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Abstract

Background—The need to develop valid methods for sampling and analyzing fecal specimens 

for microbiome studies is increasingly important, especially for large population studies.
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Methods—Some of the most important attributes of any sampling method are reproducibility, 

stability, and accuracy. We compared seven fecal sampling methods (no additive, RNAlater, 70% 

ethanol, EDTA, dry swab, and pre/post development fecal occult blood test (FOBT)) using 16S 

rRNA microbiome profiling in two laboratories. We evaluated nine commonly used microbiome 

metrics: abundance of 3 phyla, two alpha-diversities, and four beta-diversities. We determined the 

technical reproducibility, stability at ambient temperature, and accuracy.

Results—While microbiome profiles showed systematic biases according to sample method and 

time at ambient temperature, the highest source of variation was between individuals. All 

collection methods showed high reproducibility. FOBT and RNAlater resulted in the highest 

stability without freezing for four days. In comparison to no-additive samples, swab, FOBT, and 

70% ethanol exhibited the greatest accuracy when immediately frozen.

Conclusions—Overall, optimal stability and reproducibility was achieved using FOBT, making 

this a reasonable sample collection method for 16s analysis.

Impact—Having standardized method of collecting and storing stable fecal samples will allow 

future investigations into the role of gut microbiota in chronic disease etiology in large population 

studies.

INTRODUCTION

There has been considerable effort to evaluate the relationship between gut bacteria and 

health in cross-sectional and small case-control studies (1–8). However, microbiome 

research is rapidly transitioning towards larger, population-based research. It is currently not 

possible to conduct prospective cohort studies because fecal samples are not available. The 

incorporation of fecal sample collections into prospective cohort studies requires the 

development of standardized protocols that can be used in the field. Several issues need to be 

considered in developing standardized methods for collecting biological samples aimed at 

analyzing microbial communities in large, population-based epidemiologic studies. First, the 

method of collection must preserve the microbial signature or “biomarker” for each sample.

Second, key measures must be stable under field conditions over days in sub-optimal storage 

conditions. Third, any sample collected should be preserved in such a way that maximizes 

the types of possible analyses utilizing the samples (e.g., microbiomics, transcriptomics, 

metabolomics) (9). Finally, microbiome studies will likely need to either be very large to 

adjust for multiple comparisons or data from multiple studies that have been processed at 

different laboratories be pooled or meta-analyzed. Thus, it is crucial to develop harmonized 

protocols that are consistently reproducible for accurate characterization and comparison of 

fecal specimens (10).

Few studies have evaluated these issues in relation to the microbiome of fecal samples 

collected under field conditions. Recently, several groups took steps to address these areas 

by determining the effects of sample storage conditions on microbial communities; however, 

these studies were limited by a small sample size and evaluation of limited sampling 

methods (11–13). To more specifically address many of the issues, we conducted a study to 

analyze fecal samples that were collected using seven different methods, including those that 

would allow transcriptomics (RNAlater solution) and metabolomics (ethanol) analyses. The 
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specimens were frozen at different timepoints (soon after collection, one day, and four days) 

to mimic delays in freezing that often occur when samples are collected in the field. To 

evaluate possible inter-laboratory variability in DNA extraction and sequencing, the 

specimens were processed in two independent laboratories.

MATERIAL AND METHODS

Study participants

Twenty healthy volunteers (6 male and 14 female) of individuals who worked at the clinic 

between the ages of 23 and 54 were recruited through the Mayo Clinic online classified 

section. Participants were excluded if they were under the age of 18, had used antibiotics or 

probiotics within the last two weeks, had a history of pelvic radiation, or were currently 

undergoing chemotherapy. The study coordinator met with each eligible participant to 

review the consent and study details. All subjects signed and dated HIPAA Authorization 

and Informed Consent forms prior to the study. The study was reviewed and approved by the 

Mayo Clinic Studies Institutional Review Board (protocol 13-005217) and the NCI Office of 

Human Subjects Research (12189).

Fecal specimen collection

An Exakt Pak canister (Inmark Packaging, Austell, GA, USA) was provided to each subject 

for fecal collection in the clinic. The subject collected the feces, recorded the date and time 

of collection, and paged the study coordinator to pick up the sample who delivered it to the 

laboratory for processing.

The fecal specimen was homogenized manually using a spatula, and a total of 86 aliquots 

were generated. A summary of the different sampling methods is shown in Supplemental 

Table 1. Briefly, we generated 50 aliquots of feces, 12 swabs, and 24 fecal occult blood test 

(FOBT) cards. Enough fecal specimen to fully fill the scoop (approximately 1–2 grams) was 

placed in a Sarstedt feces tube (Numbrecht, Germany) containing no additive or one of three 

different stabilization solutions. Fourteen aliquots were stored in no additive, 12 aliquots 

were stored in 2.5 mL of RNAlater (Ambion, Austin, Texas), 12 aliquots were stored in 2.5 

mL of 70% ethanol (Sigma-Aldrich, St. Louis, Missouri, USA), and 12 aliquots were stored 

in 2.5 mL of ethylenediaminetetraacetic acid (EDTA; Tris 500 mM, NaCl 10 mM, EDTA 

191 mM, pH 9.0). Twelve sterile swabs (Numbrect, Germany) were used to wipe the fecal 

specimens taking care not to overload the swab. Each swab was placed in a Sarstedt tube and 

the lid was tightly screwed. Twenty-four Hemoccult II Elite Dispensapak Plus for FOBT 

(Beckman Coulter; Brea, CA, USA) were smeared thinly with feces and the flap was closed. 

Twelve FOBT cards were kept without further processing, while the other 12 FOBT cards 

were developed using two drops of Hemoccult Sensa Developer that was applied to guaiac 

paper on the back of the card as is typically done to test for occult blood in colorectal cancer 

screening.

Six replicates of each specimen with no additive and four replicates of the other six 

conditions were frozen at −80°C. The remaining samples were incubated at ambient 

temperature (approximately 25°C) for 24 hours (1 day) or 96 hours (4 days) then frozen at 
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−80°C. Triplicate aliquots of each fecal sample with no additive frozen soon after collection 

and duplicate aliquots for all other sampling methods were analyzed at one of two 

laboratories, the Knight laboratory, University of Colorado, Boulder, USA and the Mayo 

Clinic Microbiome laboratory, Rochester, USA.

DNA extraction and sequencing

Knight Laboratory—Samples were thawed at 4°C and kept on ice during plating. All 

samples were swabbed using a wooden swab (Puritan Cotton Tipped Applicators – Puritan 

Medical Products), which was then used for the DNA extraction. FOBT cards were swabbed 

vigorously. Samples containing storage buffer were sampled by pulling out the fecal material 

and swabbing.

DNA extraction, polymerase chain reaction (PCR) amplification and amplicon preparation 

for sequencing were performed as described in Caporaso et al. (14) and can be found on the 

Earth Microbiome Project (EMP; (15)) web page (http://www.earthmicrobiome.org/emp-

standard-protocols/) using the universal bacterial primer set 515F/806R (14, 16). Negative 

controls included no-template controls for DNA extraction and PCR amplification. Finally, 

all barcoded amplicons were pooled in equal concentrations for sequencing on the Illumina 

MiSeq sequencing platform at the BioFrontiers Institute Next-Generation Genomics Facility 

at University of Colorado, Boulder, USA. The average coverage was ~30,000 reads per 

sample, with 821 samples used for the analysis, after retaining samples with at least 5,000 

reads/sample.

Mayo Laboratory—Samples were thawed at 4°C for approximately 20 minutes. Samples 

containing buffer were spun down at 15,000 rpm for 60 seconds, and supernatant discarded. 

Approximately 0.5 g of stool was aliquoted into bead beating tubes. For the swab and FOBT 

card, the portion covered by feces was cut with a scalpel and placed into the bead beating 

tubes.

Genomic DNA extraction was performed using the PowerSoil DNA isolation kit (MoBio 

Laboratories) using the MP FastPrep (MP Biomedicals, Solon, OH) for 40 seconds at 6.0 

m/s. Extracted DNA was quantified using the Qubit High Sensitivity assay (Life 

Technologies Corporation, Carlsbad, CA), ranging from 25–60 ng/µl. The V3–V5 region 

(357F/926R) of the 16S rRNA was then amplified through PCR as follows: 25 µl of Kapa 

HiFi (Kapa Biosystems, Woburn, MA), 1.5 µl (10 µM) forward primer, 1.5 µl (10 µM) 

reverse primer, and 50 ng of DNA with the remaining volume of molecular grade water (up 

to a final volume of 50 µl per reaction). The following PCR cycle was repeated 34 times: 

95°C for 3min, 98°C for 20 seconds, 70°C for 15 seconds, and 72°C for 15 seconds, with a 

final extension at 72°C for 5 minutes. The products of the amplification were verified by 

TapeStation D1K Tape (Agilent Technologies, Santa Clara, CA) to be free of contamination. 

The PCR products were purified using Agencourt AMPure (Beckman Coulter). After 

purification, the DNA concentrations were measured using the Qubit High Sensitivity assay. 

Samples were sent to the Medical Genomics Facility at Mayo Clinic for 16S rRNA amplicon 

sequencing using a high-throughput next-generation Illumina MiSeq (San Diego, CA) 
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sequencing platform. The average coverage was ~70,000 reads per sample, with 852 

samples used for the analysis after retaining samples with at least 10,000 reads/sample.

Operational Taxonomic Unit (OTU) picking

All sequences were processed using the QIIME pipeline V1.7 (17). For each sample, OTUs 

were selected using closed reference OTU picking using the Greengenes database version 

13.5 (18) with 97% similarity. To compare data between the two labs, samples from both 

laboratories were rarefied to 10,000 reads per sample.

Distance metrics

Distance metrics were used to summarize the overall microbiota variability. Different 

distance metrics reveal distinctive views of the microbiota structure. We used both non-

phylogeny-based distance (Bray-Curtis) and phylogeny-based distance (UniFrac) metrics. 

The original UniFrac distances include two versions: unweighted UniFrac, which uses OTU 

presence/absence information, and weighted UniFrac, which is based on the relative 

abundance OTUs. Unweighted UniFrac is most efficient to capture the variability in 

community membership as well as rare taxonomic lineages, since the probability of these 

rare taxa being picked up by sequencing is directly related to their abundance. Weighted 

UniFrac, on the other hand, is most efficient to capture the variability in the abundant 

lineages since these lineages contribute the most weight in distance calculations. A 

generalized version of UniFrac distance has been developed to fill the midpoint (19).

Ordination plot and contribution of variables to overall microbiota variability

An ordination plot was generated using principal coordinate analysis (PCoA) as 

implemented in R (‘cmdscale’ function) using unweighted UniFrac-based distances. A 

distance-based coefficient of determination R2 was used to quantify the percentage of 

microbiota variability explained by the corresponding variable (‘adonis’ function in the 

‘vegan’ package) (20).

ICC analysis

We used intraclass correlation coefficients (ICC) to quantify the reproducibility, stability, 

and accuracy or neutrality of different storage methods for nine metrics included relative 

abundances of three phyla (Actinobacteria, Bacteroidetes, and Firmicutes), two alpha 

diversity metrics (number of observed OTUs and Shannon index) and four beta-diversity 

metrics (top PCoA component for unweighted UniFrac, generalized UniFrac, weighted 

UniFrac, and Bray-Curtis distance). The ICC is defined as

where  represents the biological variability, i.e., individual-to-individual variability, and 

represents the technical variability, i.e., the variability introduced by storage method, storage 

time, and sample preparation and sequencing. Specifically, for reproducibility,  captures 

the variability due to sample preparation and sequencing. We used technical replicates at 
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days 0, 1, or 4 to evaluate the reproducibility of the microbiome metrics. We calculated 

stability by comparing day 4 samples to ones frozen soon after collection and accuracy by 

comparing fecal microbiome collected by six methods with no additive specimens frozen 

soon after collection. Besides the inherent variability due to sample preparation and 

sequencing,  mainly captures the variability due to different storage times, and sample 

collection as compared to no additive samples that were frozen close to collection. We 

randomly sampled one replicate from the triplets or pairs for each storage day for stability 

and accuracy related ICCs. ICCs were then averaged over 25 random samplings. For 

accuracy analysis, we also used Spearman’s rank correlation as an alternative to ICC. The 

ICCs were estimated using the R package ‘ICC’ based on the mixed effects model. An ICC 

close to one indicates excellent reproducibility, stability and accuracy.

Pearson’s correlation

We used Pearson’s correlation to evaluate the OTU correlation between FOBT pre- and post-

peroxide treatment after 4 days at ambient temperature.

Calculation of OTU fold-change

The fold change, F, for each OTU, p, was calculated independently as the mean fold change 

for all individuals, and is given by

where M is the number of replicate measurements and Fi(p) is the mean fold change of OTU 

p in individual I which is defined as the ratio between mean frequencies at day 4 and day 0. 

A cutoff of 1/10000 was used for minimal frequency since there is a lower limit on the 

minimal detection threshold for the sequencing results.

Abundance A in this case is a floored fraction given by

where the number of reads per OTU p is given by r(p).

RESULTS

Inter-individual differences

The similarity matrix using PCoA demonstrated that the samples collected from each person 

clustered together (Figure 1A and B) and was consistent for samples sequenced at both 
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laboratories, suggesting that the biological effect outweighed the effect of collection, 

extraction, and sequencing.

To further evaluate the sources of variability in this study, we analyzed unweighted, 

generalized, and weighted UniFrac, and Bray-Curtis distances (Figure 1C and D). The 

percentage of microbial variability was explained primarily by individual differences, 

supporting the results of our PCoA analysis, followed by sampling method, and lastly by 

storage time. These data illustrate that the inter-individual variability explained over 80% of 

the variability in distinguishing microbiota from unweighted UniFrac, between 55–70% 

from generalized UniFrac, between 30–60% from weighted UniFrac, and approximately 

80% from Bray-Curtis dissimilarity.

Technical reproducibility

To determine the technical reproducibility of each collection method at a specific time point 

(Day 0), we compared the ICCs of nine key microbiome metrics (Figure 2A and B) for the 

duplicates. Data from both the Knight and Mayo Microbiome laboratories suggested that the 

majority of the sample collection methods resulted in reproducible measures of microbial 

diversity with ICCs over 0.75 for most parameters. Similar analyses on samples incubated 

for 1 and 4 days at ambient temperature (Supplementary Figure 1A–D) revealed relative 

stability across beta diversity metrics, but all sampling methods demonstrated a general loss 

of technical reproducibility across time in relative phyla abundances and alpha diversity 

metrics.

Stability of different collection methods across time

To determine specimen stability, we used ICCs for the nine key microbiome metrics to 

compare specimens frozen at −80°C soon after collection with those stored over 4 days at 

ambient temperature (Figure 3A and B). The ICCs of the samples analyzed at both 

laboratories indicated that specimens collected from FOBT cards, both pre- and post-

development, and those stored in RNAlater, were relatively stable following a 4-day delay in 

freezing. Importantly, both laboratories found that storage of specimens in 70% ethanol had 

low microbiome stability. Data from the two laboratories differed for specimens stored dry 

with no stabilization reagent and using swabs; the Knight laboratory found a decrease in 

microbiome stability, whereas the Mayo Microbiome laboratory did not.

Accuracy or neutrality with respect to day 0 with no additive

The best sampling method should represent the “true” microbiome of the host. In this study, 

we assumed that specimens sampled and stored with no additive and frozen at −80°C soon 

after collection most closely reflects what was present in the host prior to sampling. To test 

the microbiome accuracy of these specimens, we used Spearman’s rank correlation (Figure 

4A and B) and ICC (Supplementary Figure 2A and B) analyses. Analyses performed at both 

laboratories indicated that sampling using the swab, FOBT cards, both pre- and post-

development, and 70% ethanol produced the most accurate microbial diversity measures. 

However, there were striking differences between the results for the two laboratories, with 

the Mayo Microbiome laboratory consistently having higher correlations and ICCs as 

compared to the Knight laboratory.
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Pre- and post-treatment FOBT correlation

Many colorectal cancer-screening programs use FOBT cards for screening occult blood. 

Since FOBT cards have the potential to accelerate population studies through the use of 

existing samples collected for colorectal cancer screening, we evaluated use of this sampling 

method further. To determine the effect of the Hemoccult Sensa Developer on microbial 

diversity, we compared the observed OTUs of specimens sampled using FOBT cards with 

and without development after incubation for 4 days at ambient temperature (Figure 5A and 

B). Both laboratories found a significant correlation between OTUs pre- and post-

development (Pearson correlation of 0.967 and 0.985, respectively).

OTU abundance fold-change across time for different treatments

A true test of a specimen's stability across time and sampling method is the preservation of 

key biomarkers. We compared specimens sampled and stored at ambient temperature either 

with no additive or with FOBT cards (pre-development) to those samples frozen at −80°C 

soon after collection. We determined the distribution of frequency fold change for all OTUs 

after incubation for 4 days at ambient temperature (Figure 6 A–D). Both laboratories 

determined that most OTUs were relatively stable over 4 days. However, a small group of 

OTUs displayed a pronounced growth at ambient temperature (with 37 and 20 OTUs 

exhibiting a growth of more than 8-fold in the Knight and Mayo laboratory sequencing 

respectively). In both laboratories, this group included mostly Gammaproteobacteria and a 

few Bacilli (Supplementary Table 2). In contrast, FOBT cards showed a much smaller 

difference in OTU abundances (with only 1 and 3 OTUs exhibiting a growth of more than 8-

fold in the Knight and Mayo laboratory sequencing respectively).

DISCUSSION

We undertook a detailed comparison using 16S rRNA gene profiling of seven sampling 

methods for human stool to define an optimal fecal sampling method that provides 

reproducible, stable, and accurate results. We determined that for all sampling methods, the 

microbiome profiles between individual persons represent the highest source of variation, 

followed by sampling method, and finally by length of time at ambient temperature. Both 

laboratories determined that sampling by FOBT card renders specimens relatively stable 

over four days. Sampling with swab, FOBT card, and 70% ethanol at baseline were most 

similar to those collected under ideal conditions (i.e. those frozen soon after collection).

An ideal sampling method is one that preserves the microbial signature of each specimen 

over time and under sub-optimal conditions. In this study, we found that FOBT cards 

provided a reproducible and stable method for collecting fecal samples, similar to 

Dominianni et al. (13) who reported results from three people. The reproducibility of the 

nine key microbiome metrics was relatively high at time zero for the seven collection 

methods. However, incubation at ambient temperature over 4 days reduced the 

reproducibility for most sampling methods (e.g., no additive, swab, 70% ethanol, and 

EDTA) with the exception of the FOBT cards (both treated and untreated) and RNAlater. 

Incubation for 1 day at ambient temperature maintained the reproducibility of most 

microbiome metrics, suggesting that freezing the samples soon after collection is still the 
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best practice. When that is not possible, using methods such as FOBT cards or RNAlater 
might be a better choice for fecal samples.

The use of FOBT cards to evaluate the gut microbiome could open up additional populations 

for large-scale epidemiologic research. The FOBT card is used in many settings for 

colorectal cancer screening. Large populations (21–24) around the world are being screened 

for colorectal cancer using FOBT cards. The Hemoccult Sensa Developer had little effect on 

the microbiome compared to those sampled with the undeveloped FOBT cards, suggesting 

that developed FOBT cards from colorectal cancer screening could be used for future 

microbiome research. Additionally, ease of use of the FOBT card and the microbiome 

stability they provide at ambient temperature opens up their use to new studies separate from 

the screening programs. Furthermore, FOBT cards can be easy to transport and store and 

overall be less than half the cost as compared to RNAlater. But the question remains whether 

the microbiome will be stable for long-term prospective study even if they are stored at 

−80°C.

Across all analyses, both laboratories found that unweighted UniFrac and Bray-Curtis 

distance analyses resulted in the most stable and reproducible beta diversity across all 

sampling methods. This is expected for unweighted UniFrac, which focuses on the 

difference in OTU membership (i.e. presence/absence) rather than OTU abundances, and for 

Bray-Curtis, which puts equal weights on all OTUs where relatively large variations in a few 

OTUs are reduced by averaging over all OTUs. In other words, while different storage 

methods may preserve different microbial species with differing efficiencies, they all capture 

the same community memberships. This is in contrast to weighted UniFrac distance, which 

puts the most weight on abundant lineages and whose variability is determined 

predominantly by the most abundant lineages, and to generalized Unifrac, which puts a 

partial weight on the abundant lineages. The implication is that, if the focus is on overall 

microbiota structure as revealed by unweighted UniFrac or Bray-Curtis distance, different 

sampling methods may not have a very strong impact. Analysis using phyla abundances 

contrasted starkly with these beta diversity measures in their reproducibility across different 

collection types.

We used the mixed-effect model-based ICC to quantify the three criteria for comparing 

storage methods, namely reproducibility, stability and accuracy. The mixed-effect 

framework allows easy decomposition of observed variability among different sources such 

as sample preparation and sequencing, storage time, and sample collection methods by 

calculating ICCs on different types of replicates. ICC quantifies the variability within the 

multiple measurements for the same sampling unit, and assumes that the errors from 

different measurements have exactly the same statistical distributions, and are 

indistinguishable from each other. However, if those measurements are from different 

methods, they may have significantly different biases. In accuracy analyses, where a large 

bias has been observed between different storage methods, the ICC is much smaller than 

Spearman’s correlation since the bias is treated as variability in the ICC calculation. 

However, for accuracy analysis, we are more interested in a storage method’s power to 

capture the relative differences between subjects. In that sense, the interclass correlation 

measures such as Spearman’s correlation are more suitable to quantify accuracy.
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These data suggest that sampling in 70% ethanol does not render a sample stable across 

time. In support of our findings, other studies have shown that ethanol is an inadequate 

stabilization buffer, resulting in low DNA yields (25). By contrast, although RNAlater 
appeared to stabilize the microbiome across time, it resulted in considerable changes to the 

microbiome diversity, and therefore did not accurately preserve the microbial signature of 

the host. The method of collection that would yield the most accurate results would be to 

analyze the specimens immediately after collection. However, as this is neither practical nor 

possible in most cases, the gold standard has been to collect specimens with no additive and 

freezing soon after collection. However, whether this is the closest possible representation of 

the host's microbiome is debatable. No-additive samples were frozen shortly, but not 

immediately after collection, and were exposed to at least one freeze-thaw cycle, potentially 

influencing the microbiome. Specifically, a recent study found that freezing samples at 

−20°C for as little as five days significantly affects the Firmicutes-to-Bacteroidetes ratio 

(26).

The results of several analyses (including technical reproducibility, stability, and accuracy 

compared to assumed gold standard) differed between the two laboratories, stressing the 

potential problems currently associated with comparing or pooling data. There are a number 

of possible explanations for the observed differences between the Knight and Mayo 

Microbiome laboratories. First, frozen specimens were shipped to the Knight laboratory on 

dry ice, but it is possible that there were freeze-thaw episodes during shipping. Second, 

DNA extraction method may contribute to differences in DNA yield, composition, and 

richness (27, 28). Another possible source of variability is the primers used for PCR 

amplification. The 16S rRNA gene contains nine "hypervariable" regions that demonstrate 

considerable sequence diversity among different bacteria (29–31). Most microbial studies 

base their analyses on a single region of the 16s rRNA spanning one to three hypervariable 

regions. In this study, the Mayo Microbiome laboratory used a primer set spanning the V3–

V5 hypervariable regions, whereas the Knight laboratory used primers amplifying only V4. 

This difference could contribute to differences in bacterial identification. A study of 

pathogenic bacteria determined that V2 and V3 were most useful for identifying bacterial 

species to the genus level while V4, V5, V7, and V8 were less useful (32). Another study 

found that the V1–V3 regions were superior to the V6 region in the ability to represent 

phylogenetic relationships (29). This suggests that the primers designed to amplify the V3–

V5 region may distinguish more bacteria than those only amplifying the V4 region. 

However, when analyzing shorter rRNA segments (<100 bp reads), others have found the V2 

and V4 regions to give the lowest error rates (33). In support of this, Lieu et al. found that 

the V2/V3/V4 regions provide excellent coverage and recovery at the genus level for short 

reads (31). Primer choice can also influence other, more technical aspects of the sequencing 

protocol, including PCR conditions, and optimal detection would rely on proper 

optimization of those conditions. However, despite the differences in the two laboratories, 

the conclusions regarding sampling method and freezing timepoint were the same 

irrespective of the laboratory.

A limitation to this study was the fact that only 16s sequencing methods were compared. It 

will be important to evaluate the influence of collection methods on whole genome shotgun 

metagenomic sequencing results.
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In conclusion, sampling using the FOBT cards appeared to be the most practical for field 

studies and produced reproducible, stable, and accurate data as determined by both 

laboratories, and development using Hemoccult Sensa Developer did not appear to alter 

these results. However, significant differences in microbial diversity across time and 

laboratories strongly suggest that any major fecal microbiome study be conducted in a single 

laboratory using similar collection protocol method to minimize these differences.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Sources of microbiome variability. Principal coordinate plot based on unweighted Unifrac of 

the microbial community profiles from all samples analyzed in the Knight laboratory (A) 

and the Mayo Microbiome laboratory (B). A distance-based coefficient of determination R2 

(unweighted Unifrac, generalized Unifrac, weighted UniFrac, and Bray-Curtis (BC) 

distance) was used to quantify the percentage of microbiota variability in the Knight 

laboratory (C) and the Mayo Microbiome laboratory (D).
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Figure 2. 
Evaluation of technical reproducibility. Intraclass correlation coefficients for microbiome 

metrics including the abundance of three phyla, two alpha-diversity metrics (number of 

observed OTUs and Shannon index) and four beta-diversity metrics (top PCoA component 

for unweighted Unifrac, generalized Unifrac, weighted UniFrac, and Bray-Curtis distance) 

analyzed at day 0 in the Knight laboratory (A) and the Mayo Microbiome laboratory (B).
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Figure 3. 
Evaluation of microbiome stability. Intraclass correlation coefficients for microbiome 

metrics including the abundance of three phyla, two alpha-diversity metrics (number of 

observed OTUs and Shannon index) and four beta-diversity metrics (top PCoA component 

for unweighted Unifrac, generalized Unifrac, weighted UniFrac, and Bray-Curtis distance) 

in the Knight laboratory (A) and the Mayo Microbiome laboratory (B).
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Figure 4. 
Evaluation of accuracy. Spearman correlation (all samples sampled by six different methods 

at time zero were compared to those sampled with no additive at time zero) of microbiome 

metrics including the abundance of three phyla, two alpha-diversity metrics (number of 

observed operational taxonomic units and Shannon index) and four beta-diversity metrics 

(top PCoA component for unweighted Unifrac, generalized Unifrac, weighted UniFrac, and 

Bray-Curtis distance) in the Knight laboratory (A) and the Mayo Microbiome laboratory 

(B).
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Figure 5. 
OTU correlation between FOBT pre- and post-peroxide treatment after 4 days at ambient 

temperature as analyzed in the Knight laboratory (A) and the Mayo Microbiome laboratory 

(B). Different colors represent different participants.
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Figure 6. 
Preservation of key biomarkers. Histogram of fold change in frequency for each OTU 

(compared to day 0 fresh frozen samples) after incubation for 4 days at ambient temperature 

in specimens collected using no-additive sampling (A, B) or FOBT cards (C, D) as 

determined by the Knight laboratory (A, C) and the Mayo Microbiome laboratory (B, D).
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