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Background: Microbiotas play critical roles in human health, yet in most cases scientists lack 18 

standardized and reproducible methods. To date, stool sample preservation remains a source 19 

of technological bias in metagenomic sequencing, despite newly developed storage solutions. 20 

Studying those biases will help in identifying the appropriate stool preservation approach to 21 

promote the implementation of standard operating procedure and improve comparability 22 

across multiple microbiome studies. 23 

Results: Here, we conducted a comparative study of 10 storage methods for human stool over 24 

a 15-day period of storage at fluctuating temperatures. We first compared the performance of 25 

each stabilizer with observed bacterial composition variation within the same specimen. Then, 26 

we identified the nature of the observed variations to determine which bacterial populations 27 

were more impacted by the stabilizer. We found that DNA stabilizers display various 28 

stabilizing efficacies and affect the recovered bacterial profiles. Furthermore, our results 29 

showed that the bias associated with the stabilizers can be linked to the phenotypical 30 

characteristics of the bacterial populations present in the studied samples. 31 

Conclusions: Although newly developed storage solutions have improved our capacity to 32 

stabilize stool microbial content over time, they are nevertheless not devoid of biases. We 33 

therefore recommend considering the nature of these technological biases before claiming 34 

whether some microbes are beneficial or even deleterious to human health. 35 

 36 

Keywords : microbiota, standardization, 16S rRNA gene, metagenomics, human gut, 37 

preservation, stool, stabilizing solution 38 

 39 
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Background 41 

Over the past decade, an increasing number of studies have been published focusing on the 42 

human microbiome. While there is no doubt that these findings have helped us better 43 

comprehend the complexity of our microbiome and its implications on our health, the 44 

knowledge accumulated in the microbiome field is not equivalent to the amount of research 45 

and effort provided by the scientific community. The lack of standards hampers our expertise, 46 

as studies show inconsistencies, often resulting from technological bias rather than a true 47 

biological signature. To utilize microbiome science to its full potential, technical and 48 

computational methods must be standardized, and quality controls must be implemented to 49 

transition in the near future from a basic research environment to the clinic. 50 

It is now common knowledge that our microbiome colonizes all body surfaces, especially our 51 

gut microbiome, which strongly impacts nearly every aspect of host physiology [1-3]. 52 

Multiple lines of evidence now link alterations in the gut microbiome to numerous diseases 53 

[2, 4-8]. However, microbiome studies most often lead to mixed results, halting our progress 54 

and hindering potential diagnosis, disease prediction and therapeutic intervention of 55 

microbiome analyses. Hence, no individual bacteria are consistently associated with a given 56 

disease. Such discrepancies, in regard to microbiome signature patterns, are likely due to 57 

heterogeneity across study populations (small size, genetic factors, lifestyle) or the studied 58 

model or could be influenced by methodological differences among studies [9-11]. 59 

The reality of microbiome research is that a variety of biological and technical factors can 60 

impact the quality of samples and their microbial content [12]. The gut microbiome is the 61 

most challenging human ecosystem to characterize due to its heterogeneous bacterial 62 

populations. Its composition varies widely from one individual to another and involves a 63 

majority of bacterial populations that are very sensitive to oxygen [13], as well as remnants of 64 
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human and food DNA and inhibitors likely to hamper subsequent analytical steps [14]. 65 

Technical bias can then result in misleading findings and can affect the quality of the data. 66 

Throughout the series of steps that a fecal sample undergoes to identify and characterize its 67 

microbial content, sampling and stabilization are key in the preanalytical protocol and can 68 

heavily impact data quality. Previous studies have demonstrated that storage conditions of 69 

stool samples have only a small impact on their microbial content [15-16]; however, more 70 

recent findings show otherwise [17-21]. DNA and RNA deteriorate rapidly after collection 71 

when kept at room temperature [17], while the chemistry of existing stabilizing solutions has 72 

also demonstrated an impact on the recovery of genomic microbial content, resulting in a 73 

source of bias [22, 23]. Despite these conflicting results and challenges, a few principles are 74 

currently well acknowledged by the scientific community: avoid freeze-thaw cycles and 75 

temperature fluctuations throughout the preservation process [12, 17, 20, 24]; when possible, 76 

shorten the transportation time; and freezing samples at -20°C or -80°C provides an optimal 77 

solution when immediate analysis of fresh sample is not an option [20, 21, 23, 25-33]. 78 

In regard to studying microbiome composition using metagenomics, the method of collection 79 

that yields the most accurate results involves analyzing samples immediately after collection. 80 

However, this can be logistically challenging for samples such as stools that cannot be 81 

produced on demand. Any stabilizing method induces rapid changes in the presence and/or 82 

abundance of certain bacterial populations [27]. Despite different efficacies in stabilizing the 83 

true biological profile, the preservation step can result in biases even during short-term 84 

storage, but these alterations are, for most commonly utilized solutions, smaller or comparable 85 

to differences among technical replicates. Technical variability, albeit smaller than 86 

interindividual variability, may obscure subtle and meaningful alterations. Therefore, the 87 

choice of stabilization is highly dependent on factors such as limitations, availability, ease of 88 

use, cost and compatibility with the study’s goals and/or ‘omic’ methods.  89 
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While the lack of standards affects the microbiome field in every ‘omic’ science and their 90 

related testing phases, including preanalytical, analytical and postanalytical steps in sample 91 

processing, our research here focuses on technical bias in the preanalytical handling of fecal 92 

samples in the study of gut microbiota through 16S rRNA gene based metagenomics analysis. 93 

For the past few years, the lack of standards and the sources of errors in datasets have been 94 

highlighted in the literature. Emerging protocols have arisen, but comparative studies, 95 

including comparison of most recent DNA stabilizers, are lacking. Our study aimed to 96 

evaluate and compare a large panel of stabilizing solutions that are either widely used by the 97 

scientific community or suited to the collection of fecal material. We also investigated the 98 

dynamic alterations that occurred over time in our samples based on their bacterial content 99 

and related phenotypical characteristics. Based on these results, acknowledging and 100 

identifying the limitations of DNA preservation could promote comparability among 101 

metagenomics studies and lead to clear guidelines that will be critical for scientific discovery 102 

going forward in understanding human microbiomes. 103 

 104 

 105 

METHODS 106 

Stool conservation study design  107 

To provide a standardized protocol for fecal sampling and preservation, fecal samples were 108 

collected from 15 French volunteers (n=15).  109 

To evaluate the interaliquot variability, 3 aliquots of 180-220 mg (Sc) of each fecal sample 110 

were first created and stored at -20°C. Fecal homogenization was then performed as follows: 111 

12 g of stool was gently mixed with 30 ml of ultrasterile water for a few minutes. This step 112 

was performed to limit variability among aliquots, allowing for better evaluation of the impact 113 
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of the stabilizing solutions tested. The homogenized stool was then subsampled into triplicate 114 

samples of 0.5 ml and immediately frozen at -20°C without any additives (Dc) in 10 aliquots 115 

of 0.5 ml each preserved with addition of 1 ml of DNA stabilizer. A total of 10 stabilizing 116 

solutions were tested: RNAlater (Ambion, Austin, US), Tris-EDTA (10 mM Tris-HCl pH 8.0, 117 

1 mM EDTA) (Thermo Fisher Scientific, Massachusetts, US), 95% ethanol (VWR 118 

international, Pennsylvania, US), PrimeStore MTM (Longhorn Vaccines and Diagnostics, San 119 

Antonio, US), Stratec (Stratec Molecular GmbH, Berlin, Germany), OMNIgene-Gut (DNA 120 

Genotek, Ontario, Canada), Norgen (Norgen Biotek Corp., Thorold, Canada), DNA/RNA 121 

Shield (Zymo Research, Freiburg, Germany), Fecal Swab (Copan Italia S.P.A., Brescia, 122 

Italy), and Whatman FTA card (GE Healthcare Life Sciences, Illinois, US). For the FTA card 123 

method, a 0.5 ml sample was dispatched directly on the card. All stabilizers were tested on 15 124 

fecal samples, except for PrimeStore MTM solution, which was tested on only 13 samples. In 125 

parallel, two unstabilized aliquots were produced: one solid (180-220 mg of stool) (S) and one 126 

homogenized (0.5 ml) (D). These two aliquots constituted controls for evolution of the 127 

microbiota without preservation.  128 

Finally, all aliquots were preserved over a period of 15 days (Figure 1). Briefly, nonfrozen 129 

aliquots (S, D and aliquots 1 to 10) were incubated for 15 days at varying temperatures 130 

fluctuating from 4°C to 40°C according to the following cycle: 3 days at room temperature 131 

(RT, approximately 25°C), 3 days at 4°C, 3 days at RT, 3 days at 40°C and 2 days at RT. 132 

These temperature fluctuations allowed evaluation of the efficacies of each stabilizing 133 

solutions in harsh conditions. The temperature range chosen includes temperatures that a 134 

sample can be subjected to during transportation to the laboratory throughout the seasons for 135 

most countries worldwide.  136 

The evolution of all samples was compared to the baseline samples (i.e., homogenized and 137 

immediately frozen samples stored with no additives, Dc). 138 
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 139 

Stool DNA extraction 140 

Bacterial DNA was isolated from all stool aliquots using the NucleoSpin® DNA Stool kit 141 

(Macherey-Nagel, Duren, Germany) following the manufacturer’s instructions. Extracted 142 

DNA was stored at -20°C until subsequent application. 143 

 144 

DNA quantification and purity measurements 145 

DNA quantification and purity (A260/A280 ratio) measurements were performed by 146 

spectrophotometry using a Nanodrop ND-1000 (Thermo Fisher Scientific, Massachusetts, 147 

US). 148 

 149 

16S rRNA gene amplification, library preparation and high-throughput 150 

sequencing 151 

To determine the bacterial composition of each aliquot, a 16S metagenomic sequencing 152 

library was created following Illumina’s recommendations [34]. Briefly, this protocol targets 153 

the V3-V4 regions of the 16S rRNA gene during a first PCR using specific primers with 154 

overhang adapters: 16S Amplicon PCR Forward Primer 5’ 155 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG and 156 

16S Amplicon PCR Reverse Primer 5' 157 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC158 

. Resulting amplicons were then purified using Agencourt AMPure XP magnetic beads 159 

(Beckman coulter, Brea, US). Subsequently, a second PCR was performed from the purified 160 

PCR amplicons to attach dual indices and Illumina sequencing adapters using the Nextera XT 161 
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Index Kit (Illumina, San Diego, US). Following a second purification with Agencourt 162 

AMPure XP magnetic beads, the PCR products were then checked with quality controls using 163 

a fragment analyzer (Agilent Technologies, California, US) and Qubit (Thermo Fisher 164 

Scientific, Massachusetts, US) to evaluate DNA fragment sizes and DNA concentrations of 165 

the purified products. Barcoded amplicons were pooled in equal concentrations to generate a 166 

4 nM library. The pool of samples was denatured to a final concentration of 12 pM and 167 

combined with 5% PhiX control (Illumina, San Diego, US). The 16S rRNA gene libraries 168 

were sequenced using a MiSeq instrument (Illumina, San Diego, US). 169 

 170 

Experimental validation 171 

Demultiplexed and high-quality sequences (average quality score >Q30) were retrieved. All 172 

samples below 40,000 reads were discarded. A total of six aliquots, five stabilized with 173 

Stratec solution, were excluded due to low quality DNA, which is further discussed below 174 

(see Results section). A clustering analysis was performed on the results to validate the 175 

experiment. Three samples were excluded from our analysis as they did not cluster with their 176 

technological replicates (Supplementary Figure S1 for details). 177 

 178 

Bioinformatics processing  179 

Reads were processed using QIIME 2 [35] (version 2019.1.0) and its DADA2 [36] plugin 180 

(q2dada2, version 2019.1.0). Preprocessing parameters were tuned to our dataset’s 181 

specifications: reads were trimmed at their 3’ ends at 245 bp, and reads shorter than this 182 

threshold were discarded; to remove amplification primers, 5’ trimming was performed at 17 183 

bp and 21 bp for forward and reverse reads, respectively. Reads that exceeded the 2 184 

sequencing errors expected were discarded, and chimera removal was performed with the 185 

consensus method of DADA2. A denoising step was performed, and amplicon sequence 186 
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variants (ASVs) were collected in a counting table. Taxonomic assignment was performed 187 

using Kraken [37] based on the NCBI RefSeq Targeted Loci database, which contains over 188 

21,000 bacterial and archaeal 16S reference sequences covering more than 15,000 species. 189 

 190 

Statistical analysis 191 

Statistical analysis was performed with R (version 3.4) using the phyloseq package [38] 192 

(version 1.22.3). Beta diversity was assessed with several metrics: Jaccard and Bray-Curtis 193 

dissimilarity indices were computed based on rarefied data, while Aitchison’s distances [39] 194 

were computed based on centered log-ratio transformed data with pseudo counts set at 0.5. 195 

Only the Bray-Curtis based analysis is shown, but different metrics confirmed this result 196 

(Supplementary Figures S2, S3 and S4).   197 

First, the impact of homogenization was assessed by comparing mean distances within 198 

technological Sc (not homogenized) and Dc (homogenized) replicates across all stool samples 199 

collected using a paired Wilcoxon test. 200 

Second, we evaluated stabilization performance by measuring the distance between each 201 

sample and its reference, defined as the barycenter of the ‘Dc’ replicates for the corresponding 202 

stool sample. We used a Kruskal-Wallis test to highlight the effect of the stabilizing solution 203 

on preservation of the bacterial content over storage time. Afterward, we performed a 204 

pairwise paired Wilcoxon test with Benjamini-Hochberg p-value correction for multiple 205 

hypothesis testing to determine which solutions performed better than others. 206 

Finally, we searched for differentially abundant taxa, at the phylum and genus levels, between 207 

reference and stabilized samples with a Wilcoxon test, and p-values were adjusted with the 208 

Benjamini-Hochberg procedure. Furthermore, we gathered phenotypic data for the top 50 209 

genera, representing up to 94% of all organisms found, regarding their oxygen sensitivity and 210 

their Gram stain status, as these characteristics are often conserved at the genus level [40-42]. 211 
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We used the LPSN database [43] to identify reference articles describing the characteristics of 212 

each genus. Gram stain status was defined as positive, negative or variable, and oxygen 213 

sensitivity was defined as strictly aerobic, strictly anaerobic, facultative anaerobic or 214 

microaerophile. Data are provided in Supplementary Table T1. We then clustered genera 215 

based on their median log2-fold change between stabilized samples and references using L2 216 

distances and Ward’s linkage to identify genera that behaved similarly in the stabilizing 217 

solutions tested. To track potential links between genus phenotype and behavior in stabilizing 218 

solutions, we performed a χ² test for independence of categorical variables between genera 219 

clusters and both oxygen sensitivity and Gram stain status independently. To further 220 

investigate these links, we aimed to determine whether phenotypic characteristics could 221 

prelude the emergence of the storage bias that we observed. Therefore, for each solution, we 222 

performed a Kruskal-Wallis test among genera for log2-fold change and both oxygen 223 

sensitivity and Gram stain status independently. 224 

 225 

 226 

RESULTS 227 

In the present study, the performance of each stabilizer was defined as the microbial 228 

community alterations over time relative to the baseline sample (i.e., immediately frozen 229 

sample stored with no additive). The technical reproducibility of our analytical protocol was 230 

evaluated using triplicates of baseline samples, while samples with no additive (S and D) 231 

served as indicators of the natural evolution of the microbiota profile if unstabilized. 232 

 233 

Quality control for DNA yield, purity and alpha diversity 234 



11 

 

Analysis of complex microbial ecosystems requires high-quality libraries for next generation 235 

sequencing (NGS) metagenomics. Hence, preserving a microbial profile over time and 236 

providing good DNA yield and purity of DNA extracts are key aspects in the analytical 237 

protocol in place. We found considerable differences in the DNA concentrations and 238 

A260/280 ratios of our extracted DNA. For example, Fecal Swab-preserved samples 239 

recovered, on average, 12-fold more DNA than Stratec-preserved samples (60.28 ng/µl vs 240 

4.97 ng/µl). Among the different stabilizers tested in this study, recovered DNA was the 241 

lowest for Stratec-, DNA/RNA Shield- and FTA card-stabilized samples (Figure 2a). In 242 

addition, samples preserved with these three solutions had primarily low A260/280 ratios 243 

(mean ratio <1.7), indicating the presence of contaminants (Figure 2b). Interestingly, Stratec 244 

samples were the least successful for recovering a microbiota profile with sufficient reads and 245 

showed a smaller alpha diversity than other stabilizers, while DNA/RNA Shield- and FTA 246 

card-preserved samples exhibited good profile recovery with high alpha diversity values 247 

(Supplementary Figure S1). The diversity index showed similar alpha diversity among 248 

preservation methods, and the Stratec stabilizer presented a much lower alpha diversity 249 

measure than the other stabilizers. As such, these results do not show any relationships among 250 

DNA concentration/purity, diversity and microbial profile recovery.  251 

Dc and Sc measures resulted in similar concentrations and quality ratios among triplicate 252 

samples. Unstabilized samples (Dc, Sc, D and S) showed the highest DNA yield as they 253 

recovered on average 2.6-fold more DNA than stabilized samples with good A260/280 ratios. 254 

A total of six samples were discarded, including five Stratec-stabilized samples and one Dc 255 

sample due to a lack of compliance with quality and/or quantity criteria. 256 

 257 

Homogenization of stool samples results in reduced intrasample variability 258 
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Homogenization is commonly performed in studies to minimize intrasample variations and 259 

subsequent misestimation of the observed alterations within recovered profiles. The 260 

interaliquot variability for each Sc and Dc triplicate was first estimated by the mean distance 261 

using several methods (Bray-Curtis distance, Jaccard distance, and Aitchison distance). 262 

Comparison of distances within triplicates and between Sc and Dc triplicates showed a greater 263 

dispersion in Sc than in Dc triplicates, regardless of the distance method used (Figure 3 and 264 

Supplementary Figure S2). In addition, a Wilcoxon test showed that homogenization 265 

significantly reduced observed interaliquot variability (p=0.02557). 266 

These results suggest that stool subsampling results in variations in the recovered microbial 267 

content among aliquots and confirms that homogenization of each sample has contributed 268 

here to significantly lowering the interaliquot variability. In this study, our homogenized 269 

aliquots added to the different stabilizers can thus be considered identical prior to storage. 270 

Their evolution over the 15-day storage period then provides an adequate evaluation of the 271 

efficacy of each stabilizer tested when compared to their reference (i.e., an average of Dc 272 

triplicates). 273 

 274 

DNA stabilizers alter stool microbial composition with various magnitudes  275 

compared to samples with no additives 276 

To evaluate the performance of the tested stabilizers, we quantified the compositional 277 

dissimilarity between each preserved sample and its reference, defined as the barycenter of 278 

the ‘Dc’ replicates. Different metrics, including the Bray-Curtis, Jaccard, and Aitchison 279 

distances, show that Norgen, DNA/RNA Shield, OMNIgene-Gut and PrimeStore MTM 280 

produced profiles closest to their reference, while the remaining stabilizers resulted in greater 281 

alterations (Figure 4A and Supplementary Figures S3A and S4A). A Kruskal-Wallis test 282 

(p<10-11) then confirmed that the solutions tested demonstrated distinct efficacies of 283 
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stabilization specific to each stabilizer. Finally, a paired Wilcoxon test was used to compare 284 

the stabilizing performance among all stabilizers tested and identified Norgen as the best 285 

performing solution, closely followed by OMNIgene-Gut, DNA/RNA Shield and PrimeStore 286 

MTM, which presented similar performances (Figure 4B and Supplementary Figures S3B and 287 

S4B). In contrast, the least efficient stabilizers were Stratec, FTA card and Tris-EDTA, which 288 

appear no better than unstabilized samples (S or D).  289 

In parallel, the results suggested that interindividual variability largely exceeded interaliquot 290 

variability (Figure 4A, Supplementary Figures S3A and S4A). Distances towards the 291 

reference were larger than interaliquot distances but smaller than those for interindividual 292 

variability, indicating that preservation-induced effects were observed but were smaller than 293 

biological interindividual variability. The only exception was Stratec-preserved samples, 294 

which displayed a variability similar to that observed among samples, confirming that this 295 

solution is not suitable for storage of human fecal samples. These results were confirmed by 296 

hierarchical clustering as shown in Supplementary Figure S5.  297 

  298 

Bacterial relative abundance differs based on the method of preservation in 299 

different taxonomic ranks 300 

Our analysis demonstrated that bacterial taxa were affected by the stabilizer, with 301 

misestimation of their relative abundance compared to their reference profiles (Dc). These 302 

alterations were detected at different taxonomic levels, including phyla (Figure 5) and genera 303 

(Supplementary Figure S6). Observed biases specific to each stabilizing solution were 304 

statistically confirmed by a paired Wilcoxon test, which showed that regardless of their 305 

efficiency of preserving a true microbiota profile, the different solutions tested impacted the 306 

relative abundance of certain bacterial taxa recovered when a fecal sample had been stored in 307 

a stabilizer. Low-abundance phyla (<1%), such as Tenericutes, Synergistetes and 308 
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Verrucomicrobia, were the least significantly altered, except for Lentisphaerae, which was 309 

significantly overestimated in most storage conditions tested. Among abundant phyla (>1%), 310 

the most significantly affected were Actinobacteria and Proteobacteria, which tended to be 311 

overestimated, while Firmicutes and Bacteroidetes were underestimated. Of all abundant 312 

phyla, Bacteroidetes were interestingly the least significantly altered. 313 

Parallel samples that were not exposed to any additive (S, D) also showed profile alterations, 314 

suggesting an effect of storage temporality, likely due to both bacterial growth for some 315 

populations and bacterial death for others. The lack of stabilization at fluctuating temperatures 316 

resulted in significant alterations of Firmicutes, Proteobacteria, Actinobacteria and 317 

Lentisphaerae.  318 

Among the solutions with the greatest performances for stabilizing the fecal microbiota, 319 

Norgen did not significantly alter any phyla, except for Lentisphaerae, which were 320 

overestimated. In contrast, significant alterations were observed with OMNIgene-Gut and 321 

DNA/RNA Shield, both of which significantly affected Firmicutes, Bacteroidetes, 322 

Proteobacteria and Lentisphaerae, while Actinobacteria was only affected by DNA/RNA 323 

Shield. Interestingly, PrimeStore MTM appeared to significantly disturb only Firmicutes and 324 

Lentisphaerae. Stratec, which was the least efficient for preserving the fecal microbiota in our 325 

study, seemed to only affect Actinobacteria, but this result is biased, as many Stratec-326 

preserved samples were excluded from this analysis due to poor quality DNA and/or low read 327 

numbers compared to the other stabilizing methods. 328 

Considering the diversity of populations that can be found within phyla and the possibility 329 

that some phenotypic characteristics may dictate or facilitate certain alterations, it is 330 

interesting to observe changes at a lower taxonomic range. Here, genera represented as 16S 331 

metagenomic sequences provided reliable data up to this taxonomic rank. Genera clusters, 332 

based on alterations in the microbiota profile across all solutions tested, were found to be 333 
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dependent on both oxygen sensitivity (p=0.0001) and Gram stain status (p=0.049) among the 334 

genera retrieved (Supplementary Figure S6 and Supplementary Table ST1). These results 335 

indicate that the physiological traits examined could potentially prelude which populations are 336 

susceptible to alteration by the DNA stabilizers. For each solution, we tested the effect of 337 

these phenotypical characteristics on the log2 fold change between a stabilized sample and its 338 

reference. We found no significant effect of oxygen sensitivity or Gram stain status on genus 339 

alterations in the absence of stabilizing solutions (samples S and D). In contrast, for stabilized 340 

samples, we found that genus alteration during storage was influenced by their oxygen status 341 

for Tris-EDTA (p=0.025) and in FTA card (p=0.029). Similarly, we found that Gram stain 342 

status affected samples stabilized with DNA/RNA Shield (p=0.002), PrimeStore MTM 343 

(p=0.027) and Stratec (p=0.043). 344 

 345 

 346 

DISCUSSION 347 

To the best of our knowledge, this study is the first in the microbiome field to compare such a 348 

large panel of storage methods, allowing identification of the best performing DNA stabilizers 349 

for a given ecosystem. We have shown that, of all stabilizers tested, some drastically impact 350 

the observed microbial composition and introduce biases. To proceed, we chose to evaluate 351 

methodologies already in use in the microbiome field through a comparative study of 10 352 

storage methods to identify optimal fecal sampling methods that provide reproducible, stable, 353 

and accurate results. 354 

Our analysis identified Norgen, OMNIgene-Gut, DNA/RNA Shield and PrimeStore MTM as 355 

the most efficacious stabilizers. According to our results, several comparative studies have 356 

identified OMNIgene-Gut as a good DNA stabilizer for microbiome studies [18, 27, 44, 45], 357 
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while the other three solutions have not yet been extensively evaluated by comparative 358 

studies. In contrast, the remaining solutions tested were less efficient, showing a profile with 359 

alterations similar to unstabilized samples (S and D). Interestingly, among the stabilizers that 360 

were less reliable in our analysis, most showed discordant results in their ability to preserve 361 

fecal samples throughout comparative studies. For example, RNAlater was until recently the 362 

most commonly used buffer for metagenomic studies [14, 17, 18, 24, 27, 46, 47]. However, 363 

its suitability for microbiome analysis has been extensively reviewed, as some studies claim 364 

that it results in reduced overall DNA yields and reduces the detection/abundance of bacterial 365 

taxa [18, 20, 21, 25, 26, 47]. Our results did not show reduced DNA yield compared to other 366 

preserved solutions but did show significant alterations in the recovered microbiota compared 367 

to their references, thus agreeing with previous studies that RNAlater is not an optimal 368 

preservation method. We came to the same conclusion for FTA card as Hale et al. [25], who 369 

demonstrated that FTA card (and RNAlater)-preserved samples were the least similar to fresh 370 

samples, while in contrast, Sinha et al. [26] recommended the use of FTA card for short-term 371 

storage, demonstrating that it provides reproducible, stable, and accurate data across 372 

laboratories (over 4-day storage). The longer storage time in our protocol might have 373 

contributed to our discordant results. Similar to numerous studies performing homogenization 374 

of fecal samples [18, 26-28, 33, 48, 49], homogenization of our samples contributed to a 375 

better evaluation of the true performance of each stabilizing solution for preserving the 376 

microbiota content over time, as each aliquot presented a similar profile when added to the 377 

stabilizer. 378 

Despite various effective methods for preserving a true microbiota profile over storage time, 379 

the alterations observed between the reference samples and their 15-day-stabilized aliquots 380 

were smaller than the differences between samples (subjects), except for Stratec-preserved 381 

samples. Furthermore, triplicates for each stool sample collected did not cluster by 382 
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preservation method. Therefore, the human gut appears to be highly subject-specific, as our 383 

results suggest that interindividual variation accounts for the major of differences observed in 384 

fecal samples and outweighs the effect (or bias) of collection and storage, as previously 385 

demonstrated in several studies [18,19,26,27,29]. As stated above, the only exception was 386 

Stratec-preserved samples, which displayed variability similar to that observed among 387 

samples, indicating that this solution is not suitable for storage of human fecal samples. This 388 

result contradicts a recent study [22], which concluded that the Stratec solution was a suitable 389 

storage buffer for fecal specimen preservation. However, this study was performed on a small 390 

cohort (n=4) over a 7-day period of storage at room temperature. The fluctuating temperatures 391 

in our protocol and the longer period of storage might explain the discrepancies between these 392 

findings. Additionally, our results did not demonstrate any relationships among DNA 393 

concentration/purity, microbial diversity, and microbial composition, similar to previous 394 

studies [25, 50]. However, it has been suggested that high DNA concentrations might favor 395 

the identification of rare populations [18, 20, 25, 47]. Although the low DNA yield observed 396 

with Stratec-stabilized samples might not entirely explain the difficulties in recovering a good 397 

microbiota profile, this factor may have contributed to its poor performances in our protocol. 398 

Finally, microbiome comparative studies investigating the effect of storage often examine 399 

variations in the relative abundances of phyla and genera specific to the stabilizing methods. 400 

However, they do not examine these alterations based on microbial population characteristics, 401 

with the literature showing that bacteria within a genus share the same general phenotypic 402 

characteristics, in particular oxygen sensitivity and Gram stain status [40-42]. In this study, 403 

we demonstrated that altered dynamics resulting from sample preservation are dictated by the 404 

phenotypical characteristics of the bacterial populations present in the studied sample. Our 405 

samples showed that genera alteration during storage is influenced by oxygen status for the 406 

Tris-EDTA and FTA card methods, as well as the Gram stain status for the DNA/RNA 407 
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Shield, PrimeStore MTM and Stratec methods. A recent study also demonstrated that Gram 408 

status can alter the microbial content when Norgen stabilizer is used [51]. Hence, preservation 409 

of the microbiota profile is impacted by the stabilizer chosen and its efficacy for preserving 410 

the true microbial profile. However, it must be taken into consideration that the stabilizer’s 411 

performance can also be affected by the microbial content of the studied sample and its most 412 

common phenotypical traits. 413 

One limitation of our study is that we did not evaluate the stabilizing performances of each 414 

solution tested across different times or over long-term storage periods. Indeed, Sinha et al. 415 

[26] found that incubation at room temperature over 4 days reduced the reproducibility for 416 

most sampling methods, including no additives, swab, 70% ethanol, and EDTA. As such, the 417 

performance measures in our study only reflect their efficacies over a period of 15 days 418 

throughout various temperature fluctuations but do not attest of the loss of technical 419 

reproducibility or the impact on the alteration of bacterial taxa if samples are incubated in 420 

their stabilizers for a longer period. Finally, our study only analyzed the human gut ecosystem 421 

of a French cohort. Further studies will be required in order to provide the scientific 422 

community with a more comprehensive analysis of stabilizing methods throughout different 423 

cohorts and with different types of samples to establish guidelines that will help scientists in 424 

their experimental settings.  425 

We anticipate that procedures for microbial preservation will likely further improve in the 426 

future, and we show with this study that preservation remains a key step that can introduce 427 

technical bias into the study of complex ecosystems such as the human gut. Here, we 428 

demonstrated that some stabilizers are not suitable for the preservation of a stool sample when 429 

the sample is intended to describe the whole complexity of the human gut ecosystem through 430 

16S metagenomics. Our data identified Norgen, OMNIgene-Gut, DNA/RNA Shield and 431 

PrimeStore MTM as the most effective stabilizers, as they resulted in reduced technical 432 
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biases. Acknowledging the performances of stabilizing solutions and their suitability 433 

depending on the microbial content of the ecosystem studied will help establish standards in 434 

omics studies. If implemented within metagenomics protocols across laboratories, these 435 

solutions could promote experimental reproducibility among research groups and lead to 436 

meaningful knowledge about the gut microbiome and its impact on human health with the 437 

discovery of new health-associated microbiome patterns and biomarkers. 438 

 439 

 440 

CONCLUSIONS 441 

The diversity and complexity of the human gut microbiota increase the difficulty of 442 

elaborating a method to study such ecosystems without experimental biases. Storage 443 

conditions can introduce substantial changes to microbial community profiling in regard to 444 

16S metagenomics. Acknowledging the biases and limitations of the implemented method is 445 

key to better interpret and support true health (disease)-associated microbiome patterns that 446 

will then lead us towards personalized medicine, in which the microbiota profile could 447 

constitute a reliable tool for clinical practice.  448 

 449 

 450 

LIST OF ABBREVIATIONS 451 

ASVs: amplicon sequence variants 452 

D: diluted sample 453 

Dc: diluted sample, frozen 454 

NGS: next generation sequencing 455 

RT: room temperature 456 

S: solid sample 457 
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Sc: solid sample, frozen 458 

 459 
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Evaluation of ten commercial DNA stabilizing solutions for the storage of fecal samples. (Sc: 503 

frozen solid sample, Dc: frozen homogenized sample, S: solid sample without stabilizer, D: homogenized sample 504 

without stabilizer, RT: room temperature). 505 

* The FTA card is a cotton-based cellulose matrix containing chemicals that lyse cells, denature proteins and 506 

protect DNA; 0.5 ml of homogenized solution was dispatched directly onto the card. 507 

 508 

Figure 2: Quantity and quality of DNA extracted from human fecal samples.  509 

(A) DNA yield, expressed as ng/µl. (B) A 260/280 nm ratio indicative of the presence or absence of 510 

phenol, solvent and protein-type contaminants in the DNA extract. The green range indicates a ratio 511 

between 1.7 and 2.0, which here defines an optimal DNA quality. 512 

 513 

Figure 3: Mean dispersion using Bray-Curtis distances among technological replicates prior (Sc) 514 

and after (Dc) homogenization across 15 fecal samples.  515 

The red dotted line indicates equality of dispersion among ‘Sc’ and ‘Dc’ samples. 516 

 517 

Figure 4: Summary of community shifts in response to stabilizing solutions over a 15-day storage 518 

period.  519 

(A) Bray-Curtis distance towards the reference for each patient grouped by stabilizing solution. 520 

Median and 5th-to-95th percentile ranges are shown for both interaliquot and interpatient variability. 521 

(B) A pairwise paired Wilcoxon test was performed to compare solutions with each other. 522 

Significance is shown as follows:  523 

(*) indicates fdr<0.05, (**) indicates fdr<0.01, (***) indicates fdr<0.001. 524 

 525 

Figure 5: Differentially abundant bacterial phyla between samples and their references among 526 

the 10 tested DNA stabilizing solutions.  527 
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The median log2-fold change of average profiles is shown with the significance according the 528 

corresponding paired Wilcoxon test. (*) indicates fdr<0.05, (**) indicates fdr<0.01, (***) indicates 529 

fdr<0.001. 530 

 531 

 532 

SUPPLEMENTARY MATERIAL 533 

Supplementary Figure S1: Effects of storage conditions on alpha diversity with respect 534 

to the observed richness and Shannon index. 535 

 536 

Supplementary Figure S2: Mean dispersion among technological replicates prior to (Sc) 537 

and after (Dc) homogenization across 15 fecal samples.  538 

(A) Mean dispersion using the Jaccard distance. (B) Mean dispersion using the Aitchison 539 

distance. The red dotted lines indicate the equality of dispersion among ‘Sc’ and ‘Dc’ 540 

samples. 541 

 542 

Supplementary Figure S3: Summary of community shifts in response to stabilizing 543 

solutions over a 15-day storage period.  544 

(A) Jaccard distance towards the reference for each participant, grouped by stabilizing 545 

solution, and the median and 5th-to-95th percentile range are shown for both interaliquot and 546 

interpatient variability. (B) A pairwise paired Wilcoxon test was performed to compare 547 

solutions with each other. Significance is shown as follows: (*) indicates fdr<0.05, (**) 548 

indicates fdr<0.01, (***) indicates fdr<0.001. 549 

 550 
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Supplementary Figure S4: Summary of community shifts in response to stabilizing solutions 551 

over a 15-day storage period.  552 

(A) The Aitchison distance towards the reference for each participant, grouped by stabilizing solution, 553 

median and 5th-to-95th percentile range are shown for both interaliquot and interpatient variability. 554 

(B) A pairwise paired Wilcoxon test was performed to compare solutions with each other. 555 

Significance is shown as follows: (*) indicates fdr<0.05, (**) indicates fdr<0.01, (***) indicates 556 

fdr<0.001. 557 

 558 

Supplementary Figure S5: Hierarchical clustering based on the Bray-Curtis distance 559 

matrix of all samples in the data set.  560 

The first 4 digits of the sample IDs refer to the biological origin of the fecal sample, and the 561 

remaining digits refer to the storage conditions (i.e., Sc, Dc, D, S or stabilizing solutions). 562 

Technological replicates clustered together, except for SS01Sc1-3, SS02Sc1-3 and SS04Dc3-3 563 

(shown in red), which were excluded from downstream analysis. 564 

 565 

Supplementary Figure S6: Differentially abundant bacterial genera among samples and 566 

their references among 10 tested DNA stabilizing solutions.  567 

The median log2-fold change between average profiles and significance of the corresponding 568 

paired Wilcoxon test are shown. (*) indicates fdr<0.05, (**) indicates fdr<0.01, (***) 569 

indicates fdr<0.001. 570 

 571 

Supplementary Table 1: Phenotypic characteristics of the 50 most abundant genera 572 

recovered following a 15-day storage period. 573 

NEG: negative Gram strain; POS: positive Gram strain; VAR: variable Gram stain; ANAER-ST: strict 574 

anaerobic; AER-ST: strict aerobic; FAC: facultative anaerobic; MICRO-AE: microaerophile. 575 
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* Proportion (%): average relative abundance of each genera within the overall dataset.  576 

 577 
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Figures

Figure 1

Illustration of the experimental protocol. Evaluation of ten commercial DNA stabilizing solutions for the
storage of fecal samples. (Sc: frozen solid sample, Dc: frozen homogenized sample, S: solid sample
without stabilizer, D: homogenized sample without stabilizer, RT: room temperature). * The FTA card is a
cotton-based cellulose matrix containing chemicals that lyse cells, denature proteins and protect DNA; 0.5
ml of homogenized solution was dispatched directly onto the card.



Figure 2

Quantity and quality of DNA extracted from human fecal samples. (A) DNA yield, expressed as ng/μl. (B)
A 260/280 nm ratio indicative of the presence or absence of phenol, solvent and protein-type
contaminants in the DNA extract. The green range indicates a ratio between 1.7 and 2.0, which here
de�nes an optimal DNA quality.



Figure 3

Figure 3: Mean dispersion using Bray-Curtis distances among technological replicates prior (Sc) and after
(Dc) homogenization across 15 fecal samples. The red dotted line indicates equality of dispersion among
‘Sc’ and ‘Dc’ samples.



Figure 4

Summary of community shifts in response to stabilizing solutions over a 15-day storage period. (A) Bray-
Curtis distance towards the reference for each patient grouped by stabilizing solution. Median and 5th-to-
95th percentile ranges are shown for both interaliquot and interpatient variability. (B) A pairwise paired
Wilcoxon test was performed to compare solutions with each other. Signi�cance is shown as follows: (*)
indicates fdr<0.05, (**) indicates fdr<0.01, (***) indicates fdr<0.001.



Figure 5

Differentially abundant bacterial phyla between samples and their references among the 10 tested DNA
stabilizing solutions. The median log2-fold change of average pro�les is shown with the signi�cance
according the corresponding paired Wilcoxon test. (*) indicates fdr<0.05, (**) indicates fdr<0.01, (***)
indicates fdr<0.001.
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