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ABSTRACT: 32 

Although many aspects of microbiome studies have been standardized to improve 33 

experimental replicability, none account for how the daily diurnal fluctuations in the gut lumen 34 

cause dynamic changes in 16S amplicon sequencing. Here we show that sample collection 35 

time affects the conclusions drawn from microbiome studies and are larger than the effect size 36 

of a daily experimental intervention or dietary changes. The timing of divergence of the 37 

microbiome composition between experimental and control groups are unique to each 38 

experiment. Sample collection times as short as only four hours apart lead to vastly different 39 

conclusions. Lack of consistency in the time of sample collection may explain poor cross-study 40 

replicability in microbiome research. Without looking at other data, the impact on other fields is 41 

unknown but potentially significant. 42 

 43 

 44 

 45 

One-Sentence Summary: If we are not controlling for host circadian rhythm time in 46 

microbiome studies when performing experiments, it is like trying to measure sea level rise 47 

while not knowing that tides or waves exist.  48 
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Main Text: 49 

The lack of replicability of microbiome studies has been a barrier to understanding how host-50 

microbe interactions contribute to physiological homeostasis and pathophysiological processes, 51 

including heart disease and cancer1. As the field moves from descriptive and associative 52 

research to mechanistic and interventional studies, the ability to rapidly and reproducibly 53 

characterize the microbiome is critical to the development of novel microbiome-mediated 54 

therapeutics and diagnostic biomarkers2. In early studies, many confounding variables involving 55 

model systems, sample collection protocols, and pipeline processing were not routinely 56 

accounted for in study design, often resulting in irreproducible, noisy data1,3. The investigation 57 

of these irreproducible and noisy data led to the discovery of important confounds that 58 

influence the results, such as the maternal effect4, cage effect5, facility differences6, as well as 59 

laboratory and sample handling protocols7. However, despite the introduction of standardization 60 

of experimental protocols and analysis pipelines, unexplained variability and lack of replicability 61 

still plagues microbiome research. 62 

 63 

One underexplored factor is that the microbiome is dynamic, and exhibits diurnal oscillations8–64 

10. Disruption of microbiome diurnal dynamics11–15 are associated with metabolic syndrome 65 

spectrum diseases (e.g. insulin resistance, increased adiposity)8. A recent study found that an 66 

intestinal specific knockout of one of the circadian genes, Bmal1, in a mouse model was able to 67 

protect against diet-induced obesity16. The gut microbiome is intimately linked to host 68 

peripheral circadian rhythms and is known to influence physiology broadly, including behavior 69 

and thermoregulation17. Microbiome-depleted mice (i.e. antibiotic-induced depletion or germ-70 

free mice) have dampened epithelial and hepatic circadian rhythms11,18,19. Analysis of the 71 

microbiome from human stool samples collected from a multitude of time points20,21, as well as 72 

24-hour salivary collections22–24, suggest that the human microbiome also has diurnal 73 

fluctuations. In addition, loss of diurnal dynamics of the gut microbiome was recognized as a 74 

risk factor for developing type 2 diabetes in a longitudinal study of a large patient cohort25.  75 

 76 
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Many labs that study the microbiome anecdotally report collecting their specimens for each 77 

experiment at a specific, single time point. However, it is not clear whether the collection time is 78 

chosen rationally based on experimental design, convenience to the experimenters, or if this 79 

window of time is consistent between experimental replicates both within and outside of the 80 

laboratory. We hypothesize that circadian variation is significant enough to affect microbiome 81 

results. By using  existing diurnal microbiome studies, we can determine whether sampling at 82 

different times leads to different conclusions.  83 
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RESULTS 84 

 85 

 86 
Figure 1: Microbiome Analysis of Apoe-/- Mice Exposed to IHC Show Vastly Different 87 
Outcomes Depending on Time Point of Sample Collection  88 
A) Experimental design. IHC= intermittent-hypoxia-with-hypercapnia (obstructive sleep apnea-89 
like conditions). 90 
B) Between-condition distances (BCD), a subset of weighted UniFrac β-diversity distances. 91 
Significance is determined using paired Wilcoxon rank-sum test. The BCD values in this 92 
experiment were oscillating in a diurnal fashion (MetaCycle, JTK method, p<0.001). 93 
C) BCD heatmap by time point. Replicates were collapsed by taking the mean. Highest 94 
highlighted in green, lowest highlighted in orange.  95 
At the peak and trough time points identified in C, (D) the logarithmic ratios of differentially 96 
abundant key phyla of interest and (E) the logarithmic ratios of differentially abundant key 97 
families of interest.  Notation: ns = not significant, * = p < 0.05; ** = p < 0.01; *** = p < 0.001 98 

 99 
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Time of sample collection is critical to microbiome study conclusions 100 

To determine whether the time of sample collection was included in experimental methods of 101 

microbiome studies, we reviewed over 550 articles published in 2019 from major journals 102 

where new 16S or metagenomic datasets were generated. Only 0.32% reported a specific time 103 

of sample collection (Fig S1A-C). A recent study of biological sciences articles confirmed a low 104 

percentage of time-of-day information reporting in a broader field26. Since microbiome studies 105 

do not commonly report time of sample collection in their methods, we investigated the effects 106 

of microbiome sample collection on the potential interpretation of a study using the datasets 107 

from our meta-analysis. A targeted literature review followed by extensive correspondence, led 108 

to the acquisition of five previously published datasets in a form suitable for re-analysis (Fig 109 

S1D)11,13,27–29. In addition, we included a recently published dataset from the same mice in one 110 

of our circadian studies13,30. We also included analysis from an unpublished study that is unique 111 

in that it includes two circadian collections over the course of a single experiment . To quantify 112 

the effect of sample collection time on the microbial population, we used between-condition 113 

weighted UniFrac β-diversity distances (BCD) to show how similar microbiomes are to each 114 

other at any given time point. We chose weighted UniFrac because it takes into account both 115 

phylogeny and abundance of the organisms present. For circadian studies, standard notation of 116 

time of day is Zeitgeber time (ZT), where dawn/lights on is ZT0 (ex. our vivarium lights-on is 117 

6AM, but this varies by facility). Thus, increasing or decreasing BCD allows us to assess 118 

microbiome compositional fluxes between experimental conditions over time.  119 

 120 

First, we wanted to investigate whether sampling time affects the conclusion of a study with a 121 

discrete daily intervention. We started by reanalyzing a previous dataset 27 that used 122 

apolipoprotein E knock-out mice (Apoe-/-) mice under intermittent hypoxia and hypercapnia 123 

(IHC) conditions to mimic obstructive sleep apnea (Fig 1A). In the study, BCD fluctuated 124 

greatly, nearly doubling within a 24hr period (Fig 1B), suggesting that compositional 125 

assessments from different times would yield radically different results. Within-condition 126 

distances fluctuated much less during the same period (Fig S2F, S2G).  127 
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 128 

BCD increased during IHC exposure, with maximal divergence of the two groups at ZT-6 (Fig 129 

1B, S2A, S2B). Maximal convergence (similarity) occurred at ZT-18, a half day after the 130 

maximal divergence when both groups were experimentally similar. Subsequently, despite the 131 

lack of the IHC intervention to separate the groups at that time, distances increased during ZT-132 

22 which suggests a potential microbiome response to host anticipatory stress. In addition, the 133 

BCD values conformed to a diurnal pattern (MetaCycle, JTK method, p<0.001). Next, we used 134 

the distance matrix to create a heatmap of the average BCD between IHC and control mice for 135 

each time point combination to determine all potential outcomes of the study (max = 0.351; min 136 

= 0.082; range[max-min] = 0.269; mean = 0.232)(Fig 1C). The highest BCD (greatest 137 

divergence) between the two groups was Air ZT-18 and IHC ZT-6, which are 12 hrs apart. The 138 

lowest BCD (greatest convergence) between the two groups was Air ZT-22 and IHC ZT-18, 139 

both of which occur during the dark phase and are only 4 hrs apart. The highest BCD is 2.8 140 

times the lowest across all timepoints, while the within-condition distances for Air (4.6X) and 141 

intermittent-hypoxia-hypercapnia (4.4X) dynamic ranges were greater (Fig S2C-E). The two 142 

groups had overall significantly different microbiome compositions (PERMANOVA, all Air vs all 143 

intermittent-hypoxia-hypercapnia, p=0.005), with ZT-6 driving differences (PERMANOVA, 144 

p=0.035). All other timepoints showed the two groups as being non-significantly different 145 

(PERMANOVA, p>0.05). Thus, the beta-diversity of the two conditions can differ 2.8-fold 146 

depending on the time of sample collection, potentially affecting the conclusions of the study.  147 

 148 

To determine whether these different sampling times affect conclusions of the compositional 149 

analysis while accounting for bias caused by relative compositional bias and unknown microbial 150 

loads for each sample31, we examined log-ratios of biologically relevant phyla and families at 151 

the time points corresponding to the highest and lowest BCD (Fig 1D). The impact of sample 152 

collection time was most obvious at the phylum level, where the relative proportion of 153 

Bacteroidetes to Verrucomicrobia shifted strikingly towards Bacteroidetes in mice under IHC 154 

conditions at the highest BCD, but were indistinguishable at the lowest BCD. These differences 155 
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existed at the sub-phylum level as well. For example, the log-ratio balance of three 156 

metabolically important families (Ruminococcaceae and S24-7, in relation to 157 

Verrucomicrobiaceae) shifted significantly during maximal BCD, but the balance was similar 158 

between experimental groups at the lowest BCD (Fig 1E). Thus, time of sample collection had 159 

a significant effect on microbiome composition and would have affected the conclusions made 160 

if only a single time point was performed.  161 
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 164 

Figure 2: Diet and Feeding Pattern Influence Sample Collection Time Results in the 165 
Cecum 166 
A) Experimental design. High Fat Diet (HFD). Time restricted feeding (TRF) - mice were 167 
restricted to eating only between ZT13-ZT21. Time point ZT13 was collected before the switch 168 
to eating, and thus mice were fasted at this time point. Time points were taken every 4 hrs for 169 
24hrs (n=3 mice/condition/time point from separate cages; 6 total time points). 170 
B) BCD for cecal samples comparing HFD ad libitum vs HFD TRF. The dotted line is the 171 
average of all shown weighted UniFrac distances. Every point represents the calculated beta 172 
diversity distance between a control and experimental mouse. Within-group distances are 173 
shown in Figure S2.  Significance was determined using a paired Mann-Whitney-Wilcoxon test 174 
two-sided with Bonferroni correction. 175 
C) Heatmap of cecal BCD between HFD ad libitum and HFD TRF mice by time point. 176 
Replicates were collapsed by taking the mean. Highest highlighted in indigo, lowest highlighted 177 
in yellow.   178 
D) BCD for cecal samples comparing NCD ad libitum vs HFD ad libitum. The dotted line is the 179 
average of all shown weighted UniFrac distances. Significance was determined using the 180 
Mann-Whitney-Wilcoxon test two-sided with Bonferroni correction. 181 
E) Heatmap of cecal BCD between NCD ad libitum controls and HFD TRF mice by time point. 182 
Replicates were collapsed by taking the mean. Highest highlighted in indigo, lowest highlighted 183 
in yellow.  184 
F) BCD for cecal samples comparing NCD ad libitum vs HFD TRF. The dotted line is the 185 
average of all shown weighted UniFrac distances. Significance was determined using the 186 
Mann-Whitney-Wilcoxon test two-sided with Bonferroni correction. 187 
G) Heatmap of cecal BCD between NCD ad libitum controls and HFD TRF mice by time point. 188 
Replicates were collapsed by taking the mean. Highest highlighted in indigo, lowest highlighted 189 
in yellow. Notation: * = p<0.05; ** = p<0.01; *** = p<0.001. 190 
 191 

 192 

Diet and Feeding Pattern Influence Sample Collection Time Results 193 

Since diet and feeding patterns induce large and reproducible effects on the gastrointestinal 194 

environment and resulting microniches 32, we hypothesized that it would be less influenced by 195 

diurnal microbiome dynamics.  196 

 197 

We pursued this hypothesis by analyzing the results from one of our previously published 198 

studies 13 that investigated the effect of diet and feeding patterns on murine host physiology 199 

and the diurnal dynamics of the cecal microbiome. In mice on the same diet but with different 200 

feeding schedules, the BCD should change in response to differences in the feeding schedules 201 

of the experimental groups. In this experiment (Fig 2A), wild-type male C57Bl/6J mice were 202 

provided with either a normal chow diet (NCD) or a high-fat diet (HFD). Their access to food 203 

was either ad libitum (control; unrestricted access to food) or time-restricted (TRF). After 8 204 

weeks, mice demonstrated a metabolic phenotype difference between HFD-ad libitum and 205 
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HFD-TRF mice 13. Subgroups of mice were euthanized and the cecal contents were collected 206 

every 4 hours for 24hrs to examine dynamic changes in microbiome composition.  207 

 208 

Since HFD mice spread their caloric intake throughout the day and night, we would expect low 209 

BCD between HFD-ad libitum and HFD-TRF mice during ZT-17 and ZT-21, when both groups 210 

have access to food. We expect high BCD during ZT-1 to ZT-13, when one group has access 211 

to food and the other group is forced to fast. As expected, the HFD-ad libitum to HFD-TRF BCD 212 

was the highest at ZT-13 when the two groups would be the most divergent (Fig 2B). We also 213 

saw that the HFD-ad libitum to HFD-TRF BCD was significantly lower at ZT-17. However, BCD 214 

was significantly lower at ZT-5 than ZT-13, and indistinguishable from ZT-17, suggesting that 215 

the intestinal environment is not solely influenced by the presence of a consumed diet in the 216 

lumen. Furthermore, the heatmap comparing all the combinations of different collection times 217 

shows a nearly 2.5-fold difference in peak and nadir BCD (max value = 0.242; min value= 218 

0.098; range[max-min] = 0.144; mean = 0.159). There is a trend of the highest values being in 219 

the lower left corner (Fig 2C), which indicates that light phase of HFD-TRF and dark phase 220 

HFD-ad libitum have the greatest divergence. Thus, while the feeding schedule does impact 221 

microbiome composition, there are also composition shifts not directly attributable to the 222 

experimental design.  223 

 224 

Next, we analyzed mice on different diets but with ad libitum access to food. Since diet 225 

macronutrient profile is a large driver of microbiome differences between cohorts, we wanted to 226 

determine if oscillatory dynamics of the gut microbiome could influence conclusions from 227 

microbiome compositional analysis. We hypothesized that the greatest differences between the 228 

two groups would be when they are eating different diets during the dark phase. Thus, we 229 

would expect the highest BCD to occur during ZT-13 to ZT-21 when one group is eating NCD 230 

and the other HFD. However, despite having radically different diets, the BCD from all of the 231 

dark phase time points are relatively low indicating similarities between the microbiomes 232 

(p>0.05)(Fig 2D). The biggest compositional shifts occurred at the transition from the light 233 
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phase to the dark phase. The time point of greatest divergence is at ZT-9 when NCD mice are 234 

largely fasting, while HFD mice are likely eating at low to moderate levels. The heatmap shows 235 

a 2.7-fold difference in the peak to nadir BCD and also confirms that NCD-ad libitum ZT-9 as 236 

being different from all other HFD time points (max value = 1.038; min value= 0.386; 237 

range[max-min] =0.652; mean = 0.611)(Fig 2E). This same pattern is seen in a separate 238 

published dataset comparing NCD-ad libitum and an ad libitum milk-fat diet, that also yielded 239 

higher BCD during the light phase (mean = 0.416) and lower BCD during the dark phase (mean 240 

= 0.321) (Fig S3) 11. This indicates that the luminal environment differences caused by diet 241 

consumption alone do not drive differences between experimental groups and that dynamic 242 

oscillations of the luminal environment affect the interpretation of dietary changes, even with a 243 

powerful determinant of microbiome composition such as the macronutrient profile of the diet 244 

 245 

Next, we looked at a combination of both diet and feeding pattern differences, using NCD-ad 246 

libitum to HFD-TRF BCD. Since diet has such a huge effect on the microbiome, we 247 

hypothesized that the greatest differences between NCD-ad libitum and HFD-TRF would be 248 

when they are both eating different diets during the dark phase since both groups would be 249 

fasting during the light phase. Thus, we would expect the highest BCD to occur during ZT-17 or 250 

ZT-21. Opposite to our hypothesis, we found that the highest BCD values were during the light 251 

phase, especially ZT-9 (Fig 2F). Despite the two groups eating diets with vastly different 252 

macronutrient profiles  we still saw a significant decrease in BCD values when we would have 253 

expected them to diverge. Thus, neither feeding/fasting rhythms nor diet alone drive these 254 

temporal fluctuations. In addition, the diurnal pattern of NCD-ad libitum to HFD-TRF BCD 255 

fluctuations most closely resembled the comparison between two different diets fed ad libitum 256 

(Fig 2D). The heatmap confirms a similar pattern of NCD-ad libitum to HFD-TRF value 257 

distribution across timepoints (Fig 2G) as NCD-ad libitum to HFD-ad libitum BCD (Fig 2E), with 258 

a 2.7-fold difference in peak to nadir BCD (max value = 1.042; min value= 0.385; range[max-259 

min] =0.657; mean = 0.608). Since the mean BCD across timepoints is smaller 260 
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than the maximum BCD at any timepoint minus the minimum BCD at any timepoint, the effect 261 

of sample collection time is thus larger than the effect size of a daily experimental intervention 262 

or dietary changes. 263 

 264 

Thus, while the feeding pattern and diet do appear to significantly influence microbiome 265 

composition, their effects are not predictable on a timepoint-by-timepoint basis. Moreover, if an 266 

experimental variable effect as large and reproducible as that imposed by diet is affected by 267 

sample collection time, then experimental variables with smaller effects - such as medications, 268 

metabolites, and genotype - are likely to be even more variable with respect to time.  269 

 270 

 271 
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 272 

 273 
Figure 3: Gastrointestinal Region Influence Sample Collection Time Results  274 
A) Experimental design. Mice were fed ad libitum with either normal chow diet (NCD) or high 275 
milk fat diet (MFD). After 5 weeks, cecal and ileal samples were collected every 4 hours for 24 276 
hours (N=3 mice/condition/timepoint).  277 
B) BCD for both ileal and cecal samples comparing NCD vs MFD. The dotted line is the 278 
average of all shown weighted UniFrac distances. Ileal vs Cecal pairwise significance was 279 
determined using Mann-Whitney-Wilcoxon test two-sided with Bonferroni correction. 280 
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C) Heatmap of BCD from cecal samples collected from NCD controls and HFD ad libitum mice 281 
by time point. Replicates were collapsed by taking the mean. Highest highlighted in black, 282 
lowest highlighted in yellow.  283 
D) Heatmap of BCD from ileal samples collected from NCD controls and HFD TRF mice by 284 
time point. Replicates were collapsed by taking the mean. Highest highlighted in black, lowest 285 
highlighted in yellow.  286 
Notation: * = p<0.05; ** = p<0.01; *** = p<0.001. 287 
 288 
 289 
 290 
Gastrointestinal Region Influence Sample Collection Time Results 291 

Though the microbiome of the large and small intestine are quite different 33, the diurnal 292 

dynamics of the latter has only recently been characterized 11,28,30. We hypothesized that the 293 

dynamic response to changes in diet are not the same between gastrointestinal regions. We 294 

pursued this hypothesis by analyzing the results from a previously published study that 295 

investigated the diurnal dynamics between different GI regions 11. Leone, et al. compared a 296 

normal chow diet (NCD) to a high milk-fat diet (MFD) and examined the differences in the 297 

microbiome communities of both the cecum and ileum during a 24hr period (Fig 3A). The 298 

cecum and ileum had significantly different NCD-ad libitum to MFD-ad libitum BCD at ZT-6, in 299 

the middle of the light phase (Fig 3B). Thus, while microbial dynamics was generally similar 300 

between the two dietary conditions, there is at least one time point where time of sample 301 

collection would have made a difference when comparing dietary responses in the two organs. 302 

Heatmaps comparing BCD at different collection times for the ileal samples in this experiment 303 

show opposite trends in the timepoints of highest and lowest similarity compared to cecal 304 

samples (Fig 3C, 3D). While they had opposite trends in the timepoints that had the peak and 305 

trough values, the magnitude of change between these values was relatively similar with a 3.5-306 

fold dynamic range in the cecum and 3.8-fold dynamic range in the ileum (Fig 3C, 3D). Thus, 307 

ileal and cecal diurnal dynamics are not always identical and can, at times, be significantly 308 

different.  309 

 310 

Moreover, the Zarrinpar, et al. study (used for the analysis presented in Fig 2) also had 16S 311 

rRNA amplicon sequencing from the ileum of the same mice that was recently published30. 312 

Similar to the Leone, et al. study, these results generally revealed different daily patterns in the 313 
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ileum (Fig S4) than in the cecum (Fig 2). The dynamic range of values present in the heatmaps 314 

(highest BCD/lowest BCD) is approximately 3.0 in the ileum which is 15% higher than that in 315 

the cecum (Fig 2C, E, G vs Fig S4C, E, G). Thus these reproducible results show that the 316 

ileum responds differently over the course of the day than the cecum to the same conditions.  317 

 318 

Finally, in a separate study, Wu, et al. investigated the effects of light exposure (i.e. 12h 319 

light:12h dark [LD] vs. 24hr dark [DD]) on the jejunal and ileal microbiome of Balb/c mice. The 320 

jejunal BCD was fairly consistent across all time points (Fig S5), suggesting that either this 321 

intervention (i.e. light exposure), or the proximal gut which has a more sparse microbiome, do 322 

not have the same dynamic shifts as the distal gut. Thus, though sampling time affects the 323 

outcomes studies on the ileal microbiome, it does not seem to affect the outcomes of studies in 324 

the jejunal samples. Furthermore, specific micro-niche sites (luminal and mucosal) within a 325 

single gastrointestinal region can have unique temporal patterns that are not expected based 326 

on experimental design alone (Fig S6). Together, these studies demonstrate different niches 327 

within the same mice have different microbiome dynamics.  328 
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Figure 4: Longitudinal changes in BCD over the course of a study.  330 
A) Experimental design and sample collection for TRF study.  Mice were fed atherogenic diet 331 
(AD) either ad libitum or TRF. Samples were collected every 4 hours for 24 hours (N=6 332 
mice/condition/timepoint) after 1 week (early; pre-phenotype) and after 20 weeks (late; post-333 
phenotype).  334 
B) BCD for ad libitum vs TRF conditions at the early (Week 1) and late (Week 20) timepoints. 335 
Dotted line is the average of all of the weighted UniFrac distances. Significance is determined 336 
using paired Wilcoxon rank-sum test.  337 
C) BCD heatmap for early samples, and D) BCD heatmap for late samples. Replicates were 338 
collapsed by taking the mean. Highest value is highlighted in tan and the lowest value is 339 
highlighted in yellow.   340 
E) Experimental design and sample collection for longitudinal IHC study. During the 10 weeks 341 
of exposure to either normal room air or IHC conditions, samples were collected between ZT-3 342 
and ZT-5 every 3-4 days for the duration of the study (n=12 mice/condition)..  343 
F) BCD over the course of the IHC longitudinal study. Dotted line is the mean of all data shown. 344 
The only comparison shown is between Age 10.5 weeks and 19.5 weeks; significance was 345 
determined using paired Wilcoxon rank-sum tests.  346 
Notation: * = p<0.05; ** = p<0.01; *** = p<0.001, ***** = p<0.00001. 347 

 348 

Longitudinal data is also susceptible to the influence of time 349 

Samples from the IHC experiment (Fig 1) were collected a week after the experiment started 350 

with the intent to characterize the microbiome induced by the environmental exposure, prior to 351 

the dysmetabolic phenotype affecting the gut microbiome. However, in the TRF study (Fig 2), 352 

samples were collected after the phenotype was present. Since many microbiome experiments 353 

do not report the rationale for the timing of their sample collection, we questioned whether the 354 

length of experimental exposure time affects BCD. We performed a new study to examine 355 

where BCD changes over the course of a long study. In this study (Fig 4A), the Ldlr knock-out 356 

(Ldlr-/-) mice received either ad libitum (control group) or TRF (experimental group) access to 357 

the atherogenic diet. After 1 week (“early”; pre-phenotype development) and 20 weeks (“late”; 358 

post-phenotype development), we collected stool every 4 hours for 24hrs to examine dynamic 359 

changes in time point composition over the course of a long term experiment.  360 

 361 

As shown in the previous studies, the time of sample collection during the day affects ad libitum 362 

to TRF BCD distances. During both the early and late phase of the experiment, maximum 363 

divergence ad libitum to TRF occurred during the dark period (highest mean BCD = ZT-20; Fig 364 

4B). The BCD patterns conformed to a circadian-like pattern (p < 0.05, MetaCycle, JTK 365 

method) during both the early and late collection, with nearly identical amplitude and minor 366 
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shifts in period and phase (Fig S7). Furthermore, the ad libitum to TRF BCD was not 367 

significantly different between the early and late part of the study at any time point (Fig 4B), 368 

demonstrating consistency within the study over time. The peak-to-trough ratios were also 369 

nearly identical between the early (Fig 4C) and late collection (Fig 4D). In general, these 370 

results demonstrate that longitudinal measures of BCD in a non-continuous intervention within 371 

a single experiment are relatively consistent over time.  372 

 373 

To investigate the effects of longitudinal exposure to a daily discrete external intervention, we 374 

re-analyzed previously published data from our lab. In a previously published cohort of mice in 375 

an experiment investigating changes in the microbiome in response to IHC conditions (similar 376 

to Fig 1A) over several weeks until phenotype development (Fig 4E) 34. In this cohort, samples 377 

were collected once per day, during ZT-3 to ZT-5 (i.e. the time of greatest divergence), twice 378 

weekly over 10 weeks. While the control of IHC BCD fluctuated significantly during the course 379 

of the experiment, there was a slow generally upward trend (Fig 4F). The groups did diverge 380 

with significantly increased BCD over time (week 10.5 compared to week 19.5, p = 2.56x10–8, 381 

paired Wilcoxon rank sum, test statistic 1126) as the phenotype developed. Linear regression 382 

analysis resulted in a significant positive coefficient (p-value=6.72E-56, equation: 383 

y=0.016x+0.119). By holding the time of collection constant, we observed a compositional shift 384 

that occurred over time as the phenotype developed.  385 

 386 

To determine if BCD is also relevant in longitudinal human studies, we re-analyzed a study that 387 

investigated the effects of a four day longitudinal dietary change (i.e. plant to animal based diet) 388 

in adult subjects on the speed and extent of shifts in the gut microbiome 35. When BCD was 389 

similarly calculated using weighted UniFrac, the plant-to-animal diet BCD demonstrated that 390 

the two groups did diverge the most on day 4 on condition (Fig S8). Since humans defecate on 391 

average once a day, it is difficult  to investigate diurnal dynamics as we have done in mice. 392 

Recently, there have been attempts to reconstruct human diurnal rhythms using several 393 

thousand human samples 25, which have also shown diurnal pattern disruption in a disease 394 
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state. Moreover, circadian rhythms are important from the beginning36 until the end37 of a 395 

human’s lifespan.  Thus, time of sample collection is likely relevant in human samples as well.  396 

 397 

DISCUSSION 398 

Since 2014 there has been unequivocal and reproducible research from multiple labs 399 

demonstrating diurnal fluctuations in the composition of the gut microbiome 8,9,11–15,38,39. Yet 400 

neither sample collection time nor the rationale for the selection of this time is reported outside 401 

of studies that are focused on diurnal fluctuations of the microbiome. Here, we show that the 402 

conclusions of a microbiome research study are greatly dependent on the time of sample 403 

collection, and that experimental and control groups undergo a cycle of diverging and 404 

converging microbiome composition depending on the nature and timing of experimental 405 

interventions. We hypothesize that host environmental differences at least partially drive these 406 

changes in gastrointestinal luminal microniches and cause divergence between the two 407 

conditions (BCD increase), converging again (BCD decrease) as the stress response fades.  408 

 409 

Moreover, our findings suggest a fluidity of composition that is sensitive to a variety of host 410 

factors including environmental exposures, diet, gut region, and luminal micro-niche. Our BCD 411 

analysis confirms that, in some experiments, peak and trough distances can be as short as four 412 

hours apart. That is, shifting the collection of one condition by four hours could yield 413 

dramatically and potentially opposite conclusions on the similarity of the microbiome from 414 

experimental and control groups. This time scale may still be an overestimate; we did not 415 

collect stool samples at less than four-hour intervals. Thus, conflicting results from different 416 

laboratories may be due to differences in phase of the circadian cycle at the time of collection, 417 

timing relative to the experimental intervention, investigator chronotype (e.g. morning lark vs. 418 

night owl), or vivarium lighting setup. In studies with discrete daily interventions such as those 419 

described in this study, these differences can be quite pronounced. Based on our literature 420 

review, since the vast majority (>90%) of microbiome studies do not report when samples are 421 

collected, laboratories may unknowingly be collecting at suboptimal time points.  422 
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 423 

Furthermore, although it is likely a good assumption, due to convention and best utilization of 424 

researcher time, the methods section of published papers does not confirm that the control and 425 

experimental conditions are collected at the same time or within a specific window. In addition, 426 

while optimization of collection time points could be accomplished by sampling at the time of 427 

highest beta diversity for each group, caution should be taken not to artificially influence results. 428 

It would also be prudent to establish standard collection times for experiments in a field to 429 

ensure replication. To improve replicability, investigators should provide an explanation for the 430 

collection time of samples as it relates to their scientific hypothesis with the knowledge that 431 

anticipatory changes in the microbiome are quite pronounced. 432 

 433 

While several of the studies used in this meta-analysis suffer from a low sample number, the 434 

fact that findings are replicated in laboratories from several different institutions, over several 435 

years, and with related study designs indicates this phenomenon is greatly understudied. 436 

Additional confounders can include changes in water content of stool due to time from 437 

defecation before sampling, which affects microbial density and richness as well as 438 

metabolism. Furthermore, to improve sensitivity to time, a study that attempts to deconvolute 439 

circadian rhythm and hours since sampling could be performed. While we have not had the 440 

opportunity to examine this phenomenon in metabolomics, viromics, and more, it is possible 441 

and even likely that circadian rhythms have impacts on these datasets as well. Examination of 442 

this phenomenon in humans is difficult because of infrequent defecation rates, but could 443 

potentially be recreated with large enough cohorts, such as KORA40, American Gut Project41, 444 

and FINRISK42. We propose that sample collection time be reported in ZT notation in future 445 

studies going forward. Otherwise, if we are not controlling for host circadian rhythm time, it is 446 

like trying to measure sea level rise while not knowing that tides or waves exist.  447 

  448 
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Supplementary Materials: 605 

 606 

Materials and Methods 607 

Fig S1 – S8 608 
 609 
 610 
Materials and Methods: 611 

Literature Review: (Fig S1A-C) We used the advanced search option from the four main 612 

journal groups, including the American Society for Microbiology (ASM) 613 

(https://msystems.asm.org), Science (https://search.sciencemag.org), Nature 614 

(https://www.nature.com), and Cell Press (https://www.cell.com). Searching for the  term 615 

“microbiome” in all search fields (abstract, title, main text) during the year 2019 (Jan 1, 2019, to 616 

Dec 31, 2019) resulted in 586 articlesfrom 9 journals; mSystems (ASM), Science Translational 617 

Medicine (Science), Science Signaling (Science), Science Advances (Science), Science 618 

Immunology (Science), Nature (Nature), Nature Microbiology (Nature), Nature Communications 619 

(Nature), Cell Host Microbe (Cell), Cell (Cell), Cell Reports (Cell), Cell Metabolism (Cell). Our 620 

collection sheet includes a total of 16 columns: journal group, journal, year, article title, DOI, 621 

PMID, first author, last author, Microbiome (yes/no), vivarium (yes/no), vivarium setting, sample 622 

host, sample type, collection time, time note, and collection time reason. Notation of collection 623 

time was recorded as follows: explicitly stated (“yes”; 8AM, ZT4, etc.), implicitly stated 624 

(“relative”; “before surgery”, “in the morning”, etc.), or unstated (“not provided”; “daily”, “once a 625 

week”, etc.). 626 

 627 

Systematic Review: (Fig S1D) When searching for the keywords “circadian microbiome” AND 628 

“mice” in PubMed (https://pubmed.ncbi.nlm.nih.gov/) for articles published over an 8 year 629 

period (from 2014-2021), we found 79 articles that met our initial criteria. Only 66 of those were 630 

research articles, and of the remainder we found only 14 articles that contained 16S amplicon 631 

sequencing samples collected for more than 3 time points within a 24 or 48 hour period. Of 632 

these 14 studies, four had complete publicly available data on ENA/EBI. Of the remainder, four 633 

had incomplete datasets on ENA/EBI - 12,15,29,43 - and the rest were not publicly available. We 634 

then contacted the authors of all studies with missing or incomplete data and got the following 635 
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responses: four were unable to locate the missing data 2,12,14,15, three could not provide data in 636 

a format suitable for re-analysis 43–45, and three did not respond to repeated inquiries 46–48. This 637 

resulted in the acquisition of five previously published datasets in a form suitable for re-analysis 638 

11,13,27–29. 639 

 640 

Microbiome: All of the data in this paper is a re-analysis of previously published 16S studies, 641 

except for the data shown in Fig 4A-D (manuscript in preparation). Please refer to the 642 

respective source papers for detailed methods, including sample handling and preliminary 643 

processing. Raw data was procured from the respective data repositories as stated in the 644 

source paper, typically the European Nucleotide Archive (ENA). This data was then run through 645 

a standard QIIME2 pipeline (version 2021.8) 49 as follows: samples demultiplexed, denoised via 646 

deblur 50 into the amplicon sequence variant (ASV) table, feature table underwent rarefaction 647 

(as stated in source paper, see individual methods sections), representative sequences 648 

underwent fragment insertion on Greengenes_13_8 via SATé-enabled phylogenetic placement 649 

51 to create the phylogenetic tree, and weighted UniFrac distances 52 were calculated. The 650 

resulting weighted unifrac distance matrix was filtered for only between-condition distances 651 

(BCD) as relevant to each study. Thus, using BCD values will show how similar the 652 

microbiomes from the two conditions are to each other at any given time point. Since BCD 653 

values are a subset of the Weighted UniFrac distance matrix values, both conditions (control 654 

and experimental) are taken into account with each distance value shown. Changes in BCD will 655 

demonstrate convergence (decreasing distance, increased similarity) or divergence (increasing 656 

distance, increased dissimilarity) of the microbiome composition between two groups. 657 

Circadian time notation is used throughout the paper to denote when samples were collected: 658 

Zeitgeber Time (ZT) were lights on = ZT-0 . Data was visualized using custom python scripts, 659 

which can be found at https://github.com/knightlab-analyses/dynamics.  660 

Figure 1, S2 - Briefly, two groups of ten-week-old male Apoe-/- mice on C57BL/6J 661 

background (002052; The Jackson Laboratory, Bar Harbor, ME) were individually housed in a 662 

12-hour light:12-hour dark (12:12 L:D) vivarium. All mice were given an atherosclerotic-663 
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promoting diet (1.25% cholesterol, 21% milk fat; 4.5 Kcal/g; TD.96121; Envigo-Teklad Madison, 664 

WI) starting at 10 weeks of age until the end of the study. Mice in the experimental group were 665 

exposed to intermittent hypoxia and hypercapnia (IHC) conditions that consisted of 4 min of 666 

synchronized O2 reduction from 21% to 8% and synchronized elevation of CO2 from 0.5% to 667 

8%, followed by alternating periods of 4 min of normoxia and normocapnia with 1- to 2-min 668 

ramp intervals. IHC conditions were administered in a computer-controlled atmosphere 669 

chamber (OxyCycler, Reming Bioinstruments, Redfield, NY) for 10 hours per day during the 670 

lights on phase (ZT-2 to ZT-12) when mice are sleeping for 10 weeks. Mice in the control group 671 

were exposed to normal room air (21% O2 and 0.5% CO2) during that same time period. After 6 672 

days, fecal samples were collected every 4 hours for 24hrs (n = 4/group). 16S amplicon 673 

sequencing was performed on the V4 region using standard protocols (http://www. 674 

earthmicrobiome.org/emp-standard-protocols/). Rarefaction was set at 12,000 reads to control 675 

for sequencing effort. Please see the source paper for additional details 27,53.  676 

Figure 2, S4 - In short, wild-type SPF C57Bl/6 group-housed male mice (3 mice per 677 

cage) were provided either normal chow diet (LabDiet 5001, 13.5% calories from fat, crude 678 

fiber 5.1%) or a high fat diet (61% fat, HFD) and were fed in either an ad libitum manner, with 679 

access to food at all times, or fed in time-restricted (TRF) manner. TRF mice were allowed 680 

unrestricted access to HFD from ZT-13 to ZT-21. Mice on an NCD ad libitum diet (controls) 681 

typically fast during the light phase and consume >80% of their diet during the dark phase 54,55. 682 

However, mice on a HFD ad libitum diet (diet-induced obesity) lose this diurnal feeding pattern 683 

and spread their caloric intake throughout both the dark and light phase54,55. TRF of HFD 684 

consolidates feeding to the nocturnal period by providing access to food in a narrow time 685 

window, from ZT-13 to ZT-21 in this experiment, and is known to prevent the dysmetabolic 686 

effects of HFD consumption 13,54,56. After 8 weeks under these dietary conditions, mice were 687 

euthanized every 4 hours for 24hrs and intestinal contents collected (n=3 mice/condition/time 688 

point from separate cages; 6 time points). At ZT-13, fasted mice were euthanized prior to 689 

feeding. 16S amplicon sequencing was performed on the V1-V3 region using the 454 platform 690 

for cecal data. 16S amplicon sequencing was performed on the V4 region using Illumina 691 
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primers for ileal data. For both regions, rarefaction was set to 1,000 reads to control for 692 

sequencing effort. Please see source paper for additional details 13,30. 693 

Figure 3, S3 - The study was performed on 8 to 10 week old male C57BI/6J SPF mice 694 

that were maintained in a 12:12 L:D cycle vivarium. The mice were fed ad libitum with either a 695 

normal chow diet (NCD, Harlan Teklad 2018S, 18% calories from fat, 3.5% crude fiber) or a 696 

37.5% saturated milk fat diet (MFD, Harlan Teklad TD.97222 customized diet). Figure 3 - After 697 

5 weeks of being on the NCD or MFD diet, the mice were sacrificed and the cecal and ileal 698 

contents harvested every 4 hours for 24 hours (n = 3 mice/treatment); organ contents were 699 

flash frozen and stored at -80ºC. Figure S3 - After 5 weeks of being on the NCD or MFD diet, 700 

fecal pellets were collected every 4 hours for 24 hours (n=3 mice/treatment); the fecal samples 701 

were stored at -80ºC. 16S amplicon sequencing was performed on the V4-V5 region using 702 

standard protocols (https://earthmicrobiome.org/protocols-and-standards/) in a High-703 

Throughput Genome Analysis Core (Institute for Genomics & Systems Biology) at Argonne 704 

National Laboratory. Rarefaction was set at 10,000 reads to control for sequencing effort. 705 

Please see the source paper for additional details 11. 706 

Figure S6 - This study was performed on 8 to 12-week old WT C57BL/6 mice that were 707 

maintained in a 12:12 L:D cycle vivarium. The mice were fed a normal chow diet (NCD, Harlan 708 

Teklad 2018S, 18% calories from fat, 3.5% crude fiber) ad libitum for 4 weeks prior to sample 709 

collection. The mice were sacrificed and the luminal and mucosal small intestinal samples were 710 

collected every 4 hours for 24 hours (except for ZT-8, n = 4-5 mice/time point). The samples 711 

were frozen and stored at -80ºC. 16S amplicon sequencing was performed on the V4 region of 712 

the genome. Rarefaction was set to 4,200 reads to control sequencing effort. Please see the 713 

source paper for additional details 28. 714 

Figure 4A-D, S7 - This study was performed on 10 week old Ldlr-/- mice (Jackson Labs) 715 

which were fed a high fat, high cholesterol diet (Research Diets D12109i; Clinton/Cybulsky 716 

high-fat rodent diet, regular casein, 1.25% added cholesterol, 0.5% sodium cholate). During the 717 

experiment, mice were maintained in 12:12 L:D reverse light-cycled cabinets (Phenome 718 

Technologies). Experimental and control groups were both on an atherogenic diet (AD), but 719 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 28, 2022. ; https://doi.org/10.1101/2022.10.26.513817doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.26.513817
http://creativecommons.org/licenses/by-nc-nd/4.0/


one group was fed ad libitum and the other TRF. In TRF, mice were only allowed to eat for 8 720 

hours per day during the dark phase of the day between ZT-13 and ZT-21. Fecal samples were 721 

collected every 4 hours for 24 hours (n=6 mice/condition) after 1 week (early; pre-phenotype) 722 

and after 20 weeks (late; post-phenotype). 16S rRNA was performed on the V4 region using 723 

the Earth Microbiome standard protocol (https://earthmicrobiome.org/protocols-and-724 

standards/). Rarefaction was set at 11,498 reads to control for sequencing effort. 725 

Figure 4E-F - In brief, two groups of ten-week-old male Apoe-/- mice on C57BL/6J 726 

background (002052; The Jackson Laboratory, Bar Harbor, ME) were kept in a 12:12 L:D 727 

vivarium fed a normal chow diet (Teklad Rodent Diet 8604, 14% calories from fat, 4% crude 728 

fiber) before they were switched to an atherosclerotic-promoting diet containing 1.25% 729 

cholesterol and 21% milkfat (4.5 Kcal/g; TD.96121; Envigo-Teklad Madison, WI) starting at 10 730 

weeks of age until the end of the study. Mice in the experimental group were exposed to IHC 731 

conditions as described in Fig 1 and were administered in a computer-controlled atmosphere 732 

chamber (OxyCycler, Reming Bioinstruments, Redfield, NY) for 10 hours per day during the 733 

lights on phase (ZT2-ZT12) for 10 weeks. Mice in the control group were exposed to normal 734 

room air (21% O2 and 0.5% CO2) during that same time period. Fecal samples were collected 735 

twice a week for the duration of the study 34.  736 

Figure S5 - In brief, two groups of five-week-old male Balb/c mice were kept in either a 737 

12:12 L:D or 0:24 L:D vivarium fed a normal chow diet (unspecified in methods) ad libitum. 738 

After two weeks on condition, mice were anesthetized and sacrificed every 4 hours for 24hrs 739 

(n= 4-5 mice per group per time point). Samples from intestinal lumen, mucous layer, epithelial 740 

layer, and cecal contents were collected. The phenol-chloroform method was used for DNA 741 

extraction. 16S rRNA amplicon sequencing was performed on the V4 region. Rarefaction was 742 

set to 1085 reads to control sequencing effort, as performed in the source paper. Please refer 743 

to the source paper for detailed study design and associated protocols 29.  744 

Figure S8 - A total of 12 human subjects underwent 5 days of dietary intervention, 745 

either plant or animal based (n = 10 humans/condition). Patients that underwent both dietary 746 

interventions did so with a 1 month wash-out period in between interventions (10/12 patients; 747 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 28, 2022. ; https://doi.org/10.1101/2022.10.26.513817doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.26.513817
http://creativecommons.org/licenses/by-nc-nd/4.0/


9/10 patients per intervention). Two patients only underwent a single intervention (2/12 748 

patients; one plant, one animal; 1/10). Please refer to the source paper for detailed study 749 

design and associated protocols 35.  750 
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Supplementary Figures:751 

752 

Supplemental Figure 1: Circadian Microbiome Review 753 

A) 2019 Literature Review Summary. Of the 586 articles containing microbiome (16S or 754 

metagenomic) data, found as described in the methods section, the percentage of microbiome 755 

articles from each of the publication groups. 756 

B) The percentage of microbiome articles belonging to each individual journal in 2019. Because757 

the numerous individual journals from Science represented low percentages individually, they 758 

were grouped together. 759 

C) The percentage articles where collection time was explicitly stated (yes: 8 AM, ZT4, etc.), 760 

implicitly stated (relative: “before surgery”, “in the morning”, etc.), or unstated (not provided: 761 

“daily”, “once a week”, etc.). 762 

D) Meta-Analysis Inclusion Criteria Flow Chart. Literature review resulting in the five previously 763 

published datasets for meta-analysis 11,13,27–29. 764 

 765 

 

se 

ly 
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Supplemental Figure 2: Diurnal IHC Weighted UniFrac PCoA and Within-Group 767 

Distances 768 

A) Weighted UniFrac PCoA lateral view, with timepoints as one axis. 769 

B) Weighted UniFrac PCoA stacked view (same as A but different orientation) 770 

C) Full Weighted UniFrac distance matrix heatmap, averaged by timepoint. Red square 771 

indicates within-control group (Air) distances. Blue square indicates within-control group (IHC) 772 

distances. Top and bottom values labeled. 773 

D) Heatmap of mean weighted UniFrac distance values by timepoint, calculated using only 774 

control group (Air) samples. Top and bottom values labeled. 775 

E) Heatmap of mean weighted UniFrac distance values by timepoint, calculated using only 776 

experimental group (IHC) samples. Top and bottom values labeled. 777 

F) Boxplot/scatterplot of within-group weighted UniFrac distance values for the control group 778 

(Air). Zeros (ex. mouse1 ZT2 vs mouse1 ZT2 distance = 0) and duplicate values in the matrix 779 

were dropped. Dotted line indicates the mean of all values presented. No significant differences 780 

found.  781 

G) Boxplot/scatterplot of within-group weighted UniFrac distance values for the experimental 782 

group (IHC). Zeros (ex. mouse1 ZT2 vs mouse1 ZT2 distance = 0) and duplicate values in the 783 

matrix were dropped. Dotted line indicates the mean of all values presented. No significant 784 

differences found.  785 
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 786 

Supplemental Figure 3: Temporal changes in BCD between NCD and MFD 787 

A) Experiment design. C57Bl/6 mice were fed NCD (control) vs MFD ad libitum for 5 weeks 788 

before fecal samples were collected for analysis. Samples were collected every 4 hours for 24 789 

hours (N=3 mice/condition). 790 

B) BCD for fecal samples comparing NCD vs MFD over 24hrs. The dotted line is the average of 791 

all shown weighted UniFrac distances. Significance was determined using the Mann-Whitney-792 

Wilcoxon test two-sided with Bonferroni correction. 793 

C) Heatmap of mean BCD from fecal samples collected from NCD vs MFD mice by time point 794 

over 24hrs. Highest highlighted in brown, lowest highlighted in orange. 795 
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Supplemental Figure 4: Diet and Feeding Pattern Influence Sample Collection Time 797 

Results in the Ileum 798 

A) Experimental design. Mice used are the same as the ones in Fig 2 except this is 799 

unpublished ileal study. Mice were fed either ad libitum or TRF (ZT 13-21) access to HFD and 800 

compared to NCD ad libitum controls. After 8 weeks, ileal samples were collected every 4 801 

hours for 24 hours (N=3 mice/condition). 802 

B) BCD for ileum samples comparing HFD ad libitum vs HFD TRF. Dotted line is the average of 803 

all shown weighted UniFrac distances. Significance was determined using a paired Mann-804 

Whitney-Wilcoxon test two-sided with Bonferroni correction. 805 

C) Heatmap of mean BCD from ileum samples collected from NCD controls and HFD TRF 806 

mice by time point. Highest highlighted in indigo, lowest highlighted in yellow.   807 

D) BCD for ileal samples comparing NCD ad libitum vs HFD ad libitum. Dotted line is the 808 

average of all shown weighted UniFrac distances. Significance was determined using the 809 

Mann-Whitney-Wilcoxon test two-sided with Bonferroni correction. 810 

E) Heatmap of mean BCD from ileal samples collected from NCD controls and HFD TRF mice 811 

by time point. Highest highlighted in indigo, lowest highlighted in yellow. 812 

F) BCD for ileal samples comparing NCD ad libitum vs HFD TRF. Dotted line is the average of 813 

all shown weighted UniFrac distances. Significance was determined using the Mann-Whitney-814 

Wilcoxon test two-sided with Bonferroni correction. 815 

G) Heatmap of mean BCD from ileal samples collected from NCD controls and HFD TRF mice 816 

by time point. Highest highlighted in indigo, lowest highlighted in yellow. 817 

 818 
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 819 

Supplemental Figure 5: Irregular differences in diurnal rhythm patterns leads to 820 

generally minor shifts in BCD when comparing LD vs DD mice.  821 

A) Experimental design. Balb/c mice were fed NCD ad libitum under 0:24 L:D (24hr darkness, 822 

DD) experimental conditions and compared to 12:12 L:D (LD) control conditions. After 2 weeks, 823 

mice from each group were euthanized every 4 hours for 24 hours (N=4-5 mice/condition) and 824 

samples were collected from the proximal small intestine (“jejunum”) and distal small intestine 825 

(“ileum”) contents.  826 

B) BCD for luminal contents of proximal small intestine samples comparing LD to DD mice. 827 

Dotted line is the average of all shown weighted UniFrac distances. Significance was 828 

determined using a paired Mann-Whitney-Wilcoxon test two-sided with Bonferroni correction.  829 

C) BCD for luminal contents of distal small intestine samples comparing LD to DD mice. Dotted 830 

line is the average of all shown weighted UniFrac distances. Significance was determined using 831 

a paired Mann-Whitney-Wilcoxon test two-sided with Bonferroni correction. 832 
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 833 

Supplemental Figure 6: Localized changes in BCD between luminal and mucosal 834 

contents.  835 

A) Experimental design and sample collection for a local site study. Small intestinal samples 836 

were collected every 4 hours for 24 hours (N=4-5 mice/condition, skipping ZT8). Mice were fed 837 

ad libitum on the same diet (NCD) for 4 weeks before samples were taken.  838 

B) BCD for luminal vs mucosal conditions. The dotted line is the average of all shown weighted 839 

UniFrac distances. Significance is determined using the Mann-Whitney-Wilcoxon test two-sided 840 

with Bonferroni correction.  841 

C) Heatmap of mean BCD distances comparing luminal and mucosal by time point. Highest 842 

value highlighted in navy, lowest value highlighted in gold.  843 

D) Experimentally relevant log ratio, highlighting the changes seen at ZT20.  844 

Significance was determined using paired Wilcoxon rank-sum test. Notation: * = p<0.05; ** = 845 

p<0.01; *** = p<0.001, ***** = p<0.00001. 846 

 847 

 848 
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 849 

Supplemental Figure 7: Line plot of the same values presented in Fig 3B. The shaded 850 

region represents the standard error of the mean. The dotted line is the average of all of the 851 

weighted UniFrac distances used to calculate this plot. Some of the shifts seen between early 852 

and late values may be more easily visualized in this format. Early data: MetaCycle, meta2d/LS 853 

method, p=0.0017, amplitude=0.215, period=22.3, adjphase=18.0; Late Data: MetaCycle, 854 

meta2d/LS method, p=0.0128, amplitude=0.198, period=25.7, adjphase=16.2. 855 
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 856 

Supplemental Figure 8: Human data also shows that a non-continuous intervention 857 

affects beta diversity distances over the course of a study. Experimental design: The 858 

patients underwent 5 days of dietary intervention, either plant or animal-based (N=10 859 
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humans/condition): 9/10 patients underwent both dietary interventions after a 1 month wash-out 860 

period, 1/10 patients only underwent a single intervention. See reference (36). 861 

A) Weighted UniFrac β-diversity violin plot using between-group distances for plant and animal 862 

dietary interventions. Each line on the violin plot is a sample value. The dotted line is the 863 

average of all of the weighted UniFrac distances from the time points farthest from the 864 

intervention (-4.0 and 10.0). The shaded area represents time points that are not significantly 865 

different from each other, except as noted. Significance was determined using the Mann-866 

Whitney-Wilcoxon test two-sided with Bonferroni correction. Notation: light gray line = p<0.05; 867 

medium gray line = p<0.01; black line = p<0.0001. 868 

B) Mean weighted UniFrac β-diversity distance heatmap using values calculated between plant 869 

and animal dietary interventions by time point. Highest value highlighted in purple, lowest 870 

highlighted in pink. 871 
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