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Abstract 11 

Microbial community analysis can be biased by multiple technical factors, such as 12 

storage conditions, DNA extraction, or amplification conditions. In a high-throughput 13 

laboratory that relies on samples obtained from thousands of different subjects, 14 

knowledge of the extent of subject-introduced sampling and storage variation on the 15 

outcome of the inferred microbiome, as well as the effect of laboratory-introduced 16 

variation caused by reagent batches, equipment, or operator on the consistency of 17 

these processes within the laboratory is paramount. Here, we analyzed the effect of 18 

sampling from different parts of the same stool specimen or on different consecutive 19 

days, as well as short-term storage of samples at different temperatures on microbiome 20 

profiles obtained by 16S rRNA gene amplification. Each of these factors had relatively 21 

little effect on the microbial composition. In addition, replicate amplification of 44 stool 22 

samples showed reproducible results. Finally, 363 independent replicate extractions 23 

and amplifications of a single human homogenized stool (HS) specimen showed 24 

reproducible results (average Lin’s correlation = 0.95), with little variation introduced by 25 

HS batch, operator, extraction equipment, or DNA sequencer. In all cases, variations 26 

between replicates were significantly smaller than those between individual samples; 27 

subject identity always was the largest determinant. We propose that homogenized 28 

stool specimens could be used as quality control to routinely monitor the laboratory 29 

process and to validate new methods. 30 
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Introduction 31 

The necessity of standardization in experimental microbiome analysis is a 32 

relevant aspect for its implementation in human research, as well as for clinical 33 

approaches. Among the components required for standardization, reproducibility is one 34 

of the most important aspects (Nature Microbiology Editorial 2016). Microbiome analysis 35 

involves the analysis of the composition of the microbial communities found within a 36 

biological sample, such as feces or soil. Since microbiome studies generally aim to 37 

analyze the composition of a complex microbial community, the goal is to recover the 38 

presence of each microbial species within a mixture with equal chance. Ideally, the 39 

microbiome composition as found after processing in the lab should match that of the 40 

original, unprocessed sample. However, individual microbial species vary from each 41 

other in their abilities to grow under suboptimal storage conditions, to be lysed during 42 

DNA extraction, or to be amplified with marker gene PCR methods (Bag et al. 2016). 43 

Therefore, each choice of method during storage, DNA extraction and amplification 44 

steps will be more efficient for certain microbial taxa than for other groups, and thus 45 

affect the outcome - almost no microbiome analysis can exactly reproduce the 46 

composition of the original biological sample (Brooks et al. 2015; de la Cuesta-Zuluaga 47 

and Escobar 2016; Costea et al. 2017). Because each alternative processing method 48 

can eventually lead to different microbiome profiles, it is challenging to compare 49 

microbiome studies across studies and research groups (Tyler et al. 2014; Bik 2016; 50 

Costea et al. 2017; Kim et al. 2017; Pollock et al. 2018). 51 

Storage conditions are a first set of variables that have been shown to affect 52 

microbiome analysis outcomes (Röder et al. 2010; Choo et al. 2015; Romanazzi et al. 53 

2015). Ideally, a biological sample taken for microbiome analysis should be freshly 54 

analyzed (Pollock, et al. 2018) or stored at very cold temperatures, such as -80°C, 55 

immediately after sampling to preserve the microbiological composition by preventing 56 

selective growth of microorganisms (Vandeputte et al. 2017). However, immediate 57 

cryostorage is often not feasible, for example in field conditions without reliable access 58 

to electricity (Schnorr et al. 2014; Hale et al. 2015; Vogtmann, Chen, Kibriya, et al. 59 

2017) or for subjects who obtain specimens in their own homes and send them to a 60 

laboratory per regular mail (Schultze et al. 2014; Fu et al. 2016; Al et al. 2018). Fecal 61 
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samples have been shown to be relatively stable at room temperature for short periods 62 

of time (Carroll et al. 2012; Tedjo et al. 2015; Guo et al. 2016; Bassis et al. 2017; Wong 63 

et al. 2017), but storage and shipping of samples without preservatives at room 64 

temperature for periods longer than 24 h has been shown to affect the microbial 65 

composition (Sinha et al. 2016; Song et al. 2016; Amir et al. 2017). Several methods 66 

have been developed to preserve microbial composition in cases that immediate 67 

storage at below-freezing temperatures is not feasible. These include storage on fecal 68 

cards, storage in ethanol, or stabilization buffers (Anderson et al. 2016; Hill et al. 2016; 69 

Song et al. 2016; Vogtman, Chen, Kibriya et al. 2017; Vogtmann, Chen, Amir et al. 70 

2017; Vandeputte 2017).  71 

The choice of DNA extraction technique is another factor that can greatly 72 

influence the outcome of microbial analysis. The most popular commercial DNA 73 

extraction methods are all based on guanidine-containing buffers and silica gel spin 74 

columns (Thatcher 2015; Thomas et al. 2015). However, variations between these kits, 75 

and the additional choices of inclusion of bead beating, lysozyme, Proteinase K, and 76 

other additives vary widely between suppliers and laboratories and have all been shown 77 

to have an influence on the microbiome analysis (Kennedy et al. 2014; Brooks et al. 78 

2015; de la Cuesta-Zuluaga and Escobar 2016; Gerasimidis et al. 2016; Hiergeist et al. 79 

2016; Knudsen et al. 2016). For example, bead beating has been shown to affect the 80 

inferred microbial composition of biological replicates, because it increases the lysis of 81 

gram-positive bacteria (Yuan et al. 2012; Knudsen et al. 2016; Pollock et al. 2018).  82 

After DNA extraction, there are several other technical variables that could lead 83 

to biases in taxonomic profiles. Many microbiome studies rely on the amplification and 84 

sequencing of marker genes, most commonly the 16S rRNA gene (Knight et al. 2017; 85 

Young 2017). The choice of PCR primers and amplification conditions has been shown 86 

to be an important source of bias and variation in microbiome studies (Klindworth et al. 87 

2013; Walker et al. 2015; de la Cuesta-Zuluaga and Escobar 2016; Fischer et al. 2016; 88 

Gohl et al. 2016; Thijs et al. 2017). For both amplicon based as well as shotgun based 89 

microbiome profiling, the choice of sequencing library kit (Jones et al. 2015) or 90 

bioinformatics pipeline (Allali et al. 2017) can have an influence on the inferred 91 

taxonomy. In addition, taxonomic profiles can also vary between 16S rRNA gene 92 
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amplification and shotgun sequencing (Jovel et al. 2016; Ranjan et al. 2016; Tessler et 93 

al. 2017).  94 

For a high-throughput laboratory that follows the same extraction and 95 

amplification standard operating procedures for thousands of samples, the effect of 96 

other technical and human variables on the observed microbiome profiles are of interest 97 

as well. Some of these variations are within the control of the laboratory and can also be 98 

tracked, such as variations between reagent batches, equipment, or operators. Another 99 

set of technical variations could be introduced by the subject providing the sample, such 100 

as sampling different parts of a fecal specimen, sampling on consecutive days, or 101 

storing a sample at a different temperatures. Because these variables are introduced 102 

before a sample reaches the laboratory, they fall outside the quality control measures of 103 

a laboratory, and their effects on the outcome of microbial analysis are less well 104 

understood. However, in the setting of a laboratory obtaining samples from thousands 105 

of different individuals, each of whom might have a different sampling or storage 106 

approach, it is important to study their contribution to variations in microbiome profiles. 107 

Here, we address the relative influence of several of user- and laboratory-based 108 

variations. We first compared the effect of sampling different parts of the same stool 109 

specimen as well as the effect of sampling on nearly adjacent days. Secondly, the effect 110 

of storage at several temperatures of samples in a lysis and stabilization buffer was 111 

investigated. Thirdly, we determined how 3 independent rounds of amplification and 112 

sequencing performed on the same DNA affected the composition of the microbiome. 113 

Finally, we compared the microbiome profiles obtained from 363 replicate aliquots of the 114 

same homogenized stool sample, extracted, amplified, and sequenced with an identical 115 

protocol. 116 

  117 
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Methods 118 

Informed consent and IRB approval 119 

This study was approved under a Human Subjects Protocol provided by an 120 

independent IRB (E&I Review Services, IRB Study #13044, 05/10/2013). E&I is fully 121 

accredited by the Association for the Accreditation of Human Research Protection 122 

Programs, Inc. (AAHRPP), with Registration # IRB 00007807. uBiome undergoes a 123 

yearly voluntary continuing review by E&I Review Services to determine that the project 124 

meets the same scrutiny of human subjects protections as projects conducted at 125 

research institutions. The IRB board membership of E&I Review Services is consistent 126 

with the Code of Federal Regulations (CFR) requirements of 21 CFR 56.107 and 45 127 

CFR 46.107. Informed consent for participation in this study was obtained from all 128 

subjects. All participants were 18 years or older.  129 

Overview of self-sampling, shipping, and microbiome analysis 130 

uBiome has developed and protected a method for the analysis of the 131 

microbiome obtained by an individual (Apte and Richman 2015). This patent covers the 132 

sampling kit contents, the methods to obtain biological samples by self-sampling (e.g. 133 

stool samples can be obtained from toilet paper using a sterile swab), transport and 134 

storage of specimens at room temperature in a lysis and stabilization (LS) buffer, the 135 

generation of a microbiome sequence dataset, and the transmission of analyzed data to 136 

the individual (Apte and Richman 2015). In addition, uBiome has protected technology 137 

(U.S. granted patent) to analyze the microbiome composition for a population of 138 

subjects and to use this to generate a functional diversity dataset (Apte et al. 2017); 139 

based on this patent, we identified a set of taxa associated with gastrointestinal 140 

conditions, which was described previously (Almonacid et al. 2017). 141 

Duplicate sampling from stool in a 20-day period 142 

A healthy male subject, subject A, in his thirties, collected duplicate stool 143 

samples over a period of 20 days, during which he maintained his regular, omnivorous 144 

diet. During each of 11 stool collection events, two distinct pieces of fecal material 145 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 15, 2018. ; https://doi.org/10.1101/322677doi: bioRxiv preprint 

https://doi.org/10.1101/322677
http://creativecommons.org/licenses/by-nc-nd/4.0/


6 

spaced 1 to 4 cm apart were collected from the same piece of toilet paper after 146 

defecation, each using a separate sterile swab. Swabs were swirled for one minute, 147 

each in a separate uBiome vial containing LS buffer and zirconia beads. Samples were 148 

stored at room temperature for a maximum of 3 weeks and extracted as described 149 

below. 150 

Stability at different temperatures  151 

Eight different donors (subjects 1 through 8) collected stool specimens on the 152 

same day. Each subject sampled 10 pieces of stool from the same piece of toilet paper 153 

into 10 different vials with 750 ul of LS buffer. The 10 specimens per person then were 154 

pooled and homogenized by vortexing, to obtain 8 different pools of 7.5 ml each. Each 155 

homogenized stool sample then was used to make 10 aliquots of 500 ul each. These 10 156 

aliquots (labeled A through J) were used to test 5 different storage conditions, with two 157 

replicates per storage condition. Replicates A and B were immediately used for DNA 158 

extraction and the DNA was stored at 4°C for a week. Replicates C through J were 159 

stored for a week at different temperatures as follows: at -20°C (C and D), at 20°C (E 160 

and F), at 30°C (G and H), or at 40°C (I and J), after which samples were processed by 161 

DNA extraction. The extracted DNA from all 80 replicates then were used for 16S rRNA 162 

gene PCR amplification and sequencing as described below. 163 

Replicate amplification of 44 stool samples  164 

A set of 44 stool samples, each from a different subject, were used to check the 165 

effect of replicate 16S rRNA gene amplification and sequencing runs performed on the 166 

same extracted DNA. After DNA extraction, the 44 samples were amplified in triplicate 167 

and sequenced in three independent runs to yield a total of 132 microbiome profiles 168 

(see below).  169 

Replicate extractions and amplifications of a single homogenized stool  170 

A single complete stool specimen was self-collected by a healthy male donor, 171 

donor B (a different donor than person A, 30 years old). Immediately after the 172 

defecation event, the complete bowel movement (85.3 grams) was mixed with 1000 ml 173 
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LS buffer and homogenized in a glass kitchen blender (Oster) for 10 minutes at low 174 

speed, followed by 10 min at high speed. The sample was then aliquoted in 50 ml 175 

portions in sterile falcon tubes, and stored frozen at -20°C. To prepare a new batch for 176 

use, a single 50 ml aliquot was taken from the freezer and thawed overnight in a fridge 177 

and mixed subsequently by vigorously shaking by hand. Then, 10 ml of this stock was 178 

mixed with 30 ml of LS buffer and mixed on a vortexer for 6 minutes. The mixture was 179 

then left at room temperature for 30 to 60 min to allow for settlement of larger particles, 180 

and the supernatant was pipetted into a new 50 ml falcon tube and 50 ul portions was 181 

added into uBiome tubes with LS buffer and zirconia beads. These homogenized stool 182 

(HS) aliquots were kept at 4°C and used within 3 months. For this study, 363 HS 183 

samples prepared in 4 different batches, but all derived from the same original 184 

homogenized stool specimen, were analyzed. Each of these replicates was processed 185 

in a different, independent DNA extraction and amplification run (one HS replicate per 186 

set of 96 samples).  187 

Other human stool samples 188 

From a set of stool samples from 897 healthy subjects described before 189 

(Almonacid et al. 2017), 400 samples were randomly selected using the R package 190 

“sample”, and their datasets were used in this study.  191 

DNA extraction and amplification 192 

All stool samples were processed using the same DNA extraction, amplification, 193 

and sequencing protocols as described before (Almonacid et al. 2017). Briefly, stool 194 

samples were subjected to bead-beating and DNA extraction, and the V4 variable 195 

region of the 16S rRNA gene was amplified with broad range primers, and sequenced. 196 

Sequencing was performed in a paired-end modality on the Illumina NextSeq 500 197 

platform rendering 2 x 150 bp paired-end sequences. Sample handling, DNA extraction, 198 

amplification, and sequencing was performed using Standard Operating Procedures in 199 

a Clinical Laboratory Improvement Amendments (CLIA) licensed and College of 200 

American Pathologists (CAP) accredited laboratory. DNA extraction was performed by 201 
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one individual from a group of 15 rotating operators, on one of 9 DNA extraction robots, 202 

and analyzed on one of 3 sequencing machines. 203 

16S rRNA sequencing analysis 204 

The bioinformatics analysis was performed as described previously (Almonacid 205 

et al. 2017). Briefly, forward and reversed 16S rRNA gene V4 sequence reads were 206 

demultiplexed, quality-filtered, and merged after primer removal. Only samples with at 207 

least 10,000 high-quality reads were used in the analysis. Chimeras were removed 208 

using VSEARCH (Rognes et al. 2016), and then clustered using Swarm (Mahé et al. 209 

2014). The resulting clusters were then compared to a curated version of the SILVA 123 210 

database (Quast et al. 2013), using 100% identity over 100% of the length. The relative 211 

abundance of a set of 28 species- and genus-level microbial taxa (named “clinical taxa” 212 

in this study) known to be associated with health conditions and that could be identified 213 

with high precision and sensitivity (Almonacid et al. 2017) was determined by dividing 214 

the count linked to those taxa by the total number of filtered reads.  215 

Beta-diversity was investigated using Bray-Curtis dissimilarity and non-metric 216 

multidimensional scaling (NMDS) ordination as implemented in the R package phyloseq 217 

(McMurdie and Holmes 2013). To compare similarity of microbiome profiles to each 218 

other, Lin’s concordance correlation coefficient (CCC) of the genus-level clinical taxa 219 

was calculated for each community pair (Lin 1989). Statistical significance was tested 220 

using the non-parametric Kolmogorov-Smirnov (KS) test (Massey 1951). Permanova 221 

analysis was performed on the distance matrix used for beta-diversity analysis using the 222 

R Vegan package. (Oksanen et al. 2016). Permanova was performed using the function 223 

adonis, with 999 permutations. Heterogeneous dispersion of the data was evaluated 224 

using the function betadisper. 225 

To compare the microbiome profiles of the 44 triplicate amplifications, cluster 226 

analysis on Bray-Curtis dissimilarity matrices was performed using the Ward’s method 227 

(Ward 1963). Tree topology was visualized using the Interactive tree of life (iTOL) 228 

software (Letunic and Bork 2016).  229 
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Results 230 

Duplicate stool sampling on consecutive days 231 

To determine the variation of stool microbial composition associated with taking 232 

multiple samples from the same piece of toilet paper, and on (nearly) consecutive days, 233 

a single person, subject A, collected 11 paired stool sample over a period of 20 days. 234 

The paired stool samples, taken 1 to 4 cm apart from the same piece of toilet paper 235 

after elimination, showed very similar microbiome profiles, which was confirmed by an 236 

average within-pair Lin’s correlation factor of 0.95 (+/- 0.04) (Figure 1A). The average 237 

Lin’s correlation between stool samples collected on different days was 0.68 (+/- 0.17), 238 

which was significantly lower than that of the within-pairs (KS test p<0.0001), with no 239 

apparent drift over time (Figure 1A). Beta diversity analysis showed that all 22 samples 240 

from subject A looked very similar to each other in a comparison with replicate stool 241 

samples from 8 different subjects, with a clear clustering by individual (Figure 1B). 242 

Subject A’s samples showed clustering of paired samples, again, with no apparent drift 243 

over time (Figure 1C).  244 

 245 

 246 

 247 

 248 
 249 
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 250 
 251 
 252 
 253 
Figure 1. Reproducibility of duplicate sampling from stool and stability of gut microbiome over a 254 
20-day period. Subject A took 11 paired stool samples within a 20-day period. On each sampling day, 255 
subject A collected 2 distinct pieces of stool from the same piece of toilet paper. A. Heatmap of the Lin’s 256 
correlation between samples obtained from the same piece of toilet paper (within-pair) or on different 257 
days (between-pairs). The relative abundance of clinical microbial taxa found within the stool samples is 258 
plotted as a horizontal bar graph on the right. Samples are labeled per day (e.g., there was no sampling 259 
event on day 2). The inset on the left shows a boxplot of Lin’s correlation of within pair and between pair 260 
comparisons. B. NMDS ordination of Bray-Curtis dissimilarity values of all 22 stool samples from subject 261 
A, shown in pink, and replicate stool samples from 8 other subjects, shown in other colors. C. NMDS 262 
ordination of Bray-Curtis dissimilarity values of the 11 paired stool samples from subject A only. 263 
 264 
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Stability of stool samples in a stabilization buffer at different temperatures 265 

To study the effect of short-term storage of stool samples in a lysis and 266 

stabilization (LS) buffer at different temperatures, homogenized fecal specimens from 8 267 

different subjects in LS buffer were used for DNA extraction, either immediately after 268 

homogenization, or after storage for a week at four different temperatures. Each 269 

extraction was performed in duplicate. Samples were compared to each other by 270 

plotting the relative abundances of the clinical taxa after immediate extraction against 271 

those obtained after storage at different temperatures (Figure 2A and B). The average 272 

within-individual Lin’s correlation between the 10 replicate samples from the same 273 

subject was 0.92 (SD=0.105). In contrast, the between-person Lin’s correlation between 274 

replicate samples from different subjects was 0.28 (SD=0.24); significantly lower than 275 

the within-individual correlation (KS test, p<0.0001). In addition, beta-diversity analysis 276 

showed no apparent effect on sample composition. Samples clustered much more per 277 

subject than per storage condition (Figure 2B and C). Permanova (Adonis) showed no 278 

significant differences using temperature as the clustering group (p=0.935) while 279 

clustering using subject as the determinant was significant (p = 0.001). In addition, 280 

these results are not an artifact of heterogeneous dispersion of the data, based on the 281 

betadisper results (p = 0.44). 282 

  283 

  284 
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 285 

 286 

 287 

 288 

Figure 2. Effect of storage at different temperatures on stool samples from 8 different subjects. 289 
Each stool sample was homogenized in LS buffer, then split into 10 different aliquots from which DNA 290 
was either extracted directly (and then stored for a week at 4°C), or after a week of storage at four 291 
different temperatures (-20°C to +40°C). Each of the 5 storage conditions was tested in duplicate. A. 292 
Heatmap of the Lin’s correlation between the 10 replicates. Replicates are sorted first per subject (n=8), 293 
then per storage condition (n=5), then per replicate (n=2). Negative or missing correlation values are 294 
shown in grey. The inset on the left shows a boxplot of Lin’s correlation of within pair and between pair 295 
comparisons. The relative abundance of clinical microbial taxa found within the samples is plotted as a 296 
horizontal bar graph on the right. B. NMDS ordination of Bray Curtis dissimilarity matrix of microbial 297 
communities from these samples, showing data-points colored by storage temperature. C. Same data-298 
points as in D, but colored by original stool sample. Circles indicate clustering with 95% confidence 299 
interval.  300 
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Inter-run amplification and sequencing variation in 44 stools 301 

To assess the degree of variation introduced by amplification and sequencing 302 

samples, the 16S rRNA gene of extracted DNA from a set of 44 stool samples was 303 

amplified and sequenced in triplicate in three independent experiments. The average 304 

intra-individual Lin’s correlation between the 3 replicate pairs was 0.94 (SD: 0.12), while 305 

the average inter-individual correlation was 0.28 (SD: 0.31) (Figure 3A). This difference 306 

was statistically significant (KS test; p-value <0.0001). Beta-diversity analysis showed 307 

clustering of the three triplicates of most samples together (Figure 3B); this clustering 308 

was confirmed in a radial tree topology (Figure 3C).  309 

 310 

 311 

 312 

 313 
 314 
 315 
 316 
 317 
Figure 3 (next page). Inter-run amplification and sequence variability of 44 stool samples. 318 
Extracted DNA of 44 stool samples was amplified and sequenced in triplicate, in three independent runs. 319 
A. Heatmap of the Lin’s correlation between all 132 replicates. Replicates are sorted first per subject 320 
(n=44), then per replicate (n=3). The inset on the left shows a boxplot of Lin’s correlation of within pair 321 
and between pair comparisons. B. Beta diversity analysis using NMDS ordination of Bray-Curtis 322 
dissimilarity of the replicate amplifications. Stool samples are colored per subject. C. Radial dendrogram 323 
of the 44 stool samples amplified and sequenced in triplicate. The middle circle shows the identity of the 324 
44 stool samples; each stool sample has a different color. Genus level bars are shown on the outer circle; 325 
colors are explained on the key on the left. The tree topology was created using cluster analysis on Bray-326 
Curtis dissimilarity matrices using the Ward’s method, and visualized using iTOL (Letunic and Bork 2016).  327 
 328 

 329 

  330 
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Reproducibility of microbiome profiles of 363 replicate extractions 332 

To test the reproducibility of DNA extraction, and amplification methods in a high-333 

throughput laboratory setting, a total of 363 HS aliquots, all derived from the same, 334 

single, homogenized human stool specimens, but prepared in four different batches, 335 

were each extracted in a different DNA extraction run. Each aliquot was processed 336 

independently on a separate DNA extraction and PCR amplification run, using the same 337 

standard operating procedure executed by a rotating group of different operators. The 338 

relative abundances of the clinical genera in each of these 363 HS aliquots were 339 

compared with each other. Overall, microbiome profiles of the HS samples were very 340 

similar to each other (Figure 4A). In contrast, a set of 400 stool samples from a subset 341 

of 897 healthy subjects described previously (Almonacid et al. 2017) showed very 342 

different profiles, with every subject displaying an unique pattern (Figure 4A). Beta-343 

diversity analysis showed that all HS samples clustered tightly together, irrespective of 344 

the operator, extraction robot, or sequencer (Figure 4B). However, small differences 345 

were observed between different batches of HS standards. The 363 HS replicates had 346 

an average Lin’s correlation of 0.93 (SD=0.087), which was significantly higher (KS test; 347 

p-value <0.0001) than that found among the set of 400 other stool samples, which had 348 

an average Lin’s correlation of 0.40 (SD=0.33). Lin’s correlation analysis confirmed that 349 

the effect of control batch preparation was the largest, with very limited, albeit 350 

statistically significant, effects of operator, extraction robot, or sequencer (not shown).  351 

 352 
Figure 4 (next page). Reproducibility of microbial analysis of 363 replicate extractions of the same 353 
homogenized stool (HS) specimen. A. Relative abundance of clinical taxa for each of 363 HS replicates 354 
derived from subject B (top). Each HS replicate was processed in a different DNA extraction and 355 
amplification run, using different extraction robots, sequencers, and operators. Replicates are plotted in 356 
chronological order. In the bottom plot, the relative abundance of the same clinical taxa obtained from a 357 
set of 400 stool samples, each from a different subject, and none of them from subject B, is shown as a 358 
comparison. These samples were randomly selected from a group of 897 healthy subjects described in 359 
Almonacid et al. (Almonacid et al. 2017). B. Beta diversity of 363 HS replicates (in red) and the 400 other 360 
stool samples (in grey) was calculated based on the genus-level clinical taxa using Bray-Curtis 361 
dissimilarity and ordinated using NMDS. The 4 insets on the right show the ordination of the HS samples 362 
only. Each of these 4 plots shows the same data, colored according to preparation batch, sequencer 363 
machine, extraction robot, and operator, respectively.  364 
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Discussion 367 

Because every single step in microbial community analysis can potentially 368 

introduce biases (Pollock et al. 2018), a thorough understanding of the technical factors 369 

that determine variation in the outcome of microbiome analysis is essential. Choice of 370 

DNA extraction and amplification methods can have a significant impact on microbiome 371 

community patterns and their contributions are well understood (Brooks et al. 2015; la 372 

Cuesta-Zuluaga and Escobar 2016; Costea et al. 2017). However, there are several 373 

other, less understood subject- and laboratory-dependent sources of variation that 374 

might cause differences in obtained microbial community profiles. Even in the setting of 375 

a high-throughput laboratory with a standardized workflow, these might contribute to 376 

unexplained variation. In this study, we investigated the effect of several of these 377 

variables.  378 

Homogeneity of stool 379 

Using a set of samples taken from the same subject, we first addressed the 380 

question whether 2 pieces of stool taken from the same piece of toilet paper would be 381 

very different from each other. There is limited knowledge on how two different regions 382 

of a stool specimen have different or similar microbial compositions, but it has been 383 

argued that stool samples might not be homogeneous. Helminth egg distribution in 384 

human fecal samples, a potential measure of homogeneity, has been a topic of several 385 

studies, but these have yielded conflicting results (Krauth et al. 2012). Using 386 

fluorescence in situ hybridization and microscopy, Swidsinski and coworkers observed a 387 

differential stratification of both healthy as well as diarrheic stools (Swidsinski et al. 388 

2010). Two other studies found small differences between the microbiome composition 389 

of the inner and outer areas from a fecal specimen, suggesting that subsampling of 390 

stool can result into variability of gut microbiota composition (Santiago et al. 2014; 391 

Gorzelak et al. 2015). To account for this heterogeneity and to better recover all 392 

microbes present in a fecal sample, it has been suggested that stool samples should be 393 

homogenized before DNA extraction (Gorzelak et al. 2015). However, homogenizing 394 

stool might not be practical for a high-throughput laboratory. Fecal material on toilet 395 

paper might actually represent a collection of different stool parts during elimination, 396 
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and, in the absence of homogenisation of stool, might represent a good and practical 397 

alternative to represent the entire stool community. Although our results do not answer 398 

the question whether the microbiome of an intact stool specimen is homogenous, our 399 

study shows that taking 2 different samples from the same piece of toilet paper yield 400 

very similar microbial communities (average Lin’s correlation: 0.95).  401 

Reproducibility of sampling over multiple days 402 

Another potential source of variation in microbiome composition that has not 403 

been studied extensively is how much the day-to-day variation in the diet of most 404 

humans contributes to daily changes in the gut microbiome. The same set of samples 405 

used to determine the effect of duplicate sampling from toilet paper was also used to 406 

investigate the similarity of 11 stool samples taken from the same individual within a 3-407 

week period. Within this short time-frame, the gut microbiome of this person was 408 

relatively stable (average Lin’s correlation between all samples: 0.68), albeit significantly 409 

less similar than the paired samples obtained from the same piece of toilet paper. 410 

These results are similar to those described by others, who found there is little change 411 

in a person’s microbiome in the absence of health issues, dietary changes, or travel 412 

over a time period of days (Su et al. 2018) or even over longer periods (David, Materna, 413 

et al. 2014; Mehta et al. 2018). However, other studies showed that large dietary 414 

changes such as switching to a drastically different daily fiber or protein intake can 415 

change microbial composition as quickly as 2 days after starting the intervention (David, 416 

Maurice et al. 2014; Salonen et al. 2014). Together, these results suggest that 417 

microbiome profiles of healthy persons who keep a regular diet are relatively stable, 418 

while they can rapidly change as a response to large changes in diet or health status. 419 

Temperature stability in LS buffer 420 

Another potential source of variation that lies outside of the internal quality 421 

control measures of a microbiome analysis laboratory is how samples are stored in the 422 

time period between obtaining the sample and their arrival in the laboratory. We wanted 423 

to test the performance of our sampling tubes, which contain a transport buffer, to 424 

preserve a stool sample for a week at 4 different temperatures, compared to a directly 425 
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extracted replicate sample. There was no apparent effect of the week-long storage, 426 

even at 40°C (104°F), compared to directly extracted material (average Lin’s correlation 427 

over 8 different sample sets = 0.92). These results suggest that the proprietary buffer 428 

used in our kit is effective in preserving stool samples for a week at high temperatures. 429 

Similar results have been found with stool samples stored in ethanol or stabilization 430 

buffers such as RNAlater (Anderson et al. 2016; Hill et al. 2016; Song et al. 2016; 431 

Vogtman, Chen, Kibriya, et al. 2017; Vogtmann, Chen, Amir, et al. 2017; Vandeputte et 432 

al. 2017).  433 

Reproducibility of sample extraction and 16S rRNA gene microbiome analysis 434 

Reproducibility is a critical factor in microbiome analysis. Obtaining the same 435 

results in independent rounds of DNA isolation and amplification is instrumental for the 436 

correct interpretation of results. The comparison of microbiome results obtained from 437 

replicates derived from the same sample can be used as a measure for the quality of 438 

the workflow within a laboratory. Reproducibility is important since it can be useful to 439 

evaluate quality of metagenomic or deep amplicon sequencing analyses, as seen, for 440 

example, in a metavirome study showing that replication helped to evaluate the 441 

consistency of different methods for ocean virus concentration and purification (Hurwitz, 442 

et al. 2013). In that study, triplicates for 3 different methods were used, being capable to 443 

observe abnormally diverse samples. Moreover, reproducibility analyses are critical for 444 

the evaluation of intra-center and inter-center performance from a standard sample 445 

(Hiergeist et al. 2016). In a recent paper, Raju et al. tested different sequencing 446 

protocols using 3 to 5 stool or saliva replicates and found high reproducibility in alpha 447 

diversity measures and phylum-level profiles (Raju et al. 2018). However, no beta 448 

diversity comparisons were provided.  449 

Here, we report two different experiments to test the reproducibility of different 450 

parts of our laboratory workflow. In the first sample set, we tested the degree of 451 

variation introduced by three independent replicate amplification and sequencing runs 452 

performed on the same set of 44 extracted DNAs. The taxonomic composition of the 453 

three replicate analyses were very reproducible with a Lin’s correlation of 0.94. In a 454 

second experiment, we tested the reproducibility of 363 independent rounds of DNA 455 
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extraction plus amplification and sequencing on the same homogenized stool sample. 456 

Even though here we added the additional variable of DNA extraction, Lin’s correlation 457 

was still excellent at 0.93. Together, these results demonstrate excellent reproducibility 458 

of different steps in our laboratory workflow, with low run to run variation. The biggest 459 

contributor in replicate sample microbiome variation was found to be the preparation of 460 

the HS control sample, which is a process that is not used for customer samples.  461 

In the three datasets described here that include samples from different 462 

individuals, replicate samples always showed significantly higher reproducibility (Lin’s 463 

correlation over 0.9) compared to the inter-individual variation (Lin’s correlation between 464 

0.28 and 0.40). These results suggests that the variations introduced by replicate 465 

extractions are much smaller than the variation that is found between samples, in 466 

particular samples from different individuals.  467 

Standardization and quality control 468 

Multiple calls have been made to standardize DNA extraction for microbiome 469 

marker gene or metagenomics analysis. Costea and coworkers compared 21 different 470 

DNA extraction protocols, showing big differences in DNA quality and content; they also 471 

compared different combinations of DNA isolation, library preparation and sample 472 

storage, showing the contribution of the change those methods in the variability of 473 

results; they finalize suggesting the need of a standardization for appropriate inter-lab 474 

transferability (Costea et al. 2017). Brooks and coworkers observed the need for 3 kinds 475 

of quality control in microbiome experiments, in order to 1) monitor the batch effects 476 

inside different sample processing runs, 2) capture variation produced by the choice of 477 

sample processing protocols and, 3) understand the difference between observed and 478 

actual community compositions for particular choices of protocols for a lab (Brooks et al. 479 

2015). In this latter work, the authors proposed the use of mixture experiments involving 480 

small “mock” communities, artificial microbial communities created by mixing known 481 

quantities of bacteria/DNA. Other studies recommended the use of careful positive 482 

(such the aforementioned mock communities or those created in chemostats) and 483 

negative controls in microbiome/metagenomic studies, in order to avoid potential pitfalls 484 

(Sinha et al. 2015; Kim et al. 2017; Pollock et al. 2018). Several studies also focused on 485 
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the need of standardization for both feasibility and accuracy of comparative 486 

metagenomics, proposing a set of recommendations and precautions about the different 487 

strategies, including experimental and bioinformatic aspects (Knight et al. 2012; 488 

Nayfach and Pollard 2016).  489 

Final conclusions 490 

Our results shown here show that a homogenized complete stool specimen could 491 

serve a standardized control sample in a high-throughput laboratory. The inclusion of 492 

such a sample in every extraction and amplification run, and parameters monitoring 493 

deviations from an observed microbiome profile mean, can be used to ensure the 494 

quality of the workflow. A typical complete homogenized stool specimen is enough to be 495 

aliquoted into thousands of replicates, and thus can be used to monitor thousands of 496 

microbiome analysis runs. 497 

A limitation of this study is that the reproducible microbiome profiles shown here 498 

were obtained and analyzed using a relatively small set of microbial taxa, i.e. a small set 499 

of genus-level taxa previously reported to be associated with gastrointestinal conditions 500 

and included in our clinical assay (Almonacid et al. 2017). However, data analysis of 501 

subsets of the samples described here on a much larger set of genera and/or including 502 

species level taxa showed very similar reproducibility (not shown). Even with this limited 503 

set of taxa, large differences between individual stool samples could be observed.  504 

 In conclusion, we have shown that the effect of variables such as duplicate toilet 505 

paper sampling, storage temperatures, or replicate amplifications performed by different 506 

operators on different machinery is very small (Lin’s correlation over 0.9). The effect of 507 

sampling on different days was found to be somewhat larger (Lin’s correlation 0.68), but 508 

still smaller than that caused by inter-individual differences (Lin’s correlation 0.4 or 509 

lower). Including a homogenized sample into every run is an excellent way to ensure 510 

the high quality needed in a high-throughput microbiome analysis laboratory.  511 

    512 
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