
Comparison of Oral Microbiota Collected Using Multiple
Methods and Recommendations for New Epidemiologic
Studies

Yukiko Yano,a Xing Hua,b Yunhu Wan,b Shalabh Suman,c,d Bin Zhu,c,d Casey L. Dagnall,c,d Amy Hutchinson,c,d

Kristine Jones,c,d Belynda D. Hicks,c,d Jianxin Shi,b Christian C. Abnet,a Emily Vogtmanna

aMetabolic Epidemiology Branch, Division of Cancer Epidemiology & Genetics, National Cancer Institute, Bethesda, Maryland, USA
bBiostatistics Branch, Division of Cancer Epidemiology & Genetics, National Cancer Institute, Bethesda, Maryland, USA
cCancer Genomics Research Laboratory, Division of Cancer Epidemiology & Genetics, National Cancer Institute, Bethesda, Maryland, USA
dLeidos Biomedical Research Laboratory, Inc., Frederick National Laboratory for Cancer Research, Frederick, Maryland, USA

ABSTRACT Epidemiologic studies use various biosample collection methods to
study associations between human oral microbiota and health outcomes. However,
the agreement between the different methods is unclear. We compared a commer-
cially available OMNIgene ORAL kit to three alternative collection methods: Sacco-
manno’s fixative, Scope mouthwash, and nonethanol mouthwash. Oral samples were
collected from 40 individuals over 4 visits. Two samples were collected from each
subject per visit: one with OMNIgene and one with an alternative method. DNA
was extracted using the DSP DNA Virus Pathogen kit, and the V4 region of the
16S rRNA gene was PCR amplified and sequenced using MiSeq. Oral collection
methods were compared based on alpha and beta diversity metrics and phylum-
and genus-level relative abundances. All alpha diversity metrics were significantly
lower for Saccomanno’s fixative than for OMNIgene (P � 0.001), whereas the two
mouthwashes were more similar to OMNIgene. Principal-coordinate analysis
(PCoA) using the Bray-Curtis and weighted UniFrac beta diversity matrices showed
large differences in the microbial compositions of samples collected with Sacco-
manno’s compared to those with OMNIgene and the mouthwashes. Clustering
by collection method was not observed in unweighted UniFrac PCoA plots, sug-
gesting differences in relative abundances but not specific taxa detected by the
collection methods. Relative abundances of most taxa were significantly different
between OMNIgene and the other methods at each taxonomic level, with Sacco-
manno’s showing the least agreement with OMNIgene. There were clear differ-
ences in oral microbial communities between the four oral collection methods,
particularly for Saccomanno’s fixative.

IMPORTANCE We compared four different oral collection methods for studying
the human oral microbiome: an OMNIgene ORAL kit, Scope mouthwash, non-
ethanol mouthwash, and Saccomanno’s fixative. Our study shows that the type
of the collection method can have a large impact on the results of an oral mi-
crobiome analysis. We recommend that one consistent oral collection method
should be used for all oral microbiome comparisons. While Scope and nonetha-
nol mouthwashes are less expensive and provide results similar to those with
OMNIgene, Saccomanno’s fixative may be unfavorable due to the microbial dif-
ferences detected in this study. Our results will help guide the design of future
oral microbiome studies.
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The human oral microbiota has recently gained focus in epidemiologic studies of
health and disease outcomes. Microbes residing in the oral cavity have been shown

to be involved in the development of not only oral diseases such as dental caries and
periodontal disease (1, 2) but also systemic diseases, including cancer, cardiovascular
disease, pneumonia, and diabetes (3–6). Although the evidence is promising, many of
these studies have been limited to small sample sizes, cross-sectional study designs,
and samples from single time points (3, 4, 7). In addition, methodological differences
and the lack of standardized protocols make it difficult to generalize and compare
results across different studies (3, 8).

The oral cavity has distinct intraoral microbial habitats, which include the tooth
surface, tongue, tonsil, cheeks, and the oropharyngeal region (4, 9). Bacterial commu-
nity compositions have been shown to differ by collection methods using raw saliva,
oral swabs, oral wash, and scrapings of dental plaque (10–12). In particular, saliva
contains bacteria shed from the tissues and surface biofilms of the oral cavity (1). The
salivary microbiome consists largely of bacteria released from mucosal epithelial cells
and closely resembles the community composition of the tongue, but saliva also
contains bacteria originating from other oral niches, including tooth surfaces and
gingival crevices (1, 6). In a previous study comparing oral microbiota measurements
from buccal cells in mouthwash samples with eight other oral sample types (i.e., supra-
and subgingival plaque, raw saliva, and swabs from five soft tissue sites, including
keratinized gingiva, hard palate, buccal mucosa, palatine tonsil, and tongue dorsum),
buccal cells from mouthwash samples had the highest alpha diversity and most closely
resembled the microbial profile of saliva compared to that of the other sample types
(10). While the totality of the “true” oral microbiome has not been characterized and
remains unknown, saliva and oral wash samples may be able to capture bacteria from
a variety of oral niches. In addition, saliva and oral wash samples are attractive
biospecimens for extending oral microbiome research to large population-based etio-
logic studies due to their ease of collection, transport, and storage.

Previous studies have compared various sample collection and storage methods to
analyze oral microbiota by using saliva and oral wash samples. Unstimulated saliva
showed no microbial differences compared to that of stimulated saliva collected using
paraffin chewing gum (13). Commercially available OMNIgene ORAL saliva collection
kits have been compared to saliva stored in liquid dental transport medium (11) and
also to oral wash samples collected using Scope mouthwash (12, 14, 15) and 0.9% saline
solution (16). While alpha diversity was relatively comparable between OMNIgene and
saliva stored in liquid dental transport, Scope, and saline solution, relative abundances
of identified microbial species showed differences by the collection and storage
method in some of these previous studies (11, 12, 14, 16). Thus, differences in sample
collection and storage media may alter the microbial composition and structure, but
the agreement between the different methods and how they influence our under-
standing of the oral microbiota remains unclear.

Here, we compared an OMNIgene ORAL kit to three alternative collection methods
for studying oral microbiota: Saccomanno’s fixative (which is frequently used to collect
sputum samples for cytologic analysis) and Scope and nonethanol mouthwashes. Oral
samples were collected from 40 individuals over four visits within 8 months. Two
collection methods were used at each visit: one OMNIgene and one alternative oral
collection method. Saccomanno’s and Scope and nonethanol mouthwashes were
compared to OMNIgene in paired samples based on various alpha and beta diversity
metrics and phylum- and genus-level relative abundances. This study has important
implications for sample collection in future epidemiologic studies of oral microbiota.

RESULTS
Comparability of alpha diversity. Overall, all alpha diversity metrics were higher in

OMNIgene samples than in the two mouthwashes and Saccomanno’s fixative samples
(Fig. 1 and Table 1; see also Fig. S1 in the supplemental material). In particular, there
was a significant difference between OMNIgene and Saccomanno’s for all three alpha
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diversity metrics (P � 0.001). For example, the mean numbers of observed species were
145 for OMNIgene and 129 for Saccomanno’s (11% decrease, P � 0.001). Faith’s
phylogenic diversity (PD) was statistically significantly different between OMNIgene
(mean, 18.7) and Scope mouthwash (mean, 18.1; P � 0.00978). However, there was no
statistical difference for the Shannon index (P � 0.0770), and there was no difference
in the number of observed species between OMNIgene (mean, 146) and Scope mouth-

FIG 1 Boxplots of alpha diversity metrics comparing Scope, nonethanol mouthwash (Non-EtOH wash),
and Saccomanno’s fixative to the OMNIgene ORAL kit for observed species (top), Faith’s PD (middle), and
the Shannon index (bottom). The medians are marked by the horizontal lines in the boxes. Observations
outside 1.5 times the interquartile range above the upper quartile and below the lower quartile are
shown as outliers. Notches represent 95% confidence intervals for comparing medians, where nonover-
lapping notches indicate evidence for differences in medians (35).

TABLE 1 Comparison of alpha diversity metrics between OMNIgene ORAL samples, Scope and nonethanol mouthwashes, and
Saccomanno’s fixative

Visit(s) Mouthwash

Observed species Faith’s PD Shannon index

Mean (SD) Wilcoxon P value Mean (SD) Wilcoxon P value Mean (SD) Wilcoxon P value

2 and 6 OMNIgene 146 (34.4) 0.0584 18.7 (3.15) 0.00978 4.99 (0.443) 0.0770
Scope 140 (33.7) 18.1 (3.22) 4.90 (0.360)

4 OMNIgene 150 (33.9) 0.532 19.3 (3.55) 0.192 5.02 (0.412) 0.0241
Nonethanol 147 (32.2) 18.6 (3.01) 4.88 (0.436)

5 OMNIgene 145 (33.6) �0.001 18.6 (3.09) �0.001 4.97 (0.437) �0.001
Saccomanno’s 129 (32.3) 17.8 (3.91) 4.73 (0.480)
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wash (mean, 140; 4% decrease; P � 0.0584). Nonethanol mouthwash was the most
similar to OMNIgene, where the mean numbers of observed species were 150 for
OMNIgene and 147 for the nonethanol mouthwash (2% decrease, P � 0.532). Similarly,
there was no difference in Faith’s PD between OMNIgene (mean, 19.3) and the
nonethanol mouthwash (mean, 18.6; P � 0.192). However, the Shannon index was
significantly lower for nonethanol mouthwash (mean, 4.88) than for OMNIgene (mean,
5.02; P � 0.0241). In general, the correlation between alpha diversity measurements
from OMNIgene and other collection methods was low for the Shannon index, which
incorporates richness and evenness, compared to observed species and Faith’s PD,
which incorporate only richness (Fig. S1).

Comparability of beta diversity. Ordination plots generated from principal-
coordinate analyses (PCoAs) using the Bray-Curtis and weighted UniFrac beta diversity
matrices had visual separation of samples by collection method, with a particularly
distinct cluster for Saccomanno’s fixative samples (Fig. 2). In plots of the first three
principal coordinates (PCs) of the PCoA using the Bray-Curtis distance matrix, Sacco-

FIG 2 Plots of the first three principal coordinates from principal-coordinate analyses using Bray-Curtis (top), unweighted (middle), and weighted UniFrac
(bottom) matrices, colored by oral collection method.
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manno’s was separated from the other collection methods by PC2 (12.6% variation
explained) and PC3 (8.70% variation explained), but not by PC1 (23.0% variation
explained). Scope and OMNIgene were only separated by PC2. There was no separation
between Scope and the nonethanol mouthwash, and the two mouthwashes were only
separated from OMNIgene by PC2. In the PCoA plots derived using the weighted
UniFrac distance matrix, Saccomanno’s was separated by all three PCs (46.9%, 18.8%,
and 9.60% variation explained by PCs 1, 2, and 3, respectively), whereas the two
mouthwashes and OMNIgene were separated by PC2 and PC3. However, there was no
visual separation by collection method in PCoA plots generated from the unweighted
UniFrac distance matrix (24.4%, 8.80%, and 4.80% variation explained by PCs 1, 2, and
3, respectively), which suggests the presence/absence of microbial community mem-
bers was similar for all four oral collection methods, but there were differences in the
relative abundances of taxa by collection method. Based on the distance-based coef-
ficient of determination, R2, calculated from the beta diversity matrices using permu-
tational multivariate analysis of variance (PERMANOVA), more than one-half of the
variability in the matrices was explained by between-subject differences, while a
smaller proportion of microbial variability was associated with the different collection
methods (R2 � 20%, P � 0.001) (Fig. 3). There was also a large proportion (�30%) of
variability that was not explained by subject, visit, or collection method represented by
the model residual (Fig. 3). The model residual includes technical variation attributed to
analytical procedures such as sampling and sequencing.

Differential abundance analysis. Overall, taxonomic profiles from Scope and
nonethanol mouthwashes and Saccomanno’s fixative differed from those with OMNI-
gene (Fig. 4; see Fig. S2 for all taxonomic levels). Taxonomic profiles from OMNIgene
were relatively stable across visits, and profiles from Scope and nonethanol mouth-
washes were similar to each other. Saccomanno’s had a distinct taxonomic profile that
differed from the other collection methods.

Relative abundances of most taxa were significantly different between OMNIgene
and the other methods when comparing the top 10 taxa at the phylum and genus
levels (Fig. 5; see Fig. S3 and Table S1 for all taxonomic levels). For example, relative
abundances in the phyla Actinobacteria and Firmicutes were consistently higher and
Bacteroidetes was lower in Scope, nonethanol mouthwash, and Saccomanno’s than in
OMNIgene (P � 0.001), and the differences in Actinobacteria and Bacteroidetes were
more pronounced for Saccomanno’s (Fig. 5). For example, the mean relative abundance
of Bacteroidetes was approximately 0.345 for OMNIgene across all visits, whereas the
means for Scope, nonethanol mouthwash, and Saccomanno’s were 0.274, 0.247, and
0.106, respectively (Table S1). The abundance of phylum Fusobacteria was significantly

FIG 3 Proportions of microbial variability explained by visit, collection method, and subject. Distance-
based coefficients of determination, R2 values, were calculated from the beta diversity matrices using
permutational multivariate analysis of variation (PERMANOVA).
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lower in Scope mouthwash (mean, 0.0511) than in OMNIgene (mean, 0.0851; 40%
decrease; P � 0.001). Fusobacteria abundance was also lower in Saccomanno’s (mean,
0.0626) than in OMNIgene (0.0747, 16% decrease, P � 0.0194), while Fusobacteria
abundances were similar between OMNIgene (mean, 0.0855) and nonethanol mouth-
wash (mean, 0.0742; P � 0.0531).

At the genus level, relative abundances of Streptococcus (means: OMNIgene, 0.148;
Scope, 0.274; P � 0.001) and Rothia (means: OMNIgene, 0.0253; Scope, 0.0449; P �

0.001) were significantly higher in Scope mouthwash than in OMNIgene, whereas all
other top 10 genera were significantly lower in Scope, except Alloprevotella, which
showed no difference (means: OMNIgene, 0.0497; Scope, 0.0482; P � 1.00) (Table S1).
Similar to that in Scope, nonethanol mouthwash also had higher levels of Streptococcus
(means: OMNIgene, 0.123; nonethanol mouthwash, 0.254; P � 0.001) and lower
levels of most of the other top 10 genera than those in OMNIgene. However,
nonethanol mouthwash showed higher levels of Haemophilus (means: OMNIgene,
0.0920; nonethanol mouthwash, 0.109; P � 0.0305) and no differences in Rothia
(means: OMNIgene, 0.0242; nonethanol mouthwash, 0.0271; P � 0.368) and Lepto-
trichia (means: OMNIgene, 0.0261; nonethanol mouthwash, 0.0237; P � 1.00)
compared to those from OMNIgene. Saccomanno’s had higher levels of Streptococ-
cus (means: OMNIgene, 0.146; Saccomanno’s, 0.202; P � 0.001), Rothia (means:
OMNIgene, 0.0265; Saccomanno’s, 0.0652; P � 0.001), Leptotrichia (means: OMNIgene,
0.0231; Saccomanno’s, 0.0518; P � 0.001), and Haemophilus (means: OMNIgene, 0.0930;
Saccomanno’s, 0.116; P � 0.00538) than OMNIgene. All other top 10 genera were
significantly lower in Saccomanno’s than in OMNIgene, with the exception of Neisseria,
which showed no difference (means: OMNIgene, 0.0820; Saccomanno’s, 0.0976; P �

1.00).
We also classified the top 10 taxa at the genus level based on Gram staining and

oxygen requirements to see if there were any patterns in the changes of relative
abundances by the collection methods (data not shown). Although there was a general
lower relative abundance of many Gram-negative bacteria in the alternative collection

FIG 4 Taxonomic profiles at the phylum (left) and genus (right) levels of OMNIgene ORAL (OMNI) compared to
Scope and nonethanol mouthwashes (Non-EtOH) and Saccomanno’s fixative.
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methods than in OMNIgene, this is likely to have been largely driven the predominance
of the Gram-positive bacterium Streptococcus in Saccomanno’s and the mouthwash
samples. In addition, anaerobic bacteria tended to be lower in samples collected with
the alternative methods than in those collected with OMNIgene.

DISCUSSION

In this study, oral samples collected using OMNIgene were compared to those collected
with Scope and nonethanol mouthwashes and Saccomanno’s fixative. Our results demon-
strated that there were clear differences in oral microbial communities between the four
collection methods, particularly for Saccomanno’s. Overall, Saccomanno’s had the least
agreement with OMNIgene when comparing alpha and beta diversity metrics and relative
abundances of the detected taxa. The most noticeable differences between OMNIgene and
the alternative methods were seen in the taxonomic profiles of phylum- and genus-level
relative abundances. The differences between methods did not appear to be driven by the
presence/absence of specific taxa but rather by differences in the relative abundances of
the taxa detected from each collection method.

The discrepancy in the relative abundances of taxa may be due to the different
chemical compositions of the collection/storage media. Both Scope and the nonetha-
nol mouthwash contain antimicrobial agents that inhibit the growth of bacteria.
Cetylpyridinium chloride, the main active ingredient in Scope mouthwash, is a cationic

FIG 5 Differences in relative abundances of the top 10 taxa at the phylum (top) and genus (bottom) levels between paired samples
of OMNIgene ORAL, Scope and nonethanol (Non-EtOH) mouthwashes, and Saccomanno’s fixative. Dotted lines represent lines of
equality indicating no difference between OMNIgene and the alternative method.
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surfactant that inhibits bacterial growth by binding to negatively charged bacterial
surfaces and leads to the disruption of the cell membrane and leakage of intracellular
components (14, 17). The nonethanol mouthwash used in this study contains active
ingredients derived from essential oils (i.e., eucalyptol, thymol, methyl salicylate, and
menthol) which have been shown to have antimicrobial effects (19), although they may
be less effective toward some bacterial species than cetylpyridinium chloride (20). The
stabilizing buffer in OMNIgene contains 1% to 5% sodium dodecyl sulfate (SDS), which
is an anionic detergent and protein denaturant that effectively inhibits growth of various
microorganisms (21, 22). Although at a lower concentration of around 0.5% to 2% as
commonly found in dentifrices (21), the nonethanol mouthwash also contains SDS that
may have contributed to the prevention of bacterial growth (23, 24). For Saccomanno’s
fixative, the primary ingredients are ethanol (�40%), isopropanol (�2%), and methanol
(�2%). Although high concentrations of ethanol are known to be lethal to many bacteria,
there are bacteria that have a high ethanol tolerance, and some may also adapt to ethanol
exposures (25–27). In fact, several studies of fecal collection methods have demonstrated
that 70% ethanol is an inadequate stabilization buffer for the fecal microbiome, and that a
higher concentration of ethanol (95% or more) was required to prevent changes in the fecal
microbiota composition during storage (28, 29). Therefore, the lack of an additional
preservative besides alcohol may have led to an overgrowth of certain bacteria in Sacco-
manno’s, and thus resulted in its distinct microbial composition that differed from those of
the other collection methods in this study.

In addition to the chemical composition of the storage medium, storage tempera-
tures can also impact the microbial composition of oral samples (11, 12). In this study, the
two mouthwash samples and the OMNIgene samples collected from the same visits (visits
2, 4, and 6) were left at room temperature for an average of 1 day prior to storage at �80°C
in the laboratory. The manufacturer states this specific OMNIgene kit is stable for up to
3 weeks at room temperature, while there may be changes in Scope mouthwash at room
temperature. When comparing the samples from the two mouthwashes to OMNIgene
samples, we observed differences in the relative abundances of taxa, for example, higher
levels of the phylum Firmicutes and the Streptococcus genus in the mouthwash samples, but
it is unclear whether these changes were related to an overgrowth of certain taxa during
storage at room temperature or a difference between the sample collection methods.
Previously, the stability of oral samples stored in Scope mouthwash was evaluated by
comparing samples that were immediately frozen with samples stored at room tempera-
ture for 4 days and subsequently frozen (12). Scope mouthwash samples were generally
stable at room temperature based on alpha and beta diversity metrics and the relative
abundances of four phyla. However, the intraclass correlation coefficients (ICCs) for the
relative abundances of bacteria varied, with ICCs being 0.75 or greater for most of the top
25 genera, but some were lower, such as the Streptococcus genus which had an ICC of 0.65.
Specifically, the phylum Firmicutes had a high relative abundance in samples stored at room
temperature, which was primarily driven by an increase in Streptococcus, compared to that
in immediately frozen samples. This previous study also compared immediately frozen
Scope mouthwash samples to OMNIgene samples, and while the ICCs of alpha diversity
metrics were high (�0.75), ICCs of beta diversity metrics and relative abundances were
generally low (12). In particular, immediately frozen Scope mouthwash samples had higher
relative abundances of Firmicutes than those from OMNIgene and had an ICC of 0.29, and
the ICC for the Streptococcus genus was 0.37. In terms of the Streptococcus genus, it is also
unclear how reliably relative abundances were measured from the OMNIgene samples,
since the ICC for this genus was 0.452 in duplicate OMNIgene samples collected from the
baseline visit in our present study (see Materials and Methods). Therefore, while there may
have been changes in the microbial compositions of the Scope mouthwash samples during
storage at room temperature, particularly in the relative abundances of certain taxa, it is
unlikely that immediately freezing Scope mouthwash samples would have made them
more comparable to the OMNIgene samples. However, this needs to be verified in future
studies, since another study reported there were no significant differences in relative
abundances of major phyla and all identified genera when comparing paired OMNIgene
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and Scope mouthwash oral samples that were both immediately frozen within 10 min of
collection (14). The Saccomanno’s samples collected in this study were stored at room
temperature until analysis, and this may have also impacted the microbial composition of
these samples. A previous study evaluated the effect of storage at room temperature for
fecal samples preserved in 70% ethanol, and they reported a large increase in the genera
Streptococcus and Haemophilus over the course of 8 weeks compared to that in freshly
collected samples that were analyzed on the same day (29). Although the ethanol concen-
tration is lower in Saccomanno’s, Streptococcus and Haemophilus abundances were also
increased in the Saccomanno’s samples compared to that in OMNIgene in this study.

Our study has several limitations. All samples were stored at room temperature for
some amount of time, which may have led to changes in the community composition
due to growth of certain oral microbiota, but our previous work suggests that these
methods are generally stable at room temperature for several days (12). We were also
unable to compare across the alternative collection methods due to the design of the
study, since none of the visits included more than two collection methods. In addition,
OMNIgene samples were always sampled first, before the collection with alternative
methods. This may have introduced a bias, possibly decreasing the bacterial load in
samples collected with the alternative methods. The participants of our study were also
limited to healthy, highly educated adults that work at the National Cancer Institute.
Therefore, our results may not be generalizable to other populations such as children,
the elderly, and unhealthy subjects. It is also unclear how differences in oral collection
methods will impact analyses using other sequencing technologies, such as shotgun
metagenomics, since we only assessed 16S rRNA gene sequencing.

In large population-based epidemiologic studies of oral microbiota, samples col-
lected with an ideal sample collection method should not only closely represent the
host’s microbiome but should also be easy to collect, store, and transport and should
not be cost prohibitive. There is currently no gold standard collection method for
studying the oral microbiome. Although saliva samples containing no additives and frozen
immediately after collection may provide more accurate representations of the host oral
microbiota, that may not be practical for large epidemiologic studies. As noted above, all
samples in this study were exposed to ambient temperatures, which may have altered the
microbial composition. However, this is a more realistic representation of how samples are
collected in the field, where samples need to be transported before they can be stored in
a laboratory freezer (12). Overall, the results of this study suggest Scope and nonethanol
mouthwashes can be used as less expensive oral collection methods to obtain microbial
measurements similar to those from OMNIgene samples in epidemiologic settings. Use of
Saccomanno’s may be unfavorable due to the microbial differences detected in this study,
although it is possible that freezing the sample in Saccomanno’s may decrease these
differences and should be studied in the future. Regardless of which sample collection
method is chosen, at least one consistent method should be used for new epidemiologic
studies to minimize the potential for biased results.

In conclusion, collection and storage of oral samples using OMNIgene was com-
pared to those with Scope and nonethanol mouthwashes and Saccomanno’s fixative.
Although there were differences in taxonomic profiles, the two mouthwashes were
more similar to OMNIgene when comparing alpha and beta diversity metrics. Sacco-
manno’s was very distinct from the other collection methods and had the least
agreement with OMNIgene for all microbial metrics used in this study. Scope and
nonethanol mouthwashes are suitable collection methods for measuring oral microbi-
ota and provided results similar to OMNIgene, but use of Saccomanno’s fixative in
future epidemiologic investigations is not recommended.

MATERIALS AND METHODS
Study population. A detailed description of this population was published previously (15). Briefly, a

convenience cohort of 40 employees at the National Cancer Institute were recruited by e-mail and word
of mouth in 2014. Study participants completed questionnaires at each study visit providing information
on demographics, tobacco and alcohol use, and self-reported height and weight. Most participants were
white (67.5%), female (62.5%), and highly educated (92.5% had obtained a master’s or doctoral degree).
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The mean age and body mass index (BMI) were 40.0 years and 25.9 kg/m2, respectively. All participants
reported ever drinking alcohol, but few participants had ever smoked cigarettes (12.5%). All participants
provided written informed consent, and this study was approved by the Special Studies Institutional
Review Board of the National Cancer Institute.

Oral sample collection. Oral samples were collected from participants every 2 months over six visits,
as described in detail previously (15). At the second, fourth, fifth, and sixth visits, two oral collection
methods were used to collect a paired sample of one OMNIgene and one alternative collection method
from each participant. Participants were asked to refrain from oral hygiene procedures (i.e., tooth
brushing, flossing, use of mouthwash and other dental rinse products), eating, drinking (other than
water), chewing gum, consuming throat lozenges or candies, and smoking during the 12 h prior to the
scheduled visit.

At each visit, the first oral sample was collected from each participant using the OMNIgene ORAL
collection kit (OM-505; DNA Genotek, Ottawa, ON, Canada), which is stable at room temperature for
3 weeks for collection of DNA and RNA. Although OMNIgene samples were consistently collected at each
visit, this collection method was not used as a “gold standard” but was rather used as a reference to
evaluate the other collection methods. As described previously, participants spit into the kit until the
saliva reached the fill line, the kit was closed to release the fixative, and the tube was capped and shaken
(15). OMNIgene samples were stored at room temperature for an average of 7 days for visit 1, 6 days for
visit 5, and 1 day for visits 2, 4, and 6 before being transported to the laboratory where they were shaken,
incubated at 50°C for 1 h in a water bath, aliquoted, and frozen at �80°C. At the baseline visit, two
consecutive OMNIgene samples were collected from each participant, and these samples were used to
assess the reliability of this collection kit.

At the second and sixth visits, participants provided an additional oral sample using Scope mouth-
wash (Procter & Gamble, Cincinnati, OH) following the OMNIgene sample. Participants were given 10 ml
of Scope mouthwash in a sterile cup, which they swished and gargled for 5 s each, for a total of 30 s. Once
the 30 s had elapsed, they spit the Scope mouthwash back into the cup (15). At the fourth visit, a
nonethanol mouthwash (Irsha; Shafa Pharmaceuticals, Tehran, Iran) was used to collect an oral sample.
Participants followed the same procedure as for the Scope mouthwash for this collection. Both the Scope
and nonethanol mouthwash samples were stored at room temperature for an average of 1 day before
being transferred to the laboratory for aliquoting and storage at �80°C.

For the fifth visit, participants provided additional saliva to be preserved in Saccomanno’s fixative
(Lerner Laboratories, Pittsburgh, PA), which is typically used as a fixative for cytology. Participants were
asked to spit into a sterile cup until the saliva approximately reached the 5 ml line. Approximately 35 ml
of Saccomanno’s was added to the saliva, and these samples remained at room temperature for
approximately 1 year until DNA extraction.

DNA extraction, amplification, and sequencing. The methods for DNA extraction, PCR amplifica-
tion, and sequencing were described in detail previously (15). Briefly, samples were extracted in batches
of 24 by collection method (i.e., OMNIgene, Scope mouthwash, nonethanol mouthwash, and Saccoman-
no’s), keeping samples from the same individual in the same batch. OMNIgene samples were incubated
for 1 h at 50°C, and an aliquot of 1,000 �l was incubated at 75°C for 15 min prior to DNA extraction. For
the Scope and nonethanol mouthwash samples and the Saccomanno’s samples, an aliquot of 1,000 �l
was transferred to a Pathogen Lysis Tube-L (Qiagen, Hilden, Germany) and pelleted. Upon removing the
supernatant, beads and buffer solutions were added to perform cell lysis. DNA was extracted from
samples using the DSP DNA Virus Pathogen kit (Qiagen, Hilden, Germany) on a QIAsymphony instrument
(Qiagen, Hilden, Germany). Each DNA extraction batch contained three quality control samples: (i) either
an oral artificial community or a chemostat community, (ii) a blank, and (iii) an extraction replicate of a
randomly selected sample within the batch. The oral artificial community and chemostat community
samples were generated for the Microbiome Quality Control project and were described previously (8).
An equimolar mix of barcoded 515F/806R primers was used for amplifying the V4 region of the 16S rRNA
gene. DNA sequencing was performed with the Illumina MiSeq v2 to obtain 250-bp paired-end reads.

Bioinformatic processing. As described previously (15), paired-end sequence reads were demulti-
plexed using CASAVA and processed into amplicon sequence variants (i.e., 100% operational taxonomic
units [OTUs]) using DADA2 version 1.10 (30). Sequence variants were aligned and assigned taxonomy
using the SILVA v123 database (31). After removing nonbacterial sequences, 3,537 sequence variants
were obtained. Relative abundances and alpha and beta diversity metrics were calculated using QIIME
2 (32). Alpha diversity metrics, including observed species, Shannon index, and Faith’s PD, were
calculated by taking the average from 10 subsamples with rarefaction at 30,000 reads (see Fig. S4 in the
supplemental material). Bray-Curtis, unweighted UniFrac, and weighted UniFrac beta diversity matrices
were generated with rarefaction at 30,000 reads. Five of 6 blank samples and 3 of 320 study samples were
removed after rarefaction. This left a total of 317 study samples remaining after rarefaction, of which 14
samples had extraction replicates. None of the artificial community or chemostat samples were removed
due to rarefaction, with 11 samples of each remaining in the data set. Relative abundances from the
phylum to the genus levels were calculated for each sample without rarefaction. Taxa with a prevalence
less than 10% or mean relative abundance less than 0.002 were excluded from the analysis. Relative
abundances of a total of 7 phyla, 11 classes, 15 orders, 23 families, and 33 genera were available for
analysis.

For the quality control samples (i.e., artificial community and chemostat samples), the coefficients of
variation (CVs) were less than or equal to 8% and 6%, respectively, for all alpha diversity metrics. The CVs
varied by taxa for the relative abundances of the top 4 phyla in the artificial community, ranging from
5.74% for Proteobacteria to 30.8% for Bacteroidetes. For the chemostat community samples, the CVs of
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relative abundances of the top 4 phyla ranged from 7.62% for Firmicutes to 15.3% for Verrucomicrobia.
Plots of the first three PCs from PCoA generated using each of the beta diversity matrices showed
separate clusters for the artificial community and chemostat samples and the study subject samples (see
Fig. S5). The ICC of extraction replicates were �0.907 for alpha diversity metrics, �0.951 for the first PC
from the beta diversity matrices, and �0.913 for the relative abundances of the top four phyla. Overall,
these data from the quality control samples and extraction replicates indicated good reproducibility
across and within analytical batches.

To assess the reliability of the microbial measurements from samples collected using the OMNIgene
ORAL kit, ICCs were calculated from the duplicate OMNIgene samples obtained from each participant at
the baseline visit. For alpha diversity metrics, the ICC was 0.923 for observed species, 0.953 for Faith’s PD,
and 0.870 for the Shannon index. The ICCs were �0.957 for the first PC from the beta diversity matrices.
The reliability of measurements of the relative abundances of the top 4 phyla varied by taxa, and the ICCs
ranged from 0.527 for Firmicutes to 0.905 for Proteobacteria. For the top 4 genera, ICCs of the relative
abundances ranged from 0.452 for Streptococcus to 0.966 for Haemophilus. The temporal variability of
microbial measures from OMNIgene samples collected over the six visits of this study was described
previously (15). Briefly, ICCs were generally high for alpha and beta diversity measures, with the ICC for
observed species being 0.74 (95% confidence interval [CI], 0.66 to 0.82), and the ICCs for beta diversity
metrics were �0.60. Relative abundances of the top 4 phyla were less stable over time, with ICCs ranging
from 0.44 (95% CI, 0.30 to 0.58) for Firmicutes to 0.67 for Fusobacteria (95% CI, 0.56 to 0.77) and
Proteobacteria (95% CI, 0.53 to 0.80).

Statistical analysis. All statistical analyses were performed using the R statistical programming
environment (33). Oral collection methods were compared based on alpha and beta diversity metrics and
phylum- and genus-level relative abundances. For the OMNIgene and Scope samples from visits 2 and
6, the means of the relative abundances and alpha diversity metrics were calculated for each individual
to combine the two visits. Alpha diversity was compared between paired samples of OMNIgene and an
alternative collection method from each visit using the Wilcoxon signed-rank test. PCoA plots were
generated using beta diversity matrices to visualize separation of samples by the collection method
based on pairwise distances. Differences in oral microbial compositions by collection methods were
tested using PERMANOVA for the beta diversity matrices. The distance-based coefficient of determina-
tion R2 was calculated using PERMANOVA (adonis2 function in the vegan package, R) (34) to quantify the
variability in the microbial composition that was associated with between-subject differences, collection
method, and visit. Differential abundance analysis was performed using the Wilcoxon signed-rank test to
identify taxa that were differentially abundant between paired samples of OMNIgene and the alternative
collection method. Specifically, untransformed relative abundances of the top 10 most prevalent taxa
were compared at each taxonomic level using Wilcoxon signed-rank tests with Bonferroni’s correction to
account for multiple comparisons. Bonferroni-adjusted P values were computed using the p.adjust
function in R, in which unadjusted P values are multiplied by the number of comparisons. Statistical tests
were performed at a significance level of 0.05.

Data availability. The sequencing data are available through the NCBI Sequence Read Archive
(PRJNA634162).
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