of
the bedding microbiome is a first step towards under-
standing whether and how the bedding microbiome
either supports or degrades udder health and pathogen
control. Therefore our objectives were to (a) describe
and compare microbial community structure (includ-
ing potential mastitis pathogens) across common types
of bedding materials from the U.S. dairy farms, utilizing
culture-independent 16S rRNA sequencing; (b) deter-
mine whether use of the bedding by dairy cows alters the
bedding microbiome and/or potential mastitis patho-
gens as measured using 16S rRNA sequencing; and (c)
evaluate whether 16S rRNA counts of potential mastitis
pathogens correlate with aerobic culture-based total and
pathogen-specific bacterial counts.

Results

Results of 16S rRNA sequencing of bedding samples
Complete metadata for each analyzed sample can be
found in Additional file 1: Table S1. Sequencing of the
V3-V4 hypervariable region of the 16S rRNA gene on
the Illumina MiSeq platform generated a total of 7.4 M
paired-end sequence reads across all 88 samples, includ-
ing negative and positive controls (mean 82 K per sam-
ple, range 1.3-123 K). The negative and positive control
samples yielded 2.5 K and 3.9 K raw reads, respectively.
Average number of raw sequences generated for RMS,
NSA, ON, and RSA samples were 88 K, 71 K, 84 K, and
84 K, respectively, and these differences were not statisti-
cally significant based on regression modeling (ANOVA
P=0.40). However, used bedding samples yielded signifi-
cantly more raw reads on average than unused bedding
samples (B,.q=11,554 reads, 95% CI= —435 to 22,672
reads, ANOVA P=0.04). After quality filtering, 5.1 M
sequences remained across all samples; and after merging
the forward and reverse sequence reads and removing
chimeras, 4.7 M paired-end sequences remained (Addi-
tional file 1: Table S1). Six bedding samples produced
very low numbers of reads (Additional file 1: Table S1),
which was expected given that these six samples also
yielded low total DNA and low 16S rRNA gene copy
number as determined by qPCR. All six of these samples
originated from unused NSA, ON and RSA beddings,
which may have accounted for the very low microbial
biomass. Two of these low-biomass samples contained
fewer reads than the negative controls and were therefore
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removed from further analysis. After removing controls
and the two outlier samples, the distribution of per-
sample reads (after quality control and filtering) ranged
from 20 to 90 K for most samples, with a mean of 54 K
reads per sample. Furthermore, the number of raw reads
per sample was no longer significantly different by bed-
ding type or bedding status (ANOVA P=0.74 and 0.14,
respectively), confirming that the two very low-yielding
unused bedding samples had been significantly influenc-
ing the distribution of reads across used and unused sam-
ples. After removal of these samples, sequencing effort
was evenly distributed across bedding types and status,
and therefore sequencing depth was unlikely to introduce
systematic bias into the analysis.

Across all sequenced samples, a total number of 31,576
ASVs were identified. Among these, 198 were identified
as potential contaminants by decontam. As expected,
these ASVs represented a very small number of sequence
counts, ie., 27,343 out of 4.6 M sequences. Following
removal of these sequence features, 31,378 ASVs from 86
samples remained for downstream analysis. Analysis of
the positive control spike-in sample against the complete
SILVA database showed Truepera as the most abundant
genus with 51% of all reads, and Imtechella as the third-
most abundant with 8.5% of reads. The genus Allobacillus
was not identified, but the SILVA database only contains
one reference for Allobacillus halotolerans. Therefore,
we also aligned the sequences from the mock commu-
nity to a custom database provided by ZymoBIOMICS
(see “Methods” section), which resulted in detection of
all three expected taxa, with Truepera radiovictrix com-
prising 33.8% of reads, Imtichella halotolerans 60.3%, and
Allobacillus halotolerans 5.9%.

Bacterial community composition across bedding types
and status

Of the 31,576 ASVs identified, 31,532 ASVs were clas-
sified as bacteria; 27 as eukaryota; 1 as archaea; and 16
remained uncharacterized at the kingdom level. As
expected, the percentage of classified ASVs decreased
stepwise with increased taxonomic resolution, from
98.8% at the phylum level down to 3.5% at the species
level (Additional file 1: Table S2). Given the low classifi-
cation rate at the species level, we performed all subse-
quent analyses at the genus level and higher. Detailed
species-level results are available in Additional file 1:
Table S3. Taxonomic evaluation of the bedding micro-
biome across all samples revealed that Proteobacteria,
Firmicutes, Actinobacteria, Bacteroidetes, Chloroflexi,
Cyanobacteria and Patescibacteria were the most abun-
dant phyla, accounting for 95.6% of the total sequence
reads, with differential abundance by bedding type and
status (Additional file 1: Table S4). For visualization
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purposes, we grouped together low abundance phyla
(i.e., those comprising<0.5% of the sequence counts at
the phylum level), and then compared the phylum-level
profile between used and unused bedding materials
(Fig. 1). In both unused and used NSA, Actinobacteria,
Proteobacteria and Firmicutes were the dominant phyla,
accounting for more than 70% of the sequence counts.
Acidobacteria was also a dominant phylum in unused
NSA, but it was largely absent in used NSA bedding
samples (Fig. 1). Conversely, Bacteroidetes comprised
a larger proportion of the phylum-level microbiome in
used versus unused NSA. Used ON bedding exhibited
a considerable increase in Firmicutes compared to the
unused ON (Fig. 1), whereas Proteobacteria exhibited
a relative decrease in used versus unused ON bedding.
Both unused and used RMS bedding showed predomi-
nance of Proteobacteria, Firmicutes, Bacteroidetes and
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Actinobacteria, contributing to more than 80% of the
phylum-level sequence counts. Unlike with ON and NSA,
the phylum-level profile of the RMS bedding samples did
not shift dramatically between used and unused status.
As with RMS samples, RSA bedding was dominated by
the same four phyla and also exhibited little difference in
abundance between unused and used status.

The most abundant class-level taxa across all samples
were Actinobacteria, Gammaproteobacteria, Bacteroidia,
Bacilli, Clostridia, Alphaproteobacteria and Chloroflexia,
which together comprised 86% of the total reads across
all samples. The most abundant order-level taxa were
Micrococcales, Pseudomonadales, Clostridiales, Bacte-
roidales, Flavobacteriales, Bacillales, Lactobacillales and
Corynebacteriales. At the family level, the most abun-
dant taxa were Pseudomonadaceae, Moraxellaceae, Fla-
vobacteriaceae, Corynebacteriaceae, Intrasporangiaceae,
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Ruminococcaceae, Micrococcaceae, Sphingobacteriaceae
and Aerococcaceae, while approximately 7% of the reads
remained uncharacterized at the family level. Forty-five
family-level taxa had a relative abundance greater than
0.5%, accounting for more than 73% of the reads. The
most abundant genera were Pseudomonas (gram-neg-
ative, 4.8% of all sequence reads), Corynebacterium_1
(gram-positive coryneform, 3.7%), Acinetobacter (2.4%),
Psychrobacter (gram-negative cocci, 2.3%), and Ornithin-
imicrobium (gram-positive rod shaped, 1.7%).

The four non-outlier yet low-yielding bedding samples
were dominated by varying bacterial phyla (Additional
file 1: Table S5). The unused NSA outlier sample was
dominated by Proteobacteria (66% of all reads), followed
by Acidobacteria, Actinobacteria, Bacteroidetes. Act-
inobacteria was highly predominant in two of the low-
yielding samples (i.e.>85% of all sequence reads), while
the fourth low-yielding sample (an unused ON sample)
contained ~50% Cyanobacteria, followed by Actinobac-
teria, Proteobacteria and Firmicutes (Additional file 1:
Table S5).

Taxonomic richness and diversity by bedding type
and status
To determine whether alpha diversity differed signifi-
cantly by bedding type or status, we modeled richness,
Inverse Simpson’s and Pieluo’s Evenness at the phylum,
class, genus, and ASV levels using linear mixed-effects
models. At the phylum, genus and ASV levels, bacterial
community richness was higher in RMS samples com-
pared to both NSA and RSA samples, while ON samples
contained the lowest richness values (Fig. 2A-D). Mul-
tivariable modeling results indicated that bedding type
was significantly associated with bacterial richness at the
phylum (P=0.01), class (P=0.001) and genus (P?=0.05)
but not ASV levels (P=0.21, Additional file 1: Table S6).
Post-hoc pairwise comparisons at the genus level indi-
cated that the average richness was significantly lower in
ON bedding compared to RMS. Similarly, the bacterial
richness in used bedding samples was generally higher
than in unused bedding samples at all of the analyzed
taxonomic ranks, suggesting that used bedding contained
more unique types of bacteria (Fig. 2A—D). However, this
difference was only statistically significant at the class
level, with unused samples containing 18 fewer classes of
bacteria than used samples, on average (95% CI= —36
to—1 classes, P=0.04, Additional file 1: Table S6). The
interaction between bedding type and status was not
significantly associated with richness at the phylum
(P=0.52), class (P=0.06) or genus levels (P=0.67), but
was at the ASV level (P=0.03).

Inverse Simpson and Pielou’s Evenness indices showed
similar trends to richness across bedding types, with
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RMS bedding generally containing higher diversity and
evenness compared to NSA and RSA, with ON again
exhibiting the lowest diversity and evenness across all
taxonomic levels (Fig. 2E-L). Unlike with richness,
however, the interaction between bedding type and sta-
tus was significantly associated with Inverse Simpson’s
and Pielou’s Evenness across all levels of the taxonomy
(P<0.01 for all model results, Additional file 1: Table S6),
suggesting that changes in microbiome diversity and
evenness during use by cows varied by bedding type, as
suggested in Fig. 2. Used ON and RSA consistently con-
tained higher diversity and evenness values than unused
NSA, while the diversity and evenness in used RMS sam-
ples was not significantly different from unused NSA
(Additional file 1: Table S6). The high level of variability
in the richness and diversity of NSA samples may have
influenced these findings (Fig. 2).

To evaluate differences in overall bacterial composi-
tion, we generated NMDS ordination plots based on
Bray—Curtis dissimilarity, which demonstrated cluster-
ing according to bedding type and status (Fig. 3A-C
and Additional file 2: Fig. S1). The clustering of samples
according to bedding status was more apparent in ON
and NSA bedding types at every level of taxonomy. We
observed that the overall bacterial community composi-
tion was impacted by both bedding type (PERMANOVA
P=0.001) and bedding status (PERMANOVA P=0.001)
as well as their interaction (PERMANOVA P=0.001)
at the phylum, class, genus, and ASV levels (Table 1).
However, bedding status explained only 5.1-6.6% of the
microbiome variation (depending on taxonomic level),
whereas the bedding type explained 9.6—-14.1% (Table 1).
Similarly, the amount of dispersion in the ordination (i.e.,
dispersion of samples from the centroid of each group)
varied significantly by bedding type (ANOVA P<0.001)
as well as bedding status (ANOVA P<0.001), suggesting
that the amount of variability in the microbial composi-
tion differed significantly between bedding types and
status.

Differentially abundant taxa between unused and used
bedding

At the phylum level, 23 unique phyla exhibited statisti-
cally significant differences in abundance between used
and unused bedding across all bedding types (Fig. 4). We
restricted our visualizations to only those phyla whose
average abundance was>50th percentile within each
bedding type, given that log-fold differences for very
low-count taxa can be spuriously large. In RMS bedding
samples, none of the phyla were significantly more or
less abundant in used versus unused bedding, suggest-
ing a relatively stable bacterial community at the phylum
level. For ON and RSA bedding types, most or all of the
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differentially abundant phyla were more abundant in the
used versus the unused samples. Bedding samples from
NSA had overall lower phylum richness than the other

sample types, with Bacteroidetes significantly more abun-
dant in used versus unused samples; and Gemmatimona-
detes and Acidobacteria more abundant in unused versus
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Table 1 PERMANOVA results for the effect of bedding type, status and their interaction on the microbial composition of bedding

(npermutations =999)

Factor Permutational multivariate analysis of variance (PERMANOVA)
Phylum Class Genus ASV level Potential mastitis

pathogens*

Bedding type®  F=347,R*=0.10, F=382,R’=0.11, F=6.09 R*=0.16, F=526,R*=0.15, F=449 R?=0.13,
P=0.001 P=0.001 P=0.001 P=0.001 P=0.001

Bedding status® F=7.18,R*=0.07, F=6.82,R?=0.06, F=785R>=007, F=5.46, R”=0.05, F=1007,R*=0.09,
P=0.001 P=0.001 P=0.001 P=0.001 P=0.001

Type x status F=405R*=0.11, F=373,R’=0.10, F=285R=0.08, F=207,R*=0.06, F=191,R?=0.05,
P=0.001 P=0.001 P=0.001 P=0.001 P=0.001

*Ordination of potential mastitis pathogens was performed at the genus level
2 Bedding type (NSA new sand, ON organic non-manure, RMS recycled manure solids, RSA recycled sand)
b Bedding status (unused and used)
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used samples. For a complete listing of logFC results at
the phylum level, see Additional file 1: Table S7.

These trends were consistent at the class level, with
NSA samples again containing much lower richness
than the other sample types, with lower abundance in
used versus unused samples for the classes Gemmati-
monadetes, Thermoleophilia and Subgroup_6; and higher
abundance for the Bacteroidia class (Additional file 1:
Table S8 and Additional file 2: Fig. S2). As at the phylum
level, RMS bedding samples did not contain any classes
with significant differences in abundance between used
and unused samples, suggesting that there were fewer
differentially abundant taxa between used and unused
RMS bedding compared to other bedding types. In con-
trast, RSA and ON bedding samples exhibited many
phyla with differential abundance in used versus unused
samples, the majority of which were more abundant in
used versus unused samples (Additional file 1: Table S8
and Additional file 2: Fig. S2). For instance, among the
differentially abundant taxa, Bacteroidia were signifi-
cantly more abundant in used compared to unused NSA
(mean expression=11.6, LogFC=3.5, P=0.03) and ON

(mean expression=12.3, LogFC=2.4, P=0.02). Within
ON bedding, members of the Clostridia class were much
more abundant in used as compared to unused samples
(mean expression=11.1, LogfFC=4.0, P=0.003), while
the Alphaproteobacteria class was twofold lower (mean
expression=10.7, LogFC= —2.7, P=0.02). Thermoleo-
Philia, a class of bacteria responsible for biogeochemical
cycling [28] had significantly lower abundance in used
versus unused samples from both ON (mean expres-
sion=3.3, LogFC=—24, P=0.03) and NSA (mean
expression=6.8; LogFC= — 6.2, P<0.01).

At the genus level, 486 of the detected microbial genera
exhibited statistically significant differential abundance
between used and unused bedding, across all bedding
types (Additional file 1: Table S9). Within NSA samples, 30
genera were significantly differentially abundant between
used and unused samples, with 26 of those more abundant
in used bedding and 4 more abundant in unused bedding.
Within ON samples, 253 genera obtained statistical sig-
nificance, with 174 more abundant in used samples and 79
more abundant in unused samples. Within RMS samples,
214 genera were found to differ significantly in abundance,
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with 99 more abundant in used samples and 115 more
abundant in unused samples. Finally, in RSA samples, 165
genera had statistically significant differential counts based
on bedding status, with 105 genera more abundant in used
samples and 60 more abundant in unused samples. These
differential abundance testing results suggest that both
bedding status and bedding type influenced the presence
and abundance of specific bacterial taxa.

Presence of potential mastitis pathogens within 16S rRNA
sequence data
In addition to looking at commensal bacteria, we also
wanted to specifically evaluate bedding type and status
for potential mastitis pathogens as identified by 16S rRNA
sequencing (Additional file 1: Table S10). Although these
potential mastitis pathogens were present in very low over-
all abundance (i.e., very low total sequence counts), we did
detect several genera that could be considered potential
mastitis causing pathogens (Additional file 1: Table S11). In
general, most of the strict mastitis pathogens (e.g., Staphy-
lococcus, Streptococcus), as well as other rare mastitis path-
ogens (e.g., Acinetobacter, Pseudomonas, and Aerococcus)
were found in higher abundance in used RMS compared to
unused RMS bedding (Fig. 5, Additional file 1: Table S11).
Although low in abundance, Escherichia/Shigella increased
in used ON, RMS and RSA bedding (Additional file 1:
Table S12). Among the relatively rare mastitis pathogens,
Pseudomonas and Acinetobacter were both prevalent and
relatively abundant across all the bedding materials (Fig. 5),
while Corynebacterium was also predominant in used and
unused RSA and present in almost all other bedding types.
Based on differential abundance testing, several mas-
titis pathogens significantly differed in their abundance
between unused and used bedding for each bedding type
(Additional file 1: Table S12, Additional file 2: Fig. S3). For
instance, Staphylococcus and Streptococcus had signifi-
cantly higher abundance in used versus unused samples for
both RMS (mean abundance=3.92 and 3.0, logfC=4.36
and 2.37, P