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Prospective cohort studies are needed to assess the relationship between the fecal microbiome and human
health and disease. To evaluate fecal collection methods, we determined technical reproducibility, stability at ambi-
ent temperature, and accuracy of 5 fecal collection methods (no additive, 95% ethanol, RNAlater Stabilization
Solution, fecal occult blood test cards, and fecal immunochemical test tubes). Fifty-two healthy volunteers provided
fecal samples at the Mayo Clinic in Rochester, Minnesota, in 2014. One set from each sample collection method was
frozen immediately, and a second set was incubated at room temperature for 96 hours and then frozen. Intraclass
correlation coefficients (ICCs) were calculated for the relative abundance of 3 phyla, 2 alpha diversity metrics, and
4 beta diversity metrics. Technical reproducibility was high, with ICCs for duplicate fecal samples between 0.64 and
1.00. Stability for most methods was generally high, although the ICCs were below 0.60 for 95% ethanol in metrics
that were more sensitive to relative abundance. When compared with fecal samples that were frozen immediately,
the ICCs were below 0.60 for the metrics that were sensitive to relative abundance; however, the remaining 2 alpha
diversity and 3 beta diversity metrics were all relatively accurate, with ICCs above 0.60. In conclusion, all fecal sample
collection methods appear relatively reproducible, stable, and accurate. Future studies could use these collection
methods for microbiome analyses.

feces; microbiota; specimen collection

Abbreviations: FIT, fecal immunochemical test, FOBT, fecal occult blood test, ICC, intraclass correlation coefficient, OTU,
operational taxonomic unit.

The human microbiome (i.e., the collection of microbial
genes found in and on the human body) has been observed to
be associated with a number of health conditions, such as
obesity (1), inflammatory bowel disease (2), and cancer (3).
However, the observed microbial associations with specific
outcomes tend to vary between studies. For example, in stud-
ies of the association of the fecal microbiome with colorectal
cancer, alpha diversity (i.e., within-sample diversity) has been
found to be increased (4), the same (5–7), and decreased
(8, 9) for colorectal cancer cases compared with controls.
Variability between studies could result from real biological
differences between studies but might also be due to artefacts
induced by variations in sample collection and storage, DNA
extraction, sequencing technology, or other unknown factors.

Most of the previous human microbiome research studies
have been cross-sectional, particularly fecal microbiome

studies, because few (if any) cohorts have collected fecal
samples. In order to facilitate human microbiome research,
there is a need for investigators in prospective cohort studies
to collect samples, including fecal samples, that can be used
to evaluate the role of the microbiome in disease etiology.
For new biospecimen collections, identification of methods
that are stable at room temperature for a period of time (e.g.,
the time a sample might take to travel from a study partici-
pant’s home to a central biorepository) and that adequately
represent the microbial content of the sample is essential.

We recently completed a study in which we evaluated 7
fecal sampling methods: no additive, RNAlater Stabilization
Solution (Ambion, Austin, Texas), 70% ethanol, ethylenedi-
aminetetraacetic acid, dry swab, and pre- and postdevelopment
fecal occult blood test (FOBT) card. These methods were used
to determine technical reproducibility (i.e., consistency of
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replicates stored in the same manner), stability at ambient tem-
perature over 1 and 4 days, and accuracy (i.e., comparison of
each method to a putative “gold standard”). We found that the
FOBT cards and samples stored in RNAlater had the highest
stability when stored at room temperature over the course of 4
days and that the swab, FOBT card, and 70% ethanol samples
were the most correlated with the no-additive samples (10).
However, that study had a limited sample size of 20 partici-
pants, had generally poor results for 70% ethanol, and did not
include the fecal immunochemical test (FIT), which is now
used in some colorectal cancer screening programs. Therefore,
we designed a larger study to evaluate 5 fecal collection meth-
ods: no additive, 95% ethanol, RNAlater, postdevelopment
FOBT cards, and FIT tubes.

METHODS

Study participants

Fifty-two healthy volunteers were recruited from among
Mayo Clinic employees in Rochester, Minnesota. To be eligi-
ble, participants had to be 18 years of age or older, not have
used antibiotics or probiotics within the past 2 weeks, have
no history of pelvic radiation, and not currently be undergo-
ing chemotherapy. All participants provided informed con-
sent, and the study was approved by the Mayo Clinic Studies
Institutional Review Board and the National Cancer Institute
Office of Human Subjects Research.

Fecal specimen collection

At recruitment, participants provided oral samples using an
OMNIgene DISCOVER kit (DNA Genotek Inc., Ottawa,
Ontario, Canada), which collected saliva, and a Scope mouth-
wash (Procter & Gamble Co., Cincinnati, Ohio) and then
filled out a questionnaire regarding tobacco use, alcohol con-
sumption, oral health habits, recent antibiotic exposure, and
demographic characteristics. The participants were then invit-
ed to return at a later date to provide the fecal specimen.
Upon arrival for collection, an Exakt Pak canister (Inmark
Packaging, Austell, Georgia) was provided to each partici-
pant. The participant collected the feces, and the study coordi-
nator delivered it to the laboratory for immediate processing.
The participant then completed an abbreviated questionnaire
that was used to obtain information about diet, colon health,
menstrual history, and recent antibiotic exposure.

The fecal specimens were mixed manually using a spat-
ula, and aliquots for the different collection methods were
generated in a random order for each participant. For each
participant, 16 aliquots of feces, 4 triple-slide FOBT cards,
and 4 FIT tubes were created. Approximately 1–2 grams of
feces, representing a full scoop, was placed in a Sarstedt
feces tube (Numbrecht, Germany) containing no additive
(4 aliquots), 2.5 mL of RNAlater Stabilization Solution
(4 aliquots), or 2.5 mL of 95% ethanol (Sigma-Aldrich,
St. Louis, Missouri; 8 aliquots). Four triple-slide Hemoc-
cult II Elite Dispensapak Plus for FOBT (Beckman Coul-
ter, Brea, California) were smeared thinly with feces and
the flap was closed. Four FIT tubes (Polymedco, Inc., Cor-
tlandt Manor, New York) were created by dipping into the

fecal specimen with the FIT probe, and the tube was
shaken. Two aliquots from each FIT tube were created and
stored in cryovials.

Four replicates of the no-additive, 95% ethanol, and FIT
cryovials samples and 2 replicates of the RNAlater samples
were frozen immediately at −80°C (day 0). Two FOBT
cards were developed using 2 drops of Hemoccult Sensa
Developer (Beckman Coulter) applied to the guaiac paper
on the back of the card (i.e., the testing strategy for occult
blood in colorectal cancer screening) and frozen immedi-
ately at −80°C (day 0). The remaining samples were left at
ambient temperature for 96 hours. The remaining FOBT
cards were then developed, and all remaining samples were
frozen at −80°C (day 4).

DNA extraction and sequencing

An outline of the samples used for this study is presented
in Table 1. For each participant, 2 aliquots of the day-0 no-
additive samples were used and considered the gold standard.
No day-4 no-additive samples were collected because the no-
additive samples had poor stability at ambient temperature
(10). Two aliquots each of the 95% ethanol, RNAlater, and
FIT cryovials of the day-0 and day-4 samples were included.
One day-0 and 1 day-4 triple-slide FOBT card were included.
The remaining aliquots were stored for future analyses.

The samples were shipped on dry ice to the University of
California, San Diego (La Jolla, California), thawed at 4°C,
and kept on ice during plating. The fecal samples were
swabbed using wooden swabs (Puritan Cotton Tipped Appli-
cators, Puritan Medical Products, Guilford, Maine), which
were then used for the DNA extraction. The no-additive, 95%
ethanol, and RNAlater aliquots were sampled by pulling out
the fecal material and swabbing. The FOBT cards were
swabbed vigorously with a dry swab. A swab was dipped
into each aliquot from the FIT tubes.

DNA extraction, polymerase chain reaction amplification,
and amplicon preparation for sequencing were performed as
described by Caporaso et al. (11) using the universal bacterial
primer set 515F/806R (11, 12). Negative controls included

Table 1. Collection Methods for Fecal Samples and Number of
Aliquots Used for Microbiome Analyses, Mayo Clinic, Rochester,
Minnesota, 2014

Collection
Method

No. Frozen Immediately
(Day 0)

No. Frozen After 4 Days
(Day 4)

No additive 2 0

RNAlater 2 2

95% ethanol 2 2

FOBT carda 1 1

FIT tube 2 2

Abbreviations: FIT, fecal immunochemical test; FOBT, fecal
occult blood test.

a The FOBT card was a triple-slide (3-window) card that was
developed with peroxide at day 0 or day 4. Three windows were
used per card, and each window was considered a separate aliquot.
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no-template controls for DNA extraction and polymerase
chain reaction amplification. All barcoded amplicons were
pooled in equal concentrations for sequencing on the Illumi-
na HiSeq (San Diego, California). After removing singletons
and reads with read errors, the average coverage was approx-
imately 37,000 reads per sample.

Bioinformatic data processing

Reads were demultiplexed and quality filtered using
QIIME 1.9 (13). Each sample was independently cleaned by
removing all candidate read-errors using deblur (https://
github.com/biocore/deblur; A.A. and R.K., unpublished data,
2016). The cleaned read files were joined to make a single bio-
logical observation matrix table, with each operational taxo-
nomic unit (OTU) representing a unique 150–base pair
sequence. Taxonomy was assigned to the OTUs using Green-
genes database, version 13.8 (14) and RDP classifier 2.2 (15).
The data were rarefied to 9,500 reads per sample. Alpha diver-
sity measures (observed OTUs and the Shannon diversity
index) were calculated using the R phyloseq package (16), the
Bray-Curtis distance was calculated using the R vegan pack-
age, and unweighted, generalized, and weighted UniFrac were
calculated using the R GUniFrac package (17).

Statistical analysis

Descriptive characteristics of the population based on the
questionnaire data provided by the participants are presented.
To identify potential outliers, we calculated the Partitioning
Around Medoids algorithm based on the unweighted UniFrac
distance. First, we used the Partitioning AroundMedoids algo-
rithm set with clusters to 2, which included data from the oral
and fecal samples. Fecal samples that clustered with the oral
samples were excluded. We then set the clusters to the number
of subjects. Samples that did not cluster around the correct
subject were identified as suspicious. These suspicious sam-
ples were viewed using principal coordinate analysis plots and
genus-level abundance barplots. Samples that did not appear
to be similar to the rest of the samples from that individual
were then excluded.

A distance-based coefficient of determination (R2) was cal-
culated from the beta diversity estimates from unweighted
UniFrac, generalized UniFrac, weighted UniFrac, and Bray-
Curtis distance to evaluate the percentage of microbial vari-
ability explained by subject, sample collection type, and day
of freezing. We compared measures of alpha diversity (obser-
ved OTUs and the Shannon diversity index) between each
fecal collection method at day 0 and day 4 and created a linear
mixed-effects model to test for differences between methods
compared with the gold-standard immediately frozen no-
additive fecal sample with adjustment for the freezing time
point.

We calculated intraclass correlation coefficients (ICCs)
from a mixed-effects model to evaluate the technical repro-
ducibility, stability at ambient temperature, and accuracy of
the different fecal collection methods. The ICCs were calcu-
lated based on the square root of the relative abundances of
the 3 most dominant phyla (Actinobacteria, Bacteroidetes, and
Firmicutes), 2 alpha diversity metrics (observed OTUs and the

Shannon diversity index), and the top principal coordinate
analysis component of 4 beta diversity metrics (unweighted
UniFrac, generalized UniFrac, weighted UniFrac, and the
Bray-Curtis distance). The top principal coordinate analysis
component explained 15.3%, 13.5%, 28.4%, and 10.2% of
the variability for unweighted UniFrac, generalized UniFrac,
weighted UniFrac, and the Bray-Curtis distance, respectively.
We also calculated the ICCs for the square root of the relative
abundance of the major genera (i.e., prevalence in the popula-
tion >50% and a mean relative abundance >0.2%). For tech-
nical reproducibility, we calculated the ICCs for the duplicate
fecal samples for each method at each freezing time point. For
stability at ambient temperature, we randomly selected 1 repli-
cate for each collection type from samples frozen immediately
and 1 replicate from samples frozen after 4 days at ambient
temperature and then calculated the ICC. For the accuracy cal-
culation, we considered the fecal sample with no additive that
was frozen immediately to be the gold standard. We then ran-
domly selected 1 replicate from each of the collection methods
frozen immediately and calculated an ICC compared with the
gold standard. We calculated 95% confidence intervals for
samples with replicates based on resampling (i.e., stability and
accuracy of fecal samples) with 50 random samplings. For
samples without replicates (i.e., reproducibility of fecal sam-
ples), the 95% confidence interval was estimated using the R
ICC package (confidence interval = “Smith”). For the accu-
racy calculation, we also calculated the Spearman correlation
coefficient to determine whether the rank order compared with
the gold standard was preserved. We calculated P values for
between-methods comparisons using a t test. Given the multi-
ple testing, a P value < 0.018 would be statistically significant
for a false discovery rate of 5%. All statistical analyses were
conducted using R, version 3.1.2.

RESULTS

Descriptive characteristics

The participants in this sample were predominantly
female (65.4%) and ranged in age from 22 to 56 years, with
a mean age of 35.8 (standard deviation, 10.2) years. The
majority had at least a bachelor degree (69.2%) and were
non-Hispanic white (90.4%). Because participants did not
typically collect fecal samples on the same day as recruit-
ment, 1 participant had used antibiotics in the month before
the fecal sample collection (Table 2).

In the outlier analysis, we identified 2 no-additive, three
95% ethanol, 3 RNAlater, 5 FOBT, and 12 FIT samples to
either incorrectly cluster with oral samples or to not cluster
with the other samples from that individual. The outlier sam-
ples represented only 1 of the duplicates for all samples except
for 1 FIT tube for which both duplicates were considered out-
liers and removed. After removal of the outliers, the percentage
of microbial variability related to between subject variability
was high for all beta diversity estimates (Web Figure 1, avail-
able at http://aje.oxfordjournals.org/). The differences by sam-
ple collection type and time at ambient temperature were
substantially lower than the between-subject variability.

When comparing alpha diversity between collection meth-
ods, in general, overall alpha diversity metrics at day 0 and
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day 4 were similar for both observed OTUs (Web Figure 2A)
and the Shannon diversity index (Web Figure 2B). In the lin-
ear mixed-effects model, compared with what was seen in
the gold-standard no-additive samples that were frozen imme-
diately, on average, 7 more OTUs (95% confidence interval:
2.98, 11.01) were detected on FOBT cards, and those samples
had an increase in the Shannon diversity index of 0.16 (95%
confidence interval: 0.12, 0.20). In contrast, 9 fewer OTUs
(95% confidence interval: −4.55, −13.07) were detected in
samples stored in 95% ethanol, and those samples had a
decrease in the Shannon diversity index of 0.10 (95% confi-
dence interval: −0.07, −0.14) compared with the gold stan-
dard. No statistically significant differences were detected in
alpha diversity for the FIT tube and RNAlater samples com-
pared with the gold standard. When comparing the relative
abundances at the phylum level, the patterns by sample
collection type seemed generally similar for day-0 (Web
Figure 3A) and day-4 (Web Figure 3B) fecal samples, altho-
ugh samples preserved using an FOBT card, RNAlater, and
95% ethanol appeared to have a higher relative abundance of
Actinobacteria and a lower relative abundance of Verrucomi-
crobia compared with the samples with no additives and those
in the FIT tubes.

Technical reproducibility

The ICCs for the duplicate day-0 fecal samples collected
with the different methods were generally high (range, 0.64–
1.00) for the measurement of 3 phyla, 2 alpha diversity me-
trics, and the first principal coordinate for 4 beta diversity
metrics. However, for the relative abundance of Bacteroidetes
and Firmicutes, the ICCs were slightly lower for 95% ethanol
(for Bacteroidetes, ICC = 0.64; for Firmicutes, ICC = 0.71)
and no-additive (for Bacteroidetes, ICC = 0.74; for Firmi-
cutes, ICC = 0.77) samples (Figure 1A; Web Table 1). For
the day-4 samples, the ICCs for the duplicate fecal samples
were again relatively high (range, 0.71–0.99), but the ICCs

for the 95% ethanol samples (for Bacteroidetes, ICC = 0.78;
for Firmicutes, ICC = 0.73) and the FOBT card samples (for
Bacteroidetes, ICC = 0.74; for Firmicutes, ICC = 0.71) were
lower for the relative abundances of Bacteroidetes and Firmi-
cutes than they were for the other methods (Figure 1B; Web
Table 2). For both the day-0 and day-4 samples, there were
statistically significant differences (P < 0.018) between meth-
ods for some of the metrics (Web Tables 3 and 4), and the
genus-level ICCs were generally high for both day-0 and
day-4 samples (Web Tables 5 and 6).

Stability at ambient temperature

We compared the day-0 fecal samples to the day-4 samples
held at room temperature in order to simulate mailed-in sam-
ples. The samples preserved in RNAlater tended to have the
highest ICCs for the relative abundance of the 3 phyla (range,
0.88–0.92), and the 95% ethanol samples had the lowest
ICCs for the 3 phyla (range, 0.50–0.80). All methods had rel-
atively high ICCs for the observed OTUs (range, 0.90–0.93),
the Shannon diversity index (range, 0.86–0.93), and 3 of the
4 beta diversity metrics (for unweighted UniFrac, the ICC
range was 0.95–0.98; for generalized UniFrac, the ICC range
was 0.84–0.97; and for Bray-Curtis distance, the ICC range
was 0.96–0.99). Fecal samples stored in 95% ethanol had an
ICC of 0.58 for weighted UniFrac (Figure 2; Web Table 7).
A number of statistically significant differences (P < 0.018)
were detected for stability between methods (Web Table 8);
however, the genus-level ICCs were generally high for all
methods (Web Table 9).

Accuracy compared with gold standard

When compared with the gold-standard no-additive fecal
samples that had been frozen immediately, in general, the
ICCs were low for the relative abundance of Bacteroidetes
(range, 0.13–0.55) and Firmicutes (range, 0.20–0.57) and
for weighted UniFrac (range, 0.33–0.64), but the ICCs were
higher for observed OTUs (range, 0.76–0.83), the Shannon
diversity index (range, 0.76–0.83), unweighted UniFrac
(range, 0.92–0.98), and the Bray-Curtis distance (range,
0.93–0.95) (Figure 3A, Web Table 10). When accuracy was
measured using the Spearman correlation to assess rank
order, the correlation coefficients were stronger than the
ICCs detected for most metrics (Figure 3B, Web Table 11).
When comparing the ICCs, there were many statistically sig-
nificant differences (P < 0.018) between collection methods
(Web Table 12), but there were fewer statistically significant
differences in Spearman correlation coefficients for the col-
lection methods (Web Table 13). The genus-level ICCs and
Spearman correlation coefficients had similar patterns, with
lower values for ICCs and higher values for the Spearman
correlations (Web Tables 14 and 15).

DISCUSSION

In the present study, we found that the between-subject dif-
ferences greatly outweighed any differences by sample collec-
tion type and time spent at ambient temperature. All methods

Table 2. Descriptive Statistics of Study Participants (n = 52),
Mayo Clinic, Rochester, Minnesota, 2014

Characteristic No. %

Age, years 35.8 (10.2)a

Sex

Male 18 34.6

Female 34 65.4

Educational level

Associate degree or less 16 30.8

Bachelor degree 21 40.4

Master or Doctoral degree 15 28.8

Race/ethnicity

Non-Hispanic white 47 90.4

Other 5 9.6

Used antibiotics past month 1 1.9

a Data are expressed as mean (standard deviation).
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appeared to have similar alpha diversity estimates, although
FOBT cards had statistically significantly greater counts of
OTUs and Shannon diversity indices than did the no-additive
gold-standard sample. Using ICCs to estimate reproducibility,
stability, and accuracy, we observed that all of the collection
methods tended to perform relatively well compared with the
no-additive gold-standard sample, although there was some
variability by diversity metric. Specifically, the metrics that
were sensitive to relative abundance measures, including the

relative abundances for the top 3 phyla and weighted UniFrac,
tended to have lower ICCs than did other alpha diversity mea-
sures or the beta diversity measures. This was likely due to
the fact that the relative abundances are highly interrelated
because of the normalization (i.e., all relative abundance va-
lues will sum to 1), and therefore if 1 of the preservation
methods slightly changes the relative abundance of 1 phylum,
all other phyla will be altered. However, overall, it appears
that all of the included methods were acceptable and could be
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Figure 1. Technical reproducibility of replicates frozen immediately (A) and frozen after incubation at room temperature for 4 days (B) for the
evaluation of the relative abundance of 3 phyla, 2 alpha diversity metrics, and the first principal coordinate of 4 beta diversity metrics using intra-
class correlation coefficients, Mayo Clinic, Rochester, Minnesota, 2014. White columns indicate replicates stored in no solution, striped columns
indicate those stored in fecal immunochemical test tubes, gray columns indicate those stored on fecal occult blood test cards, dotted columns
indicate those stored in RNAlater Stabilization Solution (Ambion, Austin, Texas), and black columns indicate those stored in 95% ethanol. BC,
Bray-Curtis distance; OTU, operational taxonomic unit; PC1, principal coordinate analysis component 1; SDI, Shannon diversity index.
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utilized for future fecal sample collections in microbiome
studies.

Investigators in a number of previous studies have assessed
different collection methods for fecal samples and the impact
of leaving a sample at room temperature on the fecal micro-
biome (10, 18–33). The FOBT card, or a similar Whatman
FTA card (GE Healthcare Life Sciences, Pittsburgh, Pennsyl-
vania), has been tested in a few studies (10, 21, 26, 32). The
samples on these cards tend to perform well in these studies
compared with immediately frozen fecal samples, although in
1 study, researchers detected lower DNA yields from the
Whatman FTA card (26). Similar to our findings, increased
alpha diversity in Whatman FTA cards was observed a recent
study; this was hypothesized to be related to increased cell
lysis through the card, because most of the blank cards did not
have detectable microbes (32). RNAlater has also been tested
in a number of studies (10, 20–24, 26, 30, 32), but the results
varied. The majority of studies concluded that RNAlater was
an acceptable preservative for microbial analyses of fecal sam-
ples (10, 22, 23, 26, 30), although in some studies, researchers
detected decreased alpha diversity (20, 21, 30), decreased
DNA purity or yields (21, 24), or lower stability at room tem-
perature for longer periods (33) compared with immediately
frozen fecal samples. Storage of fecal samples in 70% ethanol
does not appear to be suitable for microbiome analyses (10),
but 95% ethanol has been previously observed to adequately
preserve fecal samples (23, 33). In 1 study, researchers evalu-
ated FIT tubes for microbiome analysis and found the FIT
samples to be similar to fecal samples with no additive (33).

In both this study and previous work, it appeared that all of
the included methods were appropriate for microbiome stud-
ies, which was expected because we eliminated methods from
previous studies that did not appear to have good reproduc-
ibility, stability, or accuracy. Although the interindividual dif-
ferences were seen to outweigh the sample collection method
and time at ambient temperature, any new study should utilize
only 1 collection method for comparisons, because we de-
tected statistically significant differences between methods
with regard to technical reproducibility, stability, and accu-
racy. However, short differences in the time taken to freeze
unique individuals’ samples will be unlikely to greatly affect
results as long as these differences were not related to the out-
come of interest.

The present study is not without limitations. Our study
included predominantly non-Hispanic white participants. It is
possible that the technical reproducibility, stability, and accu-
racy of these methods could vary within other racial/ethnic
groups because of differing exposures, such as diet or differ-
ing microbial composition; therefore, these collection meth-
ods should be tested in other populations. In addition,
participants were generally healthy, and the effect of collec-
tion methods on samples may vary for people with highly
dysbiotic microbiota. However, previous studies have
included patients with irritable bowel syndrome and inflam-
matory bowel disease (19, 29), and in general, researchers did
not observe distinct differences by collection method between
disease groups. In addition, we only conducted 16S ribosomal
RNA gene amplicon analyses; future studies should look at
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Figure 2. Stability of fecal samples incubated at room temperature for 4 days and then frozen compared with that of samples frozen immedi-
ately for the evaluation of relative abundance of 3 phyla, 2 alpha diversity metrics, and the first principal coordinate of 4 beta diversity metrics
using intraclass correlation coefficients, Mayo Clinic, Rochester, Minnesota, 2014. Striped columns indicate those stored in fecal immunochemi-
cal test tubes, gray columns indicate those stored on fecal occult blood test cards, dotted columns indicate those stored in RNAlater
Stabilization Solution (Ambion, Austin, Texas), and black columns indicate those stored in 95% ethanol. BC, Bray-Curtis distance; OTU, opera-
tional taxonomic unit; PC1, principal coordinate analysis component 1; SDI, Shannon diversity index.
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how collection methods affect downstream multi-omic analy-
ses, such as whole-genome shotgun metagenomic sequencing
and metabolomics. We only preserved the samples in 2.5 mL
of RNAlater, which may not be a sufficient volume to ade-
quately preserve the sample. However, we were focused on
methods that may be feasible for large epidemiologic studies,

and as we described previously, larger volumes of RNAlater
would likely be cost prohibitive (34). Finally, the gold-
standard immediately frozen, no-additive sample may not
entirely represent the microbial composition compared with
an immediately extracted sample, because sample freezing
has been observed to increase the relative abundance of
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Figure 3. Accuracy of fecal samples frozen immediately compared with the gold standard, which was considered to be the no-additive sam-
ple, Mayo Clinic, Rochester, Minnesota, 2014. Intraclass correlation coefficients (A) and Spearman correlation coefficients (B) were calculated
for the relative abundance of 3 phyla, 2 alpha diversity metrics, and the first principal coordinate of 4 beta diversity metrics. Striped columns
indicate those stored in fecal immunochemical test tubes, gray columns indicate those stored on fecal occult blood test cards, dotted columns
indicate those stored in RNAlater Stabilization Solution (Ambion, Austin, Texas), and black columns indicate those stored in 95% ethanol. BC,
Bray-Curtis distance; OTU, operational taxonomic unit; PC1, principal coordinate analysis component 1; SDI, Shannon diversity index.
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Firmicutes and decrease the relative abundance of Bacteroi-
detes compared with immediate extraction (35). However,
immediate DNA extraction in large epidemiologic studies is
unlikely to be feasible, and given this difficulty, it has been
suggested that studies instead ensure that the same protocol for
freezing is followed for all samples (35).

The present study also has a number of strengths. To our
knowledge, this study has the largest sample of participants of
all studies comparing fecal collection methods. Previously,
the number of participants included ranged from 1 (20) to 28
participants (29). Because there is high interindividual vari-
ability in the gut microbiome (36) and variable microbial com-
position may be differentially affected by collection method, it
is important to evaluate fecal collection methods in larger
groups of people. In addition, this is the second study in which
the feasibility of collecting fecal samples using FIT tubes has
been demonstrated. A number of health plans in the United
States and around the world are screening for colorectal cancer
using FITs, so a new cohort could be created using those sam-
ples after screening.

In conclusion, all of the fecal sample collection methods
appear to be relatively reproducible, stable, and accurate.
For future studies, the selection of a fecal sample collection
method will depend on the feasibility of each method. For
example, the FOBT card can be shipped in the mail, which
may make the use of FOBT cards appropriate for large, geo-
graphically diverse cohorts. It is important that investigators
in large epidemiologic studies collect fecal samples for mi-
crobiome analysis in order to determine the prospective
nature of currently observed cross-sectional microbiome as-
sociations with health and disease.
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