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Abstract 1 

Robust benchmarking studies have highlighted how measured relative microbial abundances can 2 

vary dramatically depending on how DNA is extracted, made into libraries, sequenced, and 3 

analyzed. To build upon prior research, we investigated how sample preservation and storage 4 

choices impact observed absolute microbial load and relative metagenomic and metatranscriptomic 5 

measurements. Specifically, we studied how two common stool preservatives (OMNIgene GUT 6 

OMR200 and Zymo DNA/RNA PowerShield) perform across a range of storage temperatures (-7 

80°C, 23°C and 40°C). For immediately frozen samples with no preservatives, we observed a 8 

mean colonic load of ~100 trillion (1.2 x 1014) prokaryotes across ten donors, revising the gut 9 

prokaryote:human cell ratio of ~1:1 to ~4:1. We found that both preservatives introduce 10 

significant bias in the metagenomics results; and, while OMNIgene results were robust to 11 

storage temperature, samples stored in Zymo preservative had further bias with increasing 12 

storage temperatures. In terms of measured composition, we observed a ~1.9x and ~1.5x 13 

difference in the metagenomic Bacteroidetes:Firmicutes ratio in OMNIgene and Zymo 14 

preservatives, respectively. Absolute abundance measurements revealed that these differences 15 

are driven by higher measured Bacteroidetes in OMNIgene-preserved samples and lower 16 

measured Firmicutes in Zymo-preserved samples. For metatranscriptomic measurements, we 17 

also found that both preservatives introduced bias, but that RNA likely degraded in samples 18 

stored in OMNIgene preservative at high temperature. In summary, we recommend the 19 

OMNIgene preservative for studies that include significant field components. For 20 

metatranscriptomics studies, we recommend kits rated for RNA preservation such as the Zymo 21 

kit; however, existing samples collected in non-RNA rated kits might also be viable for limited 22 

metatranscriptomic studies. This study demonstrates how sample collection and storage 23 

choices can affect measured microbiome research outcomes, makes additional concrete 24 

suggestions for sample handling best practices, and demonstrates the importance of including 25 

absolute abundance measurements in microbiome studies.  26 
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Introduction 27 

Microbiome research relies on sequencing DNA or RNA to determine the relative abundances of 28 

various organisms, genes, or RNAs within a sample. It is known that different sample 29 

preservatives, storage conditions, DNA extraction methods, sequencing library preparation 30 

methods and bioinformatic analysis can impact measured relative abundances of microbes and 31 

microbial genes within a sample. However, the majority of studies, such as the robust and 32 

comprehensive Microbiome Quality Control project1, have only studied how DNA extraction, 33 

library preparation, sequencing and bioinformatic analysis choices impact results and overlook 34 

the impact of preservative choices and storage conditions. Relatively few, more limited studies, 35 

which are summarized in Supplementary Table 1, have reported how choice of sample 36 

preservative and storage temperature conditions can affect results. The results from these 37 

studies, while interesting, are at times conflicting, which makes it difficult to systematically 38 

determine the impact of preservatives and storage on measured microbial composition of a 39 

sample. Here, we evaluate the impacts of sample preservatives and handling on observed 40 

absolute microbial load and relative metagenomic and metatranscriptomic measurements.  41 

 42 

User-friendly collection kits have gained popularity but produce similarly variable measurements 43 

as research grade preservatives. With the advent of home-collection kits such as OMNIgene GUT 44 

OMR200 (OMNIgene) and Zymo Research DNA/RNA Shield (Zymo) that are marketed for long-45 

term room temperature storage and user-friendly collection, sample collection and preservation 46 

has become more reliable. Despite these advances, there have been discordant reports about 47 

the efficacies of these preservatives. A handful of studies have found that the OMNIgene and 48 

Zymo preservatives typically outperform other preservatives in recapitulating microbiome 49 

composition of immediately frozen samples237, which represent the current field standard for stool 50 

sample collection. By contrast, other studies have identified that these kits lower recovered 51 
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taxonomic diversity or change abundances of various taxa8310. While these kits, especially the 52 

OMNIgene kit, are extensively used, these preservatives have not been extensively validated at 53 

temperatures beyond room temperature, and it remains unknown whether taxonomic variations 54 

are due to microbial blooms during storage, biased taxonomic lysis, or biased depletion of nucleic 55 

acids. These kits have also not been validated and compared for RNA stability over extended 56 

time and temperature ranges that are typical for studies that involve sample collection at a site 57 

remote to the primary research location. Given the prevalent use of these preservatives, clear and 58 

robust studies are needed to understand how preservative use can bias microbiome analyses, in 59 

measurement of both relative and absolute abundances.  60 

 61 

While most microbiome studies focus on relative abundance measurements, there is emerging 62 

evidence that measurement of the total count of microbes in the gut, or <absolute abundance=, 63 

provides a richer source of information. The use of absolute abundance measurements have been 64 

demonstrated to correct false conclusions drawn from relative data. For example, one study 65 

revealed that certain microbial taxa that appear relatively depleted in one soil environment are 66 

actually more abundant in absolute count due to a higher overall microbial abundance11. Absolute 67 

abundance measurements have also revealed key biological insights. For example, one study 68 

showed a ten-fold variation in total load across healthy individuals and a significantly lower 69 

microbial load in individuals with Crohn9s disease, while identifying multiple conclusions drawn 70 

from relative microbial profiling that were not maintained at the absolute level12. More recently, 71 

investigators using spike-ins of exogenous microbial cells to enable absolute quantification of 72 

microbes identified direct, exploitative interactions between gut bacteria and fungi in a preterm 73 

infant cohort during community assembly13. Methods such as microscopy, 16S rRNA FISH, spike-74 

ins, and 16S rRNA qPCR can be used to quantify absolute levels of prokaryotes in the gut14,15; 75 

however, none are routinely used. This is unfortunate, as absolute quantification of microbes can 76 

prevent drawing artifactual correlations of microbes to one another and to biological outcomes, 77 
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and can greatly inform the conclusions that are drawn about the effects of various components of 78 

the microbiome on each other and the human host. Incorporation of absolute quantitation relies 79 

on accurate and reliable measurement, however, little is known about the effect of preservative 80 

choice and storage conditions on the sample and resulting absolute measurements. This is 81 

particularly relevant as researchers are increasingly studying the gut microbiome in remote 82 

settings where cold chain for sample preservation cannot be easily maintained and thus using 83 

preservatives is necessary. Understanding the 8real life9 consequences of preservative choice and 84 

transport temperatures on the measured microbial compositions of these samples is thus of 85 

critical importance.  86 

  87 

Ideally, microbiome measurements should reflect the true state of the composition, abundance, 88 

and function of the gut microbiota. Unfortunately, it is currently unknown how sample collection 89 

methodology affects absolute abundance measurements. Even relative metagenomic and 90 

metatranscriptomic measurements have not been robustly evaluated at scale in certain common 91 

shipping and storage conditions. In an attempt to better fulfill this objective, we investigated the 92 

impact of several 8real world9 preservation conditions on microbial measurements of stool 93 

samples. We evaluate storage conditions across ten different donor samples by quantifying the 94 

variation in microbial relative abundances at the genomic and transcriptional levels, and absolute 95 

prokaryotic abundances at the genomic level in OMNIgene and Zymo collection kits. We find an 96 

average total colonic load of 1.2 x 1014 bacteria (95% CI 5.1 x 1013 - 2.8 x 1014), which is 97 

approximately 3.2x higher than a previous estimate. By exposing samples to a range of storage 98 

conditions, we find that the use of either preservative leads to an absolute metagenomic and 99 

relative metatranscriptomic enrichment of Bacteroidetes and a depletion of Firmicutes, and we 100 

find that the OMNIgene preservative is most effective at stabilizing metagenomic sample 101 

composition when exposed to higher temperatures. Altogether, we expect that these sample 102 
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preservation biases may lead to confounded microbial community measurements, and make 103 

concrete recommendations for specific best practices for future study design. 104 

 105 

Results 106 

Sample Collection and Study Design 107 

Ten healthy adult donors from California, USA provided a single stool sample (Figure 1) as a part 108 

of a Stanford Institutional Review Board-approved research study. To evaluate the impact of 109 

storage temperature and preservative choice on measured stool microbial load and microbial 110 

composition, each sample was aliquoted either with or without a preservative buffer (OMNIgene 111 

GUT OMR200 collection tubes (OMNIgene) or Zymo Research DNA/RNA Shield Fecal Collection 112 

buffer (Zymo)). Samples without preservative buffer were immediately frozen at -80°C; samples 113 

with a preservative were either directly frozen at -80°C, or kept at either 23°C or 40°C for 7 days 114 

Figure 1: Overview of study workflow 
Single stool samples were collected from ten donors. Each sample was stored in no preservative, DNA Genotek OMNIgene GUT 
OMR-200 preservative, or Zymo DNA/RNA Shield preservative. No preservative samples were stored immediately at -80°C. Samples 
in preservatives were stored at -80°C or stored for one week at 23°C or 40°C prior to storage at -80°C. All conditions were replicated 
in triplicate. Samples were then DNA extracted and RNA extracted, and measured with qPCR of the 16S ribosomal rRNA gene, 
metagenomic short-read shotgun sequencing, and metatranscriptomic short-read shotgun sequencing.  
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prior to storage at -80°C. Each of these seven experimental conditions was replicated in triplicate, 115 

for a total of 21 samples per participant (Figure 1).  116 

 117 

DNA/RNA extraction, quality filtering and meta-9omic classification 118 

DNA was extracted from 210 samples (Supplementary Figure 1) followed by 150 base pair (bp) 119 

paired-end sequencing, generating a median of 40.6 million reads per donor sample (range 11.3 120 

- 231.5 million reads) (Supplementary Data 1-3) excluding one sample from Donor 3 stored in 121 

Zymo preservative at 40°C that failed library preparation. Median metagenomic read depth was 122 

27.4 million reads (range 7.4 - 167.2 million reads) per sample after quality control (see Methods). 123 

RNA was also extracted from samples. While most samples yielded measurable RNA, we found 124 

that samples stored at 40°C in OMNIgene preservative, which is not rated for RNA preservation, 125 

did not reliably yield measurable RNA. Ribosomal RNAs were depleted from all samples. We 126 

performed 150 bp paired-end RNA sequencing on all samples that yielded RNA and generated a 127 

median of 62.1 million reads per donor sample (range 21.7 - 112.5 million reads) (Supplementary 128 

Data 4-6). Median metatranscriptomic read depth was 11.9 million reads (range 0.2 - 53.4 million 129 

reads) after quality control (see Methods). Quality-filtered metagenomic and metatranscriptomic 130 

reads were classified against a custom reference database encompassing microbial genomes in 131 

RefSeq and Genbank that were listed as <scaffold= quality or higher (as described in the methods). 132 

Classification results can be found in Supplementary Data 7 and Supplementary Data 8. 133 

 134 
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Absolute Abundance of Gut Prokaryotes 135 

We used qPCR targeting the bacterial/archaeal 16S ribosomal RNA gene to estimate the total 136 

prokaryotic load of the gut across conditions. Samples that were immediately frozen without 137 

preservative had an average of 1.33 x 1012 prokaryotes per gram of dry stool (95% CI 5.65 x 1011 138 

- 3.13 x 1012) (Figure 2A; Supplementary Data 1-3). Adjusted for a previously reported total colonic 139 

volume of 400 mL14, this results in an estimate of ~100 trillion (1.2 x 1014) total prokaryotes in a 140 

human gut, which is approximately 3.2x higher than a previous widely cited estimate14, although 141 

it is important to note that our estimate is based on ten donors. This estimate of total microbial 142 

load implies that the total prokaryote to human cell ratio is approximately 4:1. 143 

 144 

These estimates of total microbial load were sensitive to how the samples were preserved and 145 

stored. Samples stored in OMNIgene preservative had a 200.9% higher observed microbial load 146 

relative to samples stored in no preservative (4.00 x 1012 bacteria per gram; 95% CI 2.03 x 1012 - 147 

Figure 2: Absolute abundance quantification of microbiome samples 
a) Total microbes per dry gram of stool for each sample as calculated with qPCR of the bacterial/archaeal 16S ribosomal 
rRNA gene. Scattered data points represent values from individual samples. b) Total count of Bacteroidetes and Firmicutes 
per dry gram of stool for each sample, in OMNIgene preserved samples (top) and Zymo preserved samples (bottom). 
Points represent estimated mean values from the GEE model. Significant differences are as follows: samples immediately 
frozen in OMNIgene preservative have an increase in Bacteroidetes relative to immediately frozen samples in no 
preservative (p=0.002). Samples stored at 23°C in Zymo have a decrease in Firmicutes (p=0.014) relative to samples 
stored in Zymo and immediately frozen. Samples stored at 40°C in Zymo have a decrease in Bacteroidetes (p=0.017) and 
Firmicutes (p=0.001) relative to samples stored in Zymo and immediately frozen. c) Ratio of Bacteroidetes count to 
Firmicutes count. Scattered data points represent values from individual samples. Center points indicate estimated mean 
values from the GEE model. Whiskers indicate 95% upper and lower confidence intervals from the GEE model. *p f 0.05, 
**p f 0.01, ***p f 0.001. 
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7.91 x 1012; p = 0.038), while samples stored in Zymo preservative had an insignificant but lower 148 

detected microbial load (6.27 x 1011 bacteria per gram; 95% CI 3.05 x 1011 - 1.29 x 1012; p = 149 

0.141). Moreover, while samples in OMNIgene preservative had a similar measured bacterial load 150 

when stored either at 23°C or 40°C, samples stored in Zymo preservative yielded a progressively 151 

lower bacterial load when stored at higher temperatures (Zymo 40°C 1.52 x 1011 bacteria per 152 

gram; 95% CI 7.70 x 1010 - 3.02 x 1011; p = 0.004). Interestingly, preservative and temperature 153 

explain 37.6% of the variation in microbial abundance while donor explains only 25.9%, indicating 154 

that sample handling practices have greater influence than interindividual variation on absolute 155 

measurement. Together, these results suggest that OMNIgene buffer may lyse gut bacteria more 156 

effectively than standard extraction methods alone, while DNA may not be stable at higher 157 

temperatures when stored in Zymo preservative. 158 

 159 

Using total estimates of absolute counts as well as metagenomic taxonomic abundance, we 160 

explored how storage preservative and temperature might differentially affect absolute counts of 161 

the three most abundant phyla in our dataset. We found that samples stored in OMNIgene 162 

preservative had no significant change in Actinobacteria load and higher total counts of 163 

Bacteroidetes and Firmicutes relative to immediately frozen, unpreserved samples 164 

(Supplementary Figure 2, Figure 2B), with a greater enrichment of Bacteroidetes relative to 165 

Firmicutes. Samples stored in Zymo preservative had a lower total load of Actinobacteria relative 166 

to immediately frozen, unpreserved samples (Supplementary Figure 2). With increasing 167 

temperature, samples preserved in OMNIgene showed similar degrees of enrichment across the 168 

three phyla, demonstrating the temperature stability of OMNIgene preservative. Conversely, 169 

samples stored in Zymo preservative had depletion of all three phyla with increasing temperature, 170 

with a greater depletion of Firmicutes relative to Bacteroidetes. Based on these changes in 171 

Firmicutes and Bacteroidetes absolute load with preservative and temperature, we considered 172 

the commonly reported ratio of Bacteroidetes and Firmicutes, which has been related to various 173 
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health conditions (Figure 2C). We found that samples stored in OMNIgene preservative had a 174 

significantly higher Bacteroidetes:Firmicutes ratio (0.72; 95% CI 0.52 - 1.06; p f 0.001) relative to 175 

unpreserved samples (0.38; 95% CI 0.28 - 0.54). Similarly, samples stored in Zymo preservative 176 

had a higher Bacteroidetes:Firmicutes ratio than unpreserved samples (0.56; 95% CI 0.46 - 0.69; 177 

p f 0.001). Furthermore, the Bacteroidetes:Firmicutes ratio significantly increased as temperature 178 

increased in Zymo-preserved samples that were stored at 23°C or 40°C prior to freezing (0.72; 179 

95% CI 0.54 - 1.00; p f 0.001 for 23°C; 0.83; 95% CI 0.62 - 1.15; p f 0.001 for 40°C). In summary, 180 

we observe that preservative choice has a strong effect on measured microbial load, emphasizing 181 

the impact of sample handling choices on absolute measurements. Further, we find that the use 182 

of absolute counts allows for the specific identification of which taxa contribute to changing relative 183 

ratios, demonstrating the importance of absolute abundance measurements in revealing key 184 

information that is otherwise obscured in relative abundance data. 185 

 186 

The Impacts of Temperature and Preservatives on Metagenomic Measurements 187 

Storage temperature and preservative choice not only affect overall microbial abundance, but 188 

also affect the relative abundances of the most common microbes (Figure 3). We found 189 

considerable variation in relative community composition across the ten donors, but we also found 190 

systematic differences introduced by use of preservatives (Figure 3A). Furthermore, like our 191 

results for overall microbial abundance in the previous section, we found that samples stored with 192 

the Zymo preservative had additional systematic bias introduced when stored at higher 193 

temperatures. These results were consistent across a large number of different metagenomic 194 

measurements. 195 

 196 

Metrics of community diversity show significant differences across the preservation methods. 197 

Genus-level Shannon entropy was significantly lower in samples stored in either OMNIgene (2.7; 198 

95% CI 2.4 - 2.9; p f 0.001) or Zymo (2.8; 95% CI 2.6 - 3.0 p = 0.002) preservatives relative to 199 
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unpreserved samples (2.9; 95% CI 2.7 - 3.1) (Figure 3B). As before, we found no significant 200 

changes with temperature for OMNIgene, but the measured entropy of samples stored in the 201 

Zymo kits progressively decreased when stored at 23°C (2.7; 95% CI 2.5 - 2.9; p = 0.009) and at 202 

40°C (2.6; 95% CI 2.4 - 2.9; p f 0.001). We observed similar trends using the inverse Simpson 203 

index (Supplementary Figure 3). We defined richness as the count of total genera present at 204 

>0.01% abundance. As with Shannon entropy, we found a decrease of -6.3% detected genera in 205 

Figure 3: Metagenomic characterization of samples across storage conditions 
a) Metagenomic relative abundance of the top 15 genera by total relative abundance across samples. Genera are colored by 
phylum. Only classified reads are shown. Replicate two from the Donor 3 Zymo 40C condition was excluded from the following 
analyses due to failed library preparation. b) Genus-level Shannon entropy across samples. Scattered data points represent 
values from individual samples. c) Geus-level richness across samples, filtered for genera present at greater than 0.01% 
relative abundance. Scattered data points represent values from individual samples. d) Genus-level Bray-Curtis dissimilarity 
between samples from each preservative condition and the no preservative, immediately frozen condition. Each replicate from 
a given donor and condition was compared to each replicate from the corresponding donor in the no preservative, immediately 
frozen condition (for nine total comparisons per donor and condition). Scattered data points represent Bray-Curtis dissimilarity 
between pairs of samples. In panels B-D, center points indicate estimated mean values from the GEE model. Whiskers 
indicate 95% upper and lower confidence intervals from the GEE model. *p f 0.05, **p f 0.01, ***p f 0.001. 
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OMNIgene-preserved samples (86 genera; 95% CI 79 - 93 p f 0.001) and -4.5% detected genera 206 

Zymo-preserved samples (88 genera; 95% CI 82 - 93; p = 0.02) relative to unpreserved samples 207 

(92 genera; 95% CI 84 - 100) (Figure 3C). Richness was stable across temperatures in both 208 

preservatives, except for a slight increase in richness in samples stored in OMNIgene at 23°C 209 

relative to those that were immediately frozen (88 genera; 95% CI 3 94; p = 0.007). Overall, we 210 

found that immediately freezing samples without a preservative is the best approach for 211 

maximizing detection of taxonomic diversity, as measured by Shannon entropy and overall 212 

richness. 213 

 214 

To determine the similarity of the preserved samples to the immediately frozen, no preservative 215 

samples, we computed genus-level beta diversity (between sample differences) using the Bray-216 

Curtis dissimilarity index formula (Supplementary Data 9-11). We found that samples stored in 217 

OMNIgene preservative were more dissimilar (median Bray Curtis dissimilarity of 0.16; 95% CI 218 

0.13 - 0.20) than samples stored in Zymo preservative relative to immediately frozen, no 219 

preservative samples (median Bray Curtis dissimilarity of 0.14; 95% CI 0.12 - 0.15; p = 0.022) 220 

(Figure 3D). Further, we found that samples stored at 23°C and 40°C in Zymo preservative 221 

became increasingly dissimilar to immediately frozen, no preservative samples (0.19, 95% CI 222 

0.16 - 0.21 for 23°C; 0.21, 95% CI 0.18 - 0.24 for 40°C; p f 0.001 for both comparisons). Finally, 223 

we found minimal dissimilarity between technical replicates from the same sample, indicating that 224 

all storage methods had minimal technical variability (Supplementary Figure 4). In summary, we 225 

again find that both preservatives lead to shifts in community composition, and that increased 226 

temperature causes additional community shifts in the Zymo preservative. 227 

 228 

Finally, we sought to examine how sample handling affects taxonomic relative abundances, as 229 

relative data are still commonly reported in the field. Specifically, we evaluated the relative 230 

abundances of the three most abundant bacterial phyla, Bacteroidetes, Firmicutes, and 231 
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Actinobacteria, as well as viruses and fungi (Supplementary Figure 5). Compared to immediately 232 

frozen, no preservative samples, samples preserved in either OMNIgene or Zymo preservative 233 

showed significant relative enrichment of Bacteroidetes and a significant relative depletion of both 234 

Firmicutes and Actinobacteria. Also, while samples preserved in OMNIgene were robust to 235 

increasing storage temperature, we found that samples stored in Zymo preservative showed 236 

further enrichment of Bacteroidetes and depletion of Firmicutes and Actinobacteria as the storage 237 

temperature was increased. The only exception were viruses, which increased in abundance with 238 

temperature in both the OMNIgene and Zymo preservatives. We also tested for systematic biases 239 

introduced by preservative and storage temperature in all microbial genera with a relative 240 

abundance >0.1% in at least one condition (Supplementary Figure 6). Results seem to be driven 241 

predominantly by phylum-level effects: most Bacteroidetes genera, like Bacteroides and Alistipes, 242 

were enriched and most Firmicutes genera, like Faecalibacterium and Ruminococcus, were 243 

depleted. When stored at higher temperatures, Bacteroidetes genera were further enriched in the 244 

Zymo preservative, and Firmicutes genera showed heterogeneous responses to temperature in 245 

both preservatives. After adjusting for multiple comparisons, we found no statistically significant 246 

genus-level effects that were not already captured by the phylum-level effects characterized 247 

above.  248 

 249 

Taken together, across a wide array of measured metrics related to taxonomic abundances, we 250 

see that both OMNIgene and Zymo preservatives lead to significant systematic differences from 251 

the immediately frozen, no preservative samples. Furthermore, while results in OMNIgene 252 

preservative are robust to temperature, Zymo kits show additional systematic differences when 253 

stored at higher temperatures. These results suggest that OMNIgene preservative differentially 254 

lyses some bacteria relative to unpreserved samples, while Zymo preservative better captures 255 

the composition of unpreserved samples but does not maintain sample composition with exposure 256 

to high temperature. 257 
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 258 

 259 

 260 

The Impacts of Temperature and Preservatives on Metatranscriptomic Measurements 261 

Metatranscriptomic analyses can quantify the active functional landscape of the gut microbiota, 262 

offering insight into the dynamic gene expression of gut microbes as they respond to 263 

environmental stimuli. While microbial transcriptional responses may be more compelling 264 

biomarkers of disease states, stabilization of RNA from stool samples is more difficult than 265 

stabilization of DNA because of the temperature sensitivity of RNA and the presence of potent 266 

RNases in stool samples. Unlike the Zymo kit, the OMNIgene kit is not rated for RNA preservation; 267 

however, it is among the most commonly used preservatives in stool microbiome studies, which 268 

means that scores of biobanked samples are preserved in this buffer. As there is likely interest in 269 

determining whether these samples may be extended for use beyond DNA-based applications, 270 

we evaluated the OMNIgene kit for its ability to preserve RNA for metatranscriptomic studies. We 271 

found that RNA could be extracted from samples stored in OMNIgene preservative and 272 

immediately frozen or exposed to 23°C for one week, indicating some potential for this kit to be 273 

used for transcriptomic analysis (Supplementary Figure 1). By contrast, we were unable to extract 274 

RNA from samples stored in OMNIgene preservative that had been exposed to 40°C for one 275 

week, and therefore excluded those samples from the following analyses.  276 

 277 

We measured the metatranscriptome of samples across all ten donors and six conditions (Figure 278 

4). We observed strong variability in metatranscriptomic taxonomic composition across 279 

preservation conditions and temperatures (Figure 4A), underscoring the importance of identifying 280 

an adequate stabilizer for RNA preservation. Similar to our observations in the absolute 281 

abundance and relative metagenomic data, we found that using OMNIgene or Zymo 282 

preservatives had significant effects on the measured outcomes. In contrast to the metagenomic 283 
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results, we found that neither preservative was robust to temperature effects, though the Zymo 284 

preservative does yield RNA after exposure to 40°C. We observed these trends across many 285 

different comparisons of transcriptional composition.  286 

 287 

First, we evaluated the relative abundances of transcripts from the most abundant bacterial phyla, 288 

viruses, and fungi to determine which specific microbial taxa were transcriptionally enriched or 289 

depleted across sample collection methods (Figure 4B). We found that samples immediately 290 

frozen in either preservative had a higher abundance of Bacteroidetes and a lower abundance of 291 

Firmicutes and viruses relative to immediately frozen, no preservative samples. Samples frozen 292 
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Figure 4: Metatranscriptomic characterization of samples across storage conditions 
a) Metatranscriptomic relative abundance of the top 15 genera by total relative abundance across samples. Genera are colored by 
phylum. Only classified reads are shown. b) Metatranscriptomic relative abundance of the three most abundant bacterial phyla, 
viruses, and fungi across samples from each condition. c) Genus-level Shannon entropy across samples. Scattered data points 
represent values from individual sample. d) Geus-level richness across samples, filtered for genera present at greater than 0.01% 
relative abundance. Scattered data points represent values from individual samples. e) Genus-level Bray-Curtis dissimilarity 
between samples from each preservative condition and corresponding samples in the no preservative, immediately frozen 
condition. Scattered data points represent Bray-Curtis dissimilarity between pairs of samples. In panels B-E, center points indicate 
estimated mean values from the GEE model. Whiskers indicate 95% upper and lower confidence intervals from the GEE model. *p 
f 0.05, **p f 0.01, ***p f 0.001. 
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in Zymo preservative had a lower abundance of Actinobacteria and fungi as well. Neither 293 

preservative was sufficient to protect against the effects of increased storage temperature, with 294 

all phyla demonstrating significant enrichment or depletion in at least one storage condition. We 295 

also tested for differences in metatranscriptomic relative abundance at the genus-level for all 296 

genera present at a relative abundance >0.1% in any condition. We observed that genus-level 297 

differences are largely driven by the phylum-level observations detailed above. Both OMNIgene 298 

and Zymo samples had a strong enrichment of Bacteroidetes genera such as Bacteroides, 299 

Parabacteroides, and Prevotella, and depletion of Firmicutes genera such as Faecalibacterium 300 

and Oscillibacter (Supplementary Figure 7). We also observed that immediately frozen Zymo 301 

samples had a strong depletion of the Tobamovirus virus, a RNA virus that infects tobacco, 302 

potatoes, tomatoes, and other crops.  303 

 304 

Metrics of taxonomic community diversity showed more subtle differences across the preservation 305 

methods. Shannon entropy of samples stored in either preservative was comparable to no 306 

preservative, immediately frozen samples, and there were no significant changes with 307 

temperature in OMNIgene preserved samples (Figure 4C). By contrast, Shannon entropy was 308 

higher in the Zymo-preserved samples that were immediately frozen (2.59; 95% CI 2.35 - 2.84) 309 

compared to the Zymo-preserved samples that were exposed to 40°C (1.81; 95% CI 1.40 - 2.34; 310 

p = 0.003). Defining richness as the count of total genera present at >0.01% abundance, we found 311 

that samples stored in preservatives had similar richness relative to unpreserved samples (Figure 312 

4D). Richness was stable across temperatures in samples stored in Zymo preservative, while 313 

richness increased by 10.7% in samples stored in OMNIgene at 23°C (173 genera; 95% CI 140 - 314 

214) relative to those that were immediately frozen (101 genera; 95% CI 86 - 120; p f 0.001). 315 

These metrics of alpha diversity demonstrate that samples stored in preservatives maintain 316 

similar alpha diversity to immediately frozen, no preservative samples, but preservatives have 317 

variable ability to protect against temperature changes.  318 
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 319 

We then compared beta diversity metrics to measure the microbial community similarity of 320 

preserved samples to immediately frozen, no preservative samples (Supplementary Data 12-14). 321 

Samples stored in either OMNIgene or Zymo preservative had increasing dissimilarity relative to 322 

the immediately frozen, no preservative samples when exposed to higher temperature (Figure 323 

4E). Specifically, we observed higher dissimilarity in samples that were stored at 23°C in the 324 

OMNIgene (0.46; 95% CI 0.40 - 0.53) than those that were immediately frozen (0.34; 95% CI 0.29 325 

- 0.41; p = 0.01), and observed higher dissimilarity in samples that were stored in Zymo 326 

preservative at 23°C (0.46; 95% CI 0.41 - 0.51) and 40°C (0.60; 95% CI 0.54 - 0.66) relative to 327 

samples that were stored in Zymo and immediately frozen (0.37; 95% CI 0.30 - 0.44; p f 0.001 328 

for both comparisons). Finally, we measured dissimilarity between technical replicates from the 329 

same sample and found that all storage methods had comparable technical variability 330 

(Supplementary Figure 4). Taken together, we observe that use of either the OMNIgene or the 331 

Zymo preservative leads to significant differences in measured metatranscriptomic composition 332 

relative to samples immediately frozen without preservative. We also observe that both kits, 333 

including those rated for RNA preservation, may still permit sample degradation that leads to 334 

significant shifts in metatranscriptomic taxonomic composition after exposure to high temperature.  335 

 336 

Discussion 337 

Accurate measurement of the gut microbiome is essential for understanding the relationship 338 

between gut microbiota and human health. Such measurement relies on the investigation of a 339 

comprehensive range of variables and the minimization of study bias. Most studies measure 340 

relative taxonomic abundance, but overlook additional fundamental observations such as total 341 

microbial load and microbial transcript levels. Simultaneously, accurate measurement can be 342 

affected by biases in sample processing, from sample preservation through library preparation. 343 

Therefore, it is important to form data-driven decisions behind sample collection practices to 344 
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optimize our ability to study the microbiome. Here, we focused on sample preservation, as 345 

variations in these practices can lead to nucleic acid degradation or biased microbial lysis2,16,17. 346 

We evaluate the performance of the two most common home collection kits for their ability to 347 

stabilize DNA and RNA and preserve total microbial load.  348 

 349 

In comparing the performance of various preservatives, we observed differences in total microbial 350 

load, metagenomic alpha diversity and taxonomic relative abundances, and metatranscriptomic 351 

alpha diversity and taxonomic relative abundances. We posit that the majority of these differences 352 

occur as a result of two main phenomena: changes in lysis of microbial cells, and degradation of 353 

nucleic acids. Considering the detailed comparisons we report in this manuscript, we propose the 354 

following explanatory model: First, the addition of the OMNIgene preservative enhances overall 355 

lysis relative to unpreserved samples, and preferentially enhances lysis of certain organisms. This 356 

model is supported by the observation of a higher total microbial load in OMNIgene samples, and 357 

a further enrichment in total Bacteroidetes load relative to Firmicutes. We suspect that this 358 

increased load is due to improved lysis rather than degradation because we do not observe 359 

lowered total DNA concentration in samples exposed to higher temperatures and it is unlikely that 360 

no preservative, immediately frozen samples experience increased DNA degradation relative to 361 

immediately frozen OMNIgene samples, as established previously6,18,19. Consistent with the 362 

OMNIgene kit not being rated for RNA preservation, we find that the OMNIgene preservative does 363 

not protect against non-specific RNA degradation, as evidenced by lower or no RNA yield from 364 

samples exposed to higher temperatures. We observe a similar enrichment of Bacteroidetes and 365 

depletion of Firmicutes at the metatranscriptomic level as at the metagenomic level, reflecting the 366 

OMNIgene kit9s biased lysis of Bacteroidetes. Second, our model is that the Zymo preservative 367 

leads to biased lysis of certain organisms but does not protect as effectively against DNA 368 

degradation. This model is supported by the increased relative ratio of Bacteroidetes to 369 

Firmicutes, while diminishing total microbial load with increasing heat suggests that the Zymo 370 
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preservative is not sufficient to protect against DNA degradation. We suspect that this change is 371 

due to nucleic acid degradation rather than decreases in lysis, as exposure to heat should not 372 

impair lysis. We also observe a relative enrichment of Bacteroidetes and depletion of Firmicutes 373 

taxonomic at the metatranscriptomic level, reflecting the Zymo kit9s biased lysis of Bacteroidetes.  374 

 375 

Together, our results suggest that sample storage practices can lead to significant differences in 376 

observed microbial measurements that should be taken into account when designing 377 

experiments. As our model indicates that there is minimal DNA degradation of samples stored in 378 

the OMNIgene preservative, use of the OMNIgene collection kit may be advisable to reduce 379 

confounding for large cohort studies in which samples may travel for long periods or be exposed 380 

to high temperatures. Furthermore, the OMNIgene kit also yielded the highest total microbial load 381 

estimates, and is therefore recommended for absolute quantification studies. As our model 382 

suggests minimal RNA degradation in the Zymo kit and our results show a high degree of similarity 383 

between the Zymo kit and immediately frozen, unpreserved samples, the Zymo collection kit may 384 

be preferred for samples that will be immediately frozen after collection or for studies that plan on 385 

evaluating the metatranscriptome. These recommendations are detailed in Supplementary Table 386 

2. Of note, this study was carried out before the introduction of a new DNA/RNA preservation 387 

product from DNAGenotek. Given the large number of studies that have already been carried out 388 

with the original OMNIgene kit, we anticipate that information on its performance for DNA/RNA 389 

applications as reported here will be useful for researchers who plan to access the likely hundreds 390 

of thousands of samples that have already been preserved in the OMNIgene reagent.  391 

 392 

These results also help us frame the reproducibility crisis in the microbiome field. While many 393 

studies over the past decades have identified microbial features that have strong associations 394 

with human health outcomes, these associations are often inconsistent or not observed in follow 395 

up studies. Examples of this include discordant conclusions regarding the utility of the 396 
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Bacteroidetes:Firmicutes ratio as a biomarker of dysbiosis20, the effects of Prevotella on gut 397 

inflammation and insulin sensitivity21, and the patient responsiveness to immunotherapy treatment 398 

after fecal microbiota transplant22,23. These disparate results may be due biological factors, such 399 

as microbial strain variation or patient-to-patient variation. However, the results herein suggest 400 

that technical noise due to sample collection and other aspects of study design can have a strong 401 

effect on observed microbial measurements. Furthermore, most existing studies rely on relative 402 

quantification, whereas we have observed that absolute quantification is necessary to disentangle 403 

true changes in overall microbial load and the individual taxonomic abundance. Therefore, we 404 

advocate that absolute microbial measurements should become standard practice in future 405 

microbiome studies.  406 

 407 

While this study endeavored to be thorough in terms of assessing the role of preservatives and 408 

temperatures across multiple donors and replicates, it has several limitations. Our study was 409 

limited in both scope and size, focusing on ten donors from the United States who share relatively 410 

similar diets and lifestyles. We chose to maximize the number of conditions studied and technical 411 

replication over maximizing donor number. Further research in this space would benefit from 412 

evaluating more diverse cohorts to understand the effects of sample collection methods on a 413 

wider range of microbes. Additionally, while qPCR provided an estimate of total bacterial load, 414 

this method detects intact 16S rRNA gene sequences, which includes both dead and actively 415 

replicating bacteria and archaea while missing non-prokaryotic gut taxa, such as viruses and 416 

microbial eukaryotes. While absolute quantification can help disentangle whether taxonomic shifts 417 

are due to an increase in one taxon or decrease in another, we cannot definitively identify whether 418 

these shifts are due to changes in lysis efficiency, nucleic acid degradation, or microbial blooms. 419 

These results are based exclusively on extracted DNA, and therefore should be considered a 420 

lower bound as they do not reflect microbes that evaded lysis. Finally, there exist other sample 421 

preservation methods that are designed for RNA preservation that were not considered in this 422 
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study. We chose to evaluate the OMNIgene GUT and Zymo DNA/RNA Shield kits as they 423 

represent two commonly used at-home stool collection systems, though the OMNIgene kits are 424 

not rated for RNA preservation. Emerging kits that are rated for both DNA and RNA preservation, 425 

such as the upcoming OMNIgene GUT DNA/RNA collection kit, can be evaluated using the 426 

framework we present here. Finally, we chose to focus this study on metagenomic and 427 

metatranscriptomic measurements, as these are common areas of investigation and compatible 428 

with many at-home stool collection kits. Future studies should incorporate other microbiome 429 

measurements, such as metabolomics, which represent an exciting and growing area of interest 430 

for microbiome researchers.  431 

 432 

Through this study, we identified that sample collection methods can have a strong effect on 433 

microbial community measurements. We demonstrate that the use of preservatives can 434 

significantly affect total microbial load and alter genus- and phylum-level taxonomic abundances. 435 

Even in this small cohort of individuals, we found that the total absolute abundance of prokaryotes 436 

varied across donors. Given the importance of bacterial load and related features such as 437 

membrane lipopolysaccharide dosage on host biology and the importance of open niches for 438 

microbial community assembly, we suspect that total microbial load may be an important 439 

biomarker for disease progression and treatment outcomes. We expect that future research will 440 

leverage this method to measure absolute abundance to better correlate the microbiome and 441 

health outcomes. We anticipate that these results and related studies will guide best practices 442 

around large cohort study design, inform the cross-cohort comparisons made in meta-analyses, 443 

and enable researchers to optimize sample collection methods for their specific research 444 

questions.   445 
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Methods 446 

Fecal sample collection 447 

Fecal samples were collected from ten healthy adults in California, USA. Human subjects 448 

research approval was obtained (Stanford IRB 42043; PI: Ami S. Bhatt) and informed consent 449 

was obtained from all participants. Fecal samples were processed in three technical replicates 450 

across a range of conditions. These conditions include immediate storage at -80°C in no 451 

preservative, OMNIgene GUT OMR200 collection kits, or Zymo Research DNA/RNA Shield 452 

tubes, as well as storage at -80°C after temporary storage for seven days at 23°C or 40°C in the 453 

OMNIgene or Zymo collection kits. All stool was homogenized and stored at -80°C after 454 

processing. 455 

 456 

DNA extraction 457 

All DNA extractions were performed using the QIAamp PowerFecal Pro DNA Kit (Qiagen). 458 

Sample input consisted of 250 mg of samples stored without preservative or 250 uL of samples 459 

stored in OMNIgene or Zymo preservatives. For each technical replicate, samples were randomly 460 

distributed across four batches of DNA extraction, such that the same donors or same conditions 461 

were not pooled together. Every extraction batch contained one blank negative control (sterile 462 

nuclease-free water) and one positive control (ZymoBIOMICS Microbial Community Standard). 463 

DNA extractions were performed according to the manufacturer's protocol with the exception of 464 

using the EZ-Vac Vacuum Manifold (Zymo Research) instead of centrifugation. DNA 465 

concentration was measured using a Qubit 3.0 fluorometer (Thermo Fisher Scientific) with the 466 

dsDNA High Sensitivity kit. 467 

 468 

RNA extraction 469 
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All RNA extractions were performed using the RNeasy PowerMicrobiome Kit (Qiagen). Sample 470 

input consisted of 250 mg of samples stored without preservative and 250 uL of samples stored 471 

in OMNIgene or Zymo preservatives. Samples were extracted in the same batch randomization 472 

format as the DNA extraction. Every extraction batch contained one blank negative control (sterile 473 

nuclease-free water) and one positive control (ZymoBIOMICS Microbial Community Standard). 474 

RNA extractions followed manufacturer9s protocol with the exception of using the EZ-Vac Vacuum 475 

Manifold (Zymo Research) instead of centrifugation. RNA concentration was measured using a 476 

Qubit 3.0 fluorometer (Thermo Fisher Scientific) with the RNA High Sensitivity kit. Of note, 477 

samples stored in OMNIgene GUT and incubated at 40°C for seven days consistently failed RNA 478 

extraction (RNA levels were undetectable by Qubit). These samples were excluded from 479 

downstream analysis.  480 

 481 

Metagenomic library preparation and sequencing 482 

Samples were split into 96-well three plates for library preparation. Each plate consisted of 483 

extractions from a single technical replicate (70 samples and associated extraction controls) that 484 

were randomly distributed across the plate. Metagenomic sequencing libraries were prepared 485 

using the Illumina DNA Prep Kit (Illumina, Inc.). Libraries from each plate were pooled in equal 486 

concentration (barring positive and negative controls, which were pooled in lower concentrations) 487 

and sequenced on a NovaSeq 6000 (Illumina, Inc.) at 2x150 reads.  488 

 489 

Metatranscriptomic library preparation and sequencing 490 

Initial RNA cleanup was performed with RNAClean XP beads (Beckman Coulter) according to the 491 

Illumina Stranded Total RNA Prep (Illumina, Inc.)., with one additional EtOH wash. Samples were 492 

split into three 96-well plates for library preparation. Each plate consisted of extractions from a 493 

single technical replicate (70 samples and associated extraction controls) that were randomly 494 

distributed across the plate. Ribosomal rRNAs were depleted and metatranscriptomic libraries 495 
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were prepared with the Illumina Stranded Total RNA Prep, Ligation with Ribo-Zero Plus 496 

Microbiome kit (Illumina, Inc.). Libraries from each plate were pooled in equal concentration 497 

(barring positive and negative controls, which were pooled in lower concentrations). We 498 

performed 150 bp paired-end RNA sequencing on all samples that yielded RNA using a NovaSeq 499 

6000 (Illumina, Inc.). 500 

 501 

Metagenomic and metatranscriptomic preprocessing and profiling 502 

Metagenomic reads from the same sample and replicate were merged and reads were filtered to 503 

have a minimum read length of 60, a minimum quality of 30, and trimmed using TrimGalore v0.6.5. 504 

Reads were deduplicated using SuperDeduper v1.2.0 with default parameters, and reads that 505 

aligned to the human genome were removed using BWA v0.7.17. Metatranscriptomic reads were 506 

trimmed and filtered for host reads using the same methods and parameters as above, excluding 507 

deduplication. Ribosomal RNA reads were removed using sortmerna v4.3.4 against RFAM and 508 

SILVA ribosomal RNA databases. Metagenomic and metatranscriptomic reads were classified 509 

using Kraken v2.0.9 against a custom reference database including GenBank bacterial and 510 

archaeal genomes assembled to <scaffold= quality or higher as of January 2020.  511 

 512 

16S rRNA qPCR 513 

Quantification of absolute abundance for each sample was determined by qPCR for all samples. 514 

For the qPCR reaction, all sample DNA was diluted 1:1000 in sterile nuclease-free water. 515 

Standards were created using custom-synthesized plasmids containing a portion of the 16S rRNA 516 

gene from either F. prausnitizii or B. vulgatus (Supplementary Table 3). These organisms were 517 

chosen as they are the most abundant organisms across all samples. Standards were diluted 518 

from 1:10-1:10M in sterile nuclease-free water to produce the 10-log-fold standard curve. 519 

Universal 16S rRNA primers, 331F/797R primers, were used, as previously described24. For each 520 

technical replicate, samples were randomly distributed across a 96-well plate, such that the same 521 
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donors or same conditions were not pooled together. Each plate included two negative controls, 522 

DNA extraction buffer and sterile nuclease-free water, in duplicate.  523 

 524 

PCR conditions follow the protocol described by Jian et al25. All qPCR samples were run in 525 

triplicate using the QuantStudio 12K Flex (Applied Biosystems) with SsoAdvanced Universal 526 

SYBR® Green Supermix (Bio-Rad). qPCR analysis was performed using QuantStudio Design & 527 

Analysis 2.6.0 (Thermo Fisher Scientific). To calculate total microbial load, Cq values for each 528 

sample were converted to the number of 16S rRNA copies per microliter using the standard curve. 529 

16S rRNA copies per dry gram of stool was calculated by adjusting copies/uL by the total dry 530 

weight of stool present in each preservative and the total input volume for DNA extraction. The 531 

copies/gram were then divided by the sum of the relative abundance of a given taxon multiplied 532 

by its 16S rRNA copy number, as noted in rrNDB26, to yield total microbes per dry gram of stool. 533 

For taxa without a known copy number, the average 16S rRNA copy number across all taxa 534 

observed, 4.6, was used. 535 

 536 

Statistical analysis and plotting 537 

Our statistical protocol was pre-registered with the Open Science Foundation prior to the 538 

completion of data collection (https://osf.io/vj2fx). Our primary outcomes were the abundance of 539 

the three most common bacterial phyla, Bacteroidetes, Firmicutes, and Actinobacteria, as well as 540 

the abundances of viruses and fungi. Each of these taxonomic abundances was measured in 541 

three ways: as an absolute abundance (microbes per gram of dry stool), as a metagenomic 542 

relative abundance, and as a metatranscriptomic relative abundance. We also reported the 543 

abundance ratio between Bacteroidetes and Firmicutes to test for disproportionate depletions 544 

between those two phyla. For our secondary outcomes, we focused on genus-level sequencing 545 

results and normalized by total classified matches. We considered several measures of alpha- 546 

and beta-diversity: Shannon entropy, Inverse Simpson distance, richness of genera with a relative 547 
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abundance greater than 0.01%, and Bray-Curtis distance; we considered each of these diversity 548 

metrics separately for the metagenomic and metatranscriptomic data. Finally, we looked at each 549 

microbial genus with a relative abundance greater than 0.1% in at least one condition. 550 

  551 

For each of these outcomes, we tested for systematic differences by kit and by temperature with 552 

a Generalized Estimating Equations (GEE) approach: we used an unadjusted regression model 553 

with fixed effects for the 7 conditions, and an exchangeable correlation structure between the 554 

participant-level clusters to account for repeat measurements. We varied our distributional 555 

assumption based on the different outcomes. Specifically, for absolute abundances, we used a 556 

log-transformed linear model which brings the distribution into a roughly Gaussian shape. For 557 

relative abundances, we followed the approach of MaAsLin227 and used a log-transformed linear 558 

model on TSS-normalized data, which they found to be a robust method for handling inherently 559 

compositional data. We controlled for multiple comparisons in our secondary outcomes of the 560 

relative abundances of individual genera with a Benjimini-Hochberg correction with a false 561 

discovery rate of 10%, again following the methodology of MaAsLin2. To model the ratio of 562 

Bacteroidetes to Firmicutes, we transformed the ratio to a probability and log transformed. Finally, 563 

to model richness, we used a Poisson count model, and to model Bray-Curtis distance, we 564 

focused only on within-patient distances and used an unadjusted model with fixed effects for each 565 

pair of conditions that we measured distance between. The GEE models were fit using the 566 

statsmodels package (v0.13) of Python. 567 

  568 

For a sensitivity analysis, we repeated this analysis for our primary outcomes using a different 569 

model structure: we took a within-patient approach instead of a marginal approach, replacing the 570 

GEE with patient-level fixed effects. Results were robust to these modeling changes 571 

(Supplementary Table 4). 572 

  573 
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Plotting was performed using R v4.1.2 with packages tidyverse v1.3.128, reshape2 v1.4.429, 574 

ggsignif v0.6.330, ggplot2 v3.3.531, cowplot v1.1.132, ggpubr v0.4.0, ggnewscale v0.4.733, and 575 

paletteer v1.4.034. Figure 1 was created using BioRender. 576 

Data Availability 577 

All sequencing data generated for this study will be deposited on the NCBI Sequence Read 578 

Archive prior to publication. Source data for figures is available on GitHub at 579 

https://github.com/dgmaghini/Benchmarking.  580 

Code Availability 581 

Workflow for metagenomic and metatranscriptomic preprocessing can be found at 582 

https://github.com/bhattlab/bhattlab_workflows. Workflow for metagenomic and 583 

metatranscriptomic taxonomic classification can be found at 584 

https://github.com/bhattlab/kraken2_classification. Analysis and plotting scripts can be found at 585 

https://github.com/dgmaghini/Benchmarking. Python code for fitting the GEE models can be 586 

found at https://github.com/alex-dahlen/Gut_Microbiome_Measurement_Bias.  587 
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