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Despite advances in gut health research, the variability of important gut markers within individuals 
over time remains underexplored. We investigated the intra-individual variation of various faecal 
gut health markers using an optimised processing protocol aimed at reducing variability. Faecal 
samples from ten healthy adults over three consecutive days demonstrated marker-specific intra-
individual coefficients of variation (CV%), namely: stool consistency (16.5%), water content (5.7%), pH 
(3.9%), total SCFAs (17.2%), total BCFAs (27.4%), total bacteria and fungi copies (40.6% and 66.7%), 
calprotectin and myeloperoxidase (63.8% and 106.5%), and untargeted metabolites (on average 40%). 
For thirteen microbiota genera, including Bifidobacterium and Akkermansia, variability exceeded 30%, 
whereas microbiota diversity was less variable (Phylogenetic Diversity 3.3%, Inverse Simpson 17.2%). 
Mill-homogenisation of frozen faeces significantly reduced the replicates CV% for total SCFAs (20.4–
7.5%) and total BCFAs (15.9–7.8%), and untargeted metabolites compared to faecal hammering only, 
without altering mean concentrations. Our results show the potential need for repeated sampling to 
accurately represent specific gut health markers. We also demonstrated the effectiveness of optimised 
preprocessing of human stool samples in reducing overall analytical variability.

Nowadays the impact of gut health on the maintenance of overall human health is commonly acknowledged1,2. 
So far, gut health research has strongly focused on faecal microbiota composition, because microbiota shifts 
have been correlated to many diseases3,4. Numerous factors like demographics5,6, diet7–9, physical activity10,11, 
medication use12,13, age14,15, health status16, gut transit time17,18, and other environmental factors19 have been 
reported to affect the microbiota. Interestingly, only a minor fraction of inter-individual microbiota differences 
can be explained by such exogenous and intrinsic host factors20.

To provide a comprehensive characterisation of an individual’s gut health status, it is of interest to measure 
a combination of gut health-related markers. For instance, the Bristol Stool Scale (BSS) can be used as proxy 
for faecal water content % (WC%) and intestinal transit time (ITT)17,21,22. Water content is however rarely 
measured23,24. In addition to relative microbiota abundance, absolute microbiota numbers have also been 
suggested to be of importance for the interpretation of microbiota data25–27. Moreover, important other kingdoms 
than bacteria, for instance fungi have been described28,29. Until recently, the importance of the intestinal fungal 
microbiome (“mycobiome”) has been largely unstudied and only constitute 3% of the total microbiome studies30. 
Importantly, while many studies focus on microbiota composition, the microbiota-derived metabolites might 
be the crucial functional regulators in health and disease31–35. One well-known example is the suggested health 
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benefits of short-chain fatty acids (SCFAs)36. Furthermore, branched-chain fatty acids (BCFAs) are mainly 
produced by the microbial fermentation of branched-chain amino acids37, and receive attention in human studies 
more frequently, as potential negative health associations have come to light38,39. Faecal pH is an indicator of 
the intestinal environment, which could be of relevance given its proposed influence on bacterial metabolic 
processes, growth and composition39,40, and is associated with the presence of faecal SCFAs and BCFAs41,42. 
Despite being easily measured with a probe, pH is infrequently assessed in human studies in the context of 
gut health. Furthermore, faecal biomarkers that are (potentially) clinically relevant include the inflammatory 
markers calprotectin and myeloperoxidase (MPO)43,44. Both inflammatory markers are neutrophil proteins, 
with calprotectin commonly used as a biomarker in inflammatory bowel disease (IBD)45, while MPO has been 
highlighted in recent years, as a potential biomarker for inflammation46.

As yet, the intra- and inter-individual variation of most of the abovementioned gut health markers have not 
been well studied in literature. Data from healthy subjects47,48 and patients49 highlight the importance of repeated 
faecal sampling, with three to five consecutive samplings, to capture the intra-individual microbiota variation. 
Additionally, large day-to-day variations in the microbiota composition and diversity within individuals in 
consecutive faecal samples over a six-week period were found48. A longitudinal study suggested that faecal 
microbiota is generally stable over one year, but can undergo rapid and profound changes due to factors like 
traveling50. Even in controlled enclosed environments, the human faecal microbiota was found to be dynamic51.

Additionally, for faecal metabolite evaluation it might be relevant to include repeated faecal samples, because 
the three main SCFAs, acetate, propionate, and butyrate, showed considerable intra-individual variability in 
four human faecal samples collected within a week52. Also, the total SCFAs, and especially butyrate, varied over 
12 weeks in free-living adults53. Moreover, stool consistency variability is high in both inflammatory bowel 
syndrome patients and healthy subjects49. The variability of other gut health markers in consecutive collected 
faecal samples is less well-described. More in-depth knowledge about intra-individual variation in gut health 
markers enhance understanding of the relevance of repeated faecal measurements to control for temporal 
variation. Furthermore, establishing more accurate baseline values of these markers within participants is crucial 
in assessing the actual intervention-induced effects, rather than studying day-to-day variation.

Limitations and differences in faecal sampling- and handling methodology may play a role in the large inter-
individual differences that are reported54,55. Currently, there are no clearly defined standard practices for faecal 
sampling, handling, and analysis in human studies. Often only a single scoop of a few grams of faeces is collected56. 
Optimising gut health analysis using faeces might require adjusted sampling and processing procedures. For 
example, many microbiota-derived metabolites are volatile, sensitive to degradation, and require specific 
solvents54,55,57–63. To measure the microbiota, microbial metabolites, and other gut markers accurately and with 
minimal technical variation, strict faecal sample collection, storage, preparation, and analytical procedures are 
required54,64. These procedures are especially important to reduce variation due to sample handling, which could 
be falsely attributed to biological intra- and inter-individual differences, or give a false indication of the baseline 
versus post-intervention effects on gut health status56.

One important consideration in the sampling procedures is the collection of larger volumes of faeces by the 
participant by taking multiple scoops from different locations of the faeces, because it was previously shown that 
spot sampling rather than collection from the top, middle, bottom or edge positions of the faeces resulted in higher 
microbiota and metabolites variability60,65. Other examples of optimised procedures include keeping samples 
frozen during processing at all times, thus avoiding freeze-thaw cycles and temperature fluctuations, which may 
lead to metabolite degradation and microbial fermentation, and selecting appropriate storage conditions54,66. 
Furthermore, because of the heterogeneity of faeces60,65, applying specific devices to properly homogenise the 
samples becomes crucial. Blenders64 or other milling devices suitable of grinding deep-frozen materials into fine 
powders, such as an IKA mill, are often used in plant metabolomics and soil microbiome research67, while these 
are not often reported in the context of human faeces processing. Nevertheless, homogenising faeces may reduce 
the variation in bacteria abundances and SCFAs levels as compared to non-homogenised faeces65,68.

We investigated the variation of a selected panel of gut markers in healthy adults, with a focus on the intra-
individual variation. Furthermore, the effect of an optimised sample pre-processing procedure, including mill-
homogenisation in liquid nitrogen, on the analysis of gut health markers was evaluated. For this purpose, ten 
participants collected three faecal samples on consecutive days. The optimised faecal sampling, processing 
and storage protocol was applied. The measured gut health markers included BSS, pH, and WC%, microbiota 
composition and diversity, absolute abundance of the total bacteria and fungi, SCFAs, untargeted metabolite 
profiles and specific inflammatory biomarkers.

Results
Subjects and faecal sample collection
Ten healthy adults finished the study, of which 2 males and 8 females. Seven participants collected their stools 
on three consecutive days (Supplementary Table 1), while three participants collected on non-consecutive days.

Variation of a selected panel of gut health markers
The results presented in Fig. 1 reveal the intra-subject variation for a panel of different gut health markers. The BSS 
and pH demonstrated a low CV%intra of 16.5 ± 14.9 and 3.87 ± 1.74, with a moderate test-retest reliability of ICC 
0.74 [0.43–0.92] and ICC 0.56 [0.16–0.85] (Table 1). Water content demonstrated a low CV%intra of 5.74 ± 3.20 
with a low test-retest reliability of ICC 0.37 [-0.01-0.76]. Faecal SCFAs analysis revealed CV%intra of below 30% 
for total SCFAs (17.2 ± 13.8), total BCFAs (27.4 ± 15.2), acetic acid (16.0 ± 11.7), propionic acid (17.8 ± 12.4) 
and butyric acid (27.8 ±17.4). Isobutyric acid, valeric acid, and 4-methyl valeric acid had a CV%intra lower than 
30%, while isovaleric acid, heptanoic acid, and hexanoic acid had a CV%intra higher than 30% (Table 1). Test-
retest reliability scores showed moderate test-retest reliability for total SCFAs (ICC 0.65 [0.29–0.89]), acetic acid 
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(ICC 0.73 [0.41–0.92]) and propionic acid (ICC 0.64 [0.28–0.88]) while butyric acid (ICC 0.40 [-0.01-0.77]) and 
total BCFAs (ICC 0.35 [-0.03-0.74]) showed poor test-retest reliability. To assess whether the genetic potential 
for fermentation and production of SCFAs was less variable compared to the metabolites, microbial pathways 
and enzymes related to fermentation and production of SCFAs in the predicted bacterial genomes were analysed 
(Supplementary Table 2). The CV%intra for pathways and enzymes related to acetic acid, propionic acid, and 
butyric acid production were 22.4 ± 22.3, 23.4 ± 13.3, and 23.1 ± 9.43, respectively. From the 26 pathways and 
enzymes, 14 demonstrated good or excellent test-retest reliability over time (ICCs 0.75-1.0), 10 demonstrated 
moderate test-retest reliability over time (ICCs 0.50–0.75), and two demonstrated poor test-retest reliability. 
Furthermore, high CV%intra were demonstrated by both total fungi (67.0 ± 35.8, corrected by wet weight) and 

Fig. 1.  Intra-individual variation in a panel of gut health markers in faecal samples of healthy subjects 
collected over three consecutive days. The (A) Bristol Stool Scale, (B) water content, (C) pH, (D) acetic 
acid, (E) propionic acid, (F) butyric acid, (G) total fungi, (H) total bacteria, (I) total SCFAs, (J) total BCFAs, 
(K) calprotectin, and (L) MPO are presented as measured in the three faecal samples collected. Data from 
n = 10 participants are presented. For calprotectin, n = 8 subjects had at least one measurement above the 
detection limit of 11.92 µg/g wet weight, and for MPO, also n = 8 subjects had at least one measurement above 
the detection limit of 68.5 ng/g wet weight. Individual participant’s samples are shown by the three dots. 
Participants were instructed to choose only one scale point for the Bristol Stool Scale, but when two types were 
indicated by the participant, the highest of the two scores was included in the analysis.
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total bacteria (40.6 ± 16.9, corrected by wet weight). Total fungi counts showed excellent test-retest reliability 
(ICC 0.90 [0.75–0.97], corrected by wet weight), while total bacteria showed poor test-retest reliability ICC 0.32 
[-0.01-0.71] (corrected by wet weight). Corrections for faecal dry weight demonstrated similar results for both 
the CV%intra and ICC of the total fungi and total bacteria copies compared to corrections for faecal wet weight 
(Supplementary Table 3). Calprotectin showed a high CV%intra of 63.8 ± 69.0 with excellent test-retest reliability 
(ICC 0.92 [0.79–0.98]), and MPO demonstrated a high CV%intra of 106.5 ± 51.1 with poor test-retest reliability 
(ICC 0.37 [-0.03-0.77]) largely driven by variation in participant 10. All markers demonstrated an intra- and 
inter-assay technical variation of < 14% (Supplementary Table 4).

The CV%intra of faecal water content demonstrated significant positive correlations with the CV%intra of 
butyric acid and calprotectin (Supplementary Fig. 1). The CV%intra of stool consistency, assessed by the BSS, 
demonstrated significant positive correlations with the CV%intra of acetic acid, propionic acid, butyric acid, 
hexanoic acid, and the total SCFAs. In summary, all markers except for total fungi, total bacteria, calprotectin 
and MPO, demonstrated a CV%intra of less than 30%. Overall, 8 out of 12 markers demonstrated moderate 
to excellent test-retest reliability, with poor test-retest reliability shown by water content, butyrate, MPO, total 
BCFAs, and total bacteria counts (both wet and dry weight corrections).

Variation in faecal microbiota composition and diversity
The relative microbiota composition was plotted to visualise changes of the top 25 genera at the three consecutive 
timepoints (Fig. 2A). Visualisation of the overall microbiota community revealed clusters based on individuals 
and not per sampling timepoint (Fig. 3A). From the top 25 genera, 13 genera demonstrated CV%intra >30%, with 
CV%intra ranging between 15.1 and 84.4. For all bacteria that were measured on genus level, the mean CV%intra 
was 56.5 ± 9.0, of which 43.1 ± 14.7% of the genera had a CV%intra lower than 30% (Supplementary Table 5). 
Furthermore, 17 bacteria were demonstrating good or excellent test-retest reliability over time (ICCs 0.75-1.0), 
7 genera demonstrating moderate test-retest reliability over time (ICCs 0.50–0.75), and one genus, Akkermansia, 
demonstrating poor test-retest reliability (ICC 0.48 [0.12–0.81], Table  2). Also the faecal microbiota alpha-
diversity was quantified (Fig.  2B), as calculated by the indexes Fisher Diversity, Inverse Simpson, Shannon 
Diversity, Phylogenetic Diversity, and the estimated number of species (Chao1) that had a CV%intra of 13.9 ± 8.19, 
17.2 ± 10.1, 3.42 ± 1.68, 3.27 ± 2.77, and 11.4 ± 5.06, respectively. All demonstrated moderate to good test-retest 
reliability over time, namely ICC 0.55 [0.17–0.84], 0.77 [0.48–0.93], 0.81 [0.56–0.95], 0.87 [0.68–0.96], and 0.61 
[0.25–0.87], respectively. Overall, the microbiota dissimilarity between individuals is much larger compared to 
the day-to-day microbiota variation within individual. The microbiota alpha-diversity per individual within one 
week of consecutive sampling remained stable, but the variability of the bacteria was highly genus-dependent.

Marker

Coefficient of variation % 1

Intra-class correlation coefficient [CI]2
Intra-individual
(CV%intra)

Inter-individual
(CV%inter)

BSS 16.5 ± 14.9 36.9 ± 1.85 0.74 [0.43–0.92]

pH 3.87 ± 1.74 6.47 ± 1.46 0.56 [0.16–0.85]

Water content 5.74  ± 3.20 8.13 ± 0.64 0.37 [-0.01-0.76]

Acetic acid 16.0 ± 11.7 36.1 ± 3.10 0.73 [0.41–0.92]

Propionic acid 17.8 ± 12.4 36.5 ± 8.85 0.64 [0.28–0.88]

Butyric acid 27.8 ± 17.4 37.9 ± 0.72 0.40 [-0.01-0.77]

Valeric acid 27.6 ± 17.5 38.6 ± 3.37 0.33 [-0.05-0.73]

Heptanoic acid 81.5 ± 65.4 108.9 ± 7.76 0.73 [0.41–0.92]

Hexanoic acid 38.2 ±  31.9 93.1 ± 6.59 0.81 [0.55–0.94]

Isobutyric acid 24.9 ± 14.5 36.5 ± 5.65 0.34 [-0.05-0.72]

Isovaleric acid 30.5 ±  16.7 44.1 ± 9.78 0.35 [-0.03-0.74]

4-Methylvaleric acid 26.0 ± 41.8 35.1 ± 0.00 0.12 [-0.39-0.37]

Total SCFAs3 17.2 ± 13.8 34.3 ± 3.39 0.65 [0.29–0.89]

Total BCFAs3 27.4 ± 15.2 40.5 ± 7.97 0.35 [-0.03-0.74]

Total fungi4 67.0 ± 35.8 222.0 ± 16.7 0.90 [0.75–0.97]

Total bacteria4 40.6 ± 16.9 55.0 ± 18.9 0.32 [-0.01-0.71]

Calprotectin 63.8 ± 69.0 125.8 ± 0.68 0.92 [0.79–0.98]

Myeloperoxidase 106.5 ± 51.1 158.7 ± 18.0 0.37 [-0.03-0.77]

Table 1.  Variability of a panel of gut health markers in faecal samples of healthy subjects collected over three 
consecutive days. 1The mean ± SD of CV% the n = 10 participants is shown. 2The 95% confidence interval is 
provided. Participants were instructed to choose only one scale point for the Bristol Stool Scale, but when two 
types were indicated by the participant, the highest of the two scores was included in the analysis. 3The total 
SCFAs include acetic acid, propionic acid, butyric acid, valeric acid, heptanoic acid, hexanoic acid. The total 
BCFAs include isobutyrate, isovalerate and 4-methylvaleric acid. 4The total fungi and bacteria are corrected for 
faecal wet weight.
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Variation of untargeted metabolites
In addition to targeted metabolite analyses, untargeted metabolomics was also applied to investigate the 
variation of all features, which are signals representing chemical compounds measured in the positive or negative 
ionization mode, in the faecal samples. The number of detected features, the pre-processing workflow, and final 
included features can be found in Supplementary Fig. 2. As shown in Fig. 3B, the differences in metabolites within 
individuals are smaller than differences between individuals. For the positive features, the mean CV%intra was 
40.1 ± 4.44, of which 49.1 ± 6.8% of the features had a CV%intra lower than 30% (Table 3). 15.2% demonstrated 
good or excellent test-retest reliability over time (ICCs 0.75-1.0), 37.0% demonstrated moderate test-retest 
reliability over time (ICCs 0.50–0.75), and 47.8% demonstrated poor test-retest reliability (ICC < 0.50, Table 3). 
For the negative features, the mean CV%intra was 41.7 ± 5.43, of which 47.6 ± 7.6% of the features had a CV%intra 
lower than 30%. In comparison, the CV%inter was higher than the CV%intra, namely 76.9 ± 2.18 for the positive 
features, and 89.0 ± 3.52 for the negative features. 24.1% demonstrated good or excellent test-retest reliability 
over time (ICCs 0.75-1.0), 37.3% demonstrated moderate test-retest reliability over time (ICCs 0.50–0.75), and 
38.7% demonstrated poor test-retest reliability (ICC < 0.50).

Fig. 2.  The variation in microbiota composition and diversity in faecal samples of healthy subjects collected 
over three consecutive days. (A) The relative abundance of the faecal microbiota at three consecutive sampling 
timepoints in the ten individuals. The top 25 bacteria on genus level are shown. If genus was not classified, the 
family name (f_) is provided. (B) The microbiota alpha-diversity, measured by the indexes Fisher Diversity, 
Inverse Simpson, Shannon Diversity and the Phylogenetic diversity. Individual participant’s samples are shown 
by the three dots. Data from n = 10 participants are presented.
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The effect of faecal sample preparation on the gut-health related outcome measures
To determine the most appropriate pre-processing procedure per marker, the effect of faecal sample 
homogenisation on the analysis of gut-health markers was investigated using ten replicates from the same pool 
of faeces. Five of these replicates were processed by hammering only, while the other five replicates were mill-
homogenised after hammering (Fig. 4A). Both pH and water content showed a slight reduction in CV% due to 
the additional mill-homogenisation: for pH from 0.43% (hammered-only) to 0.38% (mill-homogenised), and 
for water content from 1.63 to 1.46% (Fig. 4B; Table 4). For 10 out of the 13 markers, the mill-homogenisation 
step reduced the CV% between replicates, while for heptanoic acid, 4-methyl valeric acid and MPO, the CVs 
were increased. Mill-homogenising the faeces reduced the CV% for total SCFAs from 20.4 to 7.53%, and for 
total BCFAs from 15.9 to 7.82%. The CV% for calprotectin decreased from 15.5 to 6.43%, while MPO increased 
from 24.2 to 48.7%. For none of the markers a statistical difference in the mean concentration values between 
hammered-only samples and mill-homogenised samples was observed (P-values > 0.05; Table 4).

We also investigated the effect of faecal sample homogenisation on untargeted metabolomics and the 
microbiota composition. The variation in metabolites in the faecal replicates after mill-homogenising was 
smaller compared to the variation in faecal replicates after hammering only, for both the features detected in 
positive ionization mode (Fig.  4C) and the negative ionization mode (Fig.  4D). For the positive mode, the 
CV%intra (mean ± SD) of all detected features within the faecal mill-homogenised replicates was 15.0 ± 18.0%, 
while the hammered-only replicates showed a CV%intra of 16.5 ± 18.3%.For the negative mode features, the 
CV%intra (mean ± SD) for all metabolites was 12.1 ± 13.1% within the faecal mill-homogenised replicates, while 
the hammered-only replicates had a CV%intra of 15.3 ± 19.3%. The overall variability within the hammered-only 
and mill-homogenized groups was not significantly different for either the positive features (P-value = 0.35) or 
negative features (P-value = 0.32). However, visual inspection showed that the distances to the centroid were 
smaller in the mill-homogenized group compared to the hammered-only group (Supplementary Fig.  3). To 
determine the effect of milling on microbiota analysis, first we evaluated the potential fragmentation of DNA, 
and based on agarose gel analyses it was observed that faecal sample mill-homogenising did not cause DNA 
fragmentation. The mean (± SD) correlation of the microbiota composition in the hammered-only and mill-
homogenised faeces at timepoint one within individual was 0.92 ± 0.07 (Supplementary Table 6). In comparison, 
the technical replicates, which was the same microbial DNA included in all consecutive PCR- and sequencing 
steps, showed a comparable correlation of 0.96 ± 0.03. The overall microbiota composition between the mill-
homogenised and hammered-only faeces was not significantly different (PERMANOVA P-value = 0.96), 
and visualisation of the overall microbiota community did not reveal clusters based on mill-homogenised or 
hammered-only faeces (Supplementary Fig. 4). Overall, we showed the added value of the mill-homogenising 
step for targeted metabolite analyses, since it reduced the variation of SCFAs and BCFAs and untargeted 

Fig. 3.  Variation in faecal microbiota and metabolite profiles in faecal samples of healthy subjects collected 
over three consecutive days. (A) The PCoA plot visualises the microbiota variation between the three 
consecutive timepoints per subject the beta-diversity was calculated using Weighted UniFrac. (B) The PCA 
scores plot based on all metabolites measured in both positive and negative ionization modes. The 95% 
confidence ellipses are shown, coloured according to the ten individuals. PCA: Principal Component Analysis, 
PCoA: Principal Coordinate Analysis.
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metabolomics in samples obtained from the same faecal pool, and the mill-homogenising did not impact the 
microbial DNA and composition.

Discussion
Variability in gut health markers is marker specific
The main aim of this study was to evaluate the intra-subject variation of selected faecal gut health markers in 
three faecal samples collected on consecutive days in healthy adults. This marker panel included BSS, pH, WC%, 
inflammatory biomarkers, total bacteria and fungi copies, microbiota composition and diversity, SCFAs, BCFAs, 
and untargeted metabolomics. Most markers had a CV%intra less than 30%. This included technical intra-assay 
variation, which ranged from 0.49 to 14%. We also reported ICC, but emphasized CV% for interpretation. ICC as 
a marker of test-retest reliability compares intra-individual variability to inter-individual variation of the sample 
population, providing a ratio of the variance components. This indicates the relative contributions of different 
sources of variability. Several markers showed a relatively high intra-individual variability, but nevertheless a 
good test-retest reliability, due to the ratio with inter-individual variation.

We found that stool consistency, as measured by BSS, had a low intra-individual variability of 17% (range 
0–43%), comparable to previous findings of 0–58% over 9 days in healthy adults41. However, our moderate 
test-retest reliability score (ICC 0.74) contrasts with a study by Vork et al., showing lower test-retest reliability 
in healthy adults over 7 consecutive days (ICC 0.28)49. The BSS test-retest reliability may decrease at the 
boundaries of constipation (type 2/3) or diarrhoea (type 5/6)23,69, so the median stool form type 4 may have 
contributed to better test-retest reliability in our study. Faecal water content, a more objective measure of stool 

Coefficient of variation 1%

Intra-class correlation coefficient [CI]2Intra-individual (CV%intra)
Inter-individual
(CV%inter)

Bacteria3

Faecalibacterium 21.5 ± 11.4 54.7 ± 9.33 0.79 [0.52–0.94]

Bacteroides 28.1 ± 23.4 86.0 ± 7.48 0.91 [0.76–0.97]

Prevotella_9 35.7 ± 29.8 117.7 ± 4.29 0.85 [0.64–0.96]

Blautia 15.1 ± 9.21 48.4 ± 12.9 0.79 [0.53–0.94]

f_Lachnospiraceae_g 29.6 ± 18.9 79.1 ± 3.14 0.80 [0.54–0.94]

Bifidobacterium 45.1 ± 49.9 84.9 ± 9.18 0.81 [0.60–0.95]

Subdoligranulum 15.3 ± 21.0 69.5 ± 4.93 0.96 [0.89–0.99]

Ruminococcus 26.5 ± 17.3 82.8 ± 7.03 0.84 [0.61–0.95]

Anaerostipes 25.3 ± 17.6 88.4 ± 5.53 0.93 [0.81–0.98]

Collinsella 29.1 ± 23.1 80.1 ± 0.58 0.85 [0.63–0.96]

Fusicatenibacter 21.0 ± 10.8 48.8 ± 2.52 0.77 [0.49–0.93]

Roseburia 36.7 ± 14.6 94.9 ± 25.6 0.69 [0.37–0.90]

Dialister 35.2 ± 19.5 168.2 ± 24.0 0.79 [0.52–0.94]

[Eubacterium]_hallii_group 15.4 ± 12.7 55.3 ± 5.43 0.90 [0.73–0.97]

Alistipes 41.2 ± 27.6 72.6 ± 14.5 0.60 [0.23–0.87]

Clostridium_sensu_stricto_1 84.4 ± 62.1 264.7 ± 7.82 0.98 [0.95-1.00]

Dorea 15.5 ± 6.71 64.5 ± 8.77 0.86 [0.65–0.96]

Parabacteroides 38.5 ± 25.5 73.9 ± 13.8 0.65 [0.29–0.89]

Holdemanella 31.3 ± 3.72 186.4 ± 11.7 0.88 [0.69–0.96]

UCG-002 32.5 ± 17.1 61.8 ± 2.24 0.69 [0.37–0.90]

Coprococcus 29.2 ± 19.4 84.3 ± 15.7 0.59 [0.23–0.86]

Akkermansia 82.0 ± 45.0 161.8 ± 29.2 0.48 [0.12–0.81]

Erysipelotrichaceae_UCG-003 45.8 ± 38.0 98.5 ± 12.4 0.69 [0.34–0.90]

Sutterella 36.7 ± 26.4 106.6 ± 27.8 0.67 [0.32–0.89]

Barnesiella 49.3 ± 51.1 101.8 ± 5.16 0.85 [0.60–0.96]

Alpha-diversity and richness

Fisher Diversity 13.9 ± 8.19 25.1 ± 6.31 0.55 [0.17–0.84]

Inverse Simpson 17.2 ± 10.1 40.2 ± 8.33 0.76 [0.48–0.93]

Shannon Diversity 3.42 ± 1.68 8.81 ± 0.69 0.81 [0.56–0.94]

Phylogenetic Diversity 3.27 ± 2.77 12.8 ± 1.09 0.87 [0.68–0.96]

Chao1 11.4 ± 5.06 20.1 ± 1.68 0.61 [0.25–0.87]

Table 2.  The variation in the top 25 bacteria on genus level and microbiota diversity in faecal samples of 
healthy subjects collected over three consecutive days. 1The mean ± SD of the n = 10 participants is shown. 2The 
95% confidence interval is provided. 3If genus was not classified, the family name (f_) is provided.
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consistency, had a lower intra-individual variability of 6% (range 1–11%), contrasting with a slightly wider range 
of 2–24% CV%intra in 61 healthy individuals41. Despite moderate test-retest reliability (ICC 0.62) in previous 
literature over 7 consecutive days in healthy controls49, we found poor test-retest reliability (ICC 0.37) likely 
due to the relatively low inter-individual variation in comparison to the intra-individual variability. Overall, we 
confirmed low variation when using BSS scores in healthy participants with mostly stool consistency types 3 or 
4. Additionally, a single measure of water content is sufficient, and offers less variability than BSS. Studies that 

Polarity Variability Mean CV% of features ± SD
Mean CV% of 
features ± SD

% of features 
with < 30 
CV%

Mean 
% of 
features 
with < 30 
CV% ± 
SD

Positive features 
(total n = 4517)

Intra-individual

Subject 1 39.1 ± 30.5

40.1 ± 4.44

47.4

49.1 ± 6.80

Subject 2 46.3 ± 37.0 41.6

Subject 3 38.8 ± 32.8 52.2

Subject 4 44.1 ± 32.2 41.0

Subject 5 40.0 ± 35.1 51.3

Subject 6 36.1 ± 29.4 53.0

Subject 7 42.5 ± 31.3 42.9

Subject 8 33.4 ± 29.4 60.9

Subject 9 45.7 ± 35.5 43.8

Subject 10 35.4 ± 30.5 56.5

Inter-individual

Timepoint 1 79.3 ± 51.9

76.9 ± 2.18

17.3

18.0 ± 1.13Timepoint 2 76.2 ± 48.6 17.4

Timepoint 3 75.1 ± 51.9 19.3

Intra-class correlation 
coefficient % of features

Good or excellent test-retest 
reliability (ICCs 0.75-1.0) 15.2

Moderate test-retest reliability 
(ICCs 0.50–0.75) 37.0

Poor test-retest reliability 
(ICCs < 0.50) 47.8

Negative features
(total n = 1154)

Variability Mean CV% of detected features ± SD Mean CV% of 
features ± SD

% of features 
with < 30 
CV%

Mean 
% of 
features 
with < 30 
CV% ± 
SD

Intra-individual

Subject 1 40.9 ± 30.1

41.7 ± 5.43

43.3

47.6 ± 7.64

Subject 2 49.1 ± 38.0 42.9

Subject 3 37.0 ± 30.4 53.5

Subject 4 44.3 ± 30.6 39.5

Subject 5 47.9 ± 38.6 43.2

Subject 6 39.3 ± 29.9 49.9

Subject 7 46.2 ± 34.9 40.9

Subject 8 32.3 ± 28.2 62.7

Subject 9 43.1 ± 31.8 43.6

Subject 10 36.5 ± 31.7 56.0

Inter-individual

Timepoint 1 90.9 ± 56.7

89.0 ± 3.52

8.67

8.43 ± 1.91Timepoint 2 91.1 ± 55.3 6.41

Timepoint 3 84.9 ± 55.1 10.2

Intra-class correlation 
coefficient % of features

Good or excellent test-retest 
reliability (ICCs 0.75-1.0) 24.1

Moderate test-retest reliability 
(ICCs 0.50–0.75) 37.3

Poor test-retest reliability 
(ICCs < 0.50) 38.7

Table 3.  The variability of the metabolites in faecal samples of healthy subjects collected over three consecutive 
days expressed as measured with coefficient of variation and the inter-class correlation coefficient.

 

Scientific Reports |        (2024) 14:24580 8| https://doi.org/10.1038/s41598-024-75477-z

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


wish to account for stool consistency may consider including faecal water content as objective and less variable 
measure. Furthermore, faecal pH, reflecting distal colonic pH39, showed a low intra-individual variability (1–
7%), comparable to findings elsewhere (0–8%), showing that faecal pH was the most stable over 9 days compared 
to other gut markers41. We also found a that intra-individual variability in pH was positively correlated with 
intra-individual variability in some faecal SCFAs. We conclude that a single faecal pH measurement is sufficient 
due to minimal variation and overall stability.

There was moderate intra-individual variability in the concentrations of faecal acetate, propionate, and 
butyrate. Of these three SCFAs, butyrate showed the highest intra-individual variability (28%), followed by 
propionic acid (18%), and acetic acid (16%). These findings are consistent with previous findings in faeces 
collected over three days65. Heptanoic, hexanoic, and isovaleric acid had intra-individual variabilities above 

Fig. 4.  Comparison of variation of faecal pre-processing methods within replicate of the same pooled faecal 
sample. (A) Replicates (n = 10) of a pooled faecal sample, of which 5 were pre-processed by hammering-only, 
and 5 by both hammering and mill-homogenising. (B) The coefficient of variation percentage as calculated 
within the replicates of hammered-only samples (circles) and within replicates of mill-homogenised 
samples (triangles). (C,D) The untargeted metabolomics PCA scores plot based on features detected in 
positive ionization mode (C) and in negative ionization mode (D) of the hammered-only (circles) and mill-
homogenised replicates (triangles).
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30%. For heptanoic acid, the higher variability may be explained by the very low faecal concentrations. Others 
reported that faecal SCFAs and BCFAs concentrations fluctuated considerably from day-to-day (CVintra range 
26–40%), with valerate varying the least and acetate the most41. We found a significant positive correlation 
between intra-individual variability of faecal water content and intra-individual variation of total SCFAs and 
butyric acid, highlighting the relevance of including faecal water content as a potential confounding factor 
in metabolite measurements, also demonstrated by others53,70. BCFAs showed more variable intra-individual 
responses than SCFAs (CV%intra of 27% versus 17%). A single faecal measurement likely suffices for acetate, 
propionate, butyrate, or total SCFAs and BCFAs, with water content correction potentially reducing butyrate 
variability.

Furthermore, we found high intra-individual (67%) and inter-individual (222%) variation in total fungi 
copies. Analysis of intra-individual variability in fungi is sparse, however, previous studies indicate that a large 
number of the faecal fungi is transient71–73, mainly derived from dietary consumption and passage from the oral 
cavity and skin71,72,74–76. While we did not investigate variability of specific fungi species, others indicated that 
the occurrence of the same fungi in faeces of healthy volunteers at two timepoints 13–16 weeks apart was less 
than 20%71. We similarly demonstrated high intra-individual variability of 40% (range 13–59%) in total bacteria 
copies, but with notably lower inter-individual variation (55%) compared to total fungi copies. Our results are 
similar to findings by Procházková et al., demonstrating an intra-individual variability range of 8–73% in total 
faecal bacterial load over 9 consecutive days, despite their use of a different quantification technique, namely 
flow cytometry41. The high variability may be explained by intestinal transit time that strongly correlates 
with bacterial mass77,78, but we could not confirm a correlation between variability of total bacteria and stool 
consistency. Additionally, correction for faecal dry weight compared to wet weight did not affect total bacteria 
and fungi counts variability. Overall, caution is warranted in interpreting single measurements of total bacteria 
and fungi abundances, and averaging total bacteria and fungi copies from multiple samples is recommended. 
Further investigation into specific bacteria and fungi abundances within- and between individuals is warranted.

Both inflammatory markers, calprotectin (64%) and MPO (107%), showed high intra-individual variability. 
Calprotectin’s variability aligns with previous studies in inflammatory bowel disease (IBD) patients (variabilities 
of 54% within four days, 39% within two days, and 36% within two days79–81) and healthy controls (38% in two 
non-consecutive samples 1–2 weeks apart45). Due to demonstration of diurnal variation by calprotectin, some 
studies recommend always sampling from the first stool sample of the day to reduce variation82. We did not 
account for the time of day in faecal sampling. However, stool frequency in our study was typically no more than 
one stool per day, and other studies have shown reliability of calprotectin concentrations regardless of sampling 
in the morning or evening80. Other factors that may affect calprotectin concentrations variability are stool 
volume and hydration79, and stool consistency82. In our study, we found a significant correlation between the 
variability of calprotectin and faecal water content, which suggests the importance of including stool consistency 
in explaining the day-to-day calprotectin variation, also according to international consensus83. We conclude 

Hammered-only
(n = 5 replicates)

Mill-homogenised
(n = 5 replicates)

Pre-
processing 
comparison

Coefficient of variation % 
between replicates1 Mean ± SD

Coefficient of variation % 
between replicates1 Mean ± SD P-value2

pH 0.43 7.46 ± 0.03 0.38 7.45 ± 0.03 0.63

Water content % 1.63 71.3 ± 1.16 1.46 71.4 ± 1.04 1.00

Acetic acid (µmol/mg) 23.1 3.79 ± 0.88 8.29 4.18 ± 0.35 0.44

Propionic acid (µmol/mg) 19.0 1.36 ± 0.26 6.79 1.53 ± 0.1 0.19

Butyric acid µmol/mg 17.6 1.59 ± 0.28 7.95 1.81 ± 0.14 0.19

Valeric acid (µmol/mg) 15.0 0.25 ± 0.04 8.20 0.28 ± 0.02 0.13

Heptanoic acid (µmol/mg) 14.5 0.01 ± 0 24.3 0.01 ± 0 0.81

Hexanoic acid (µmol/mg) 14.8 0.12 ± 0.02 9.80 0.14 ± 0.01 0.06

Isobutyric acid (µmol/mg) 16.7 0.19 ± 0.03 7.05 0.21 ± 0.01 0.19

Isovaleric acid (µmol/mg) 15.9 0.3 ± 0.05 8.25 0.34 ± 0.03 0.13

4-methyl valeric acid (µmol/mg) 6.54 0.01 ± 0 12.5 0.01 ± 0 0.19

Total SCFAs (µmol/mg) 20.4 7.12 ± 1.45 7.53 7.96 ± 0.60 0.19

Total BCFAs (µmol/mg) 15.9 0.5 ± 0.08 7.82 0.56 ± 0.04 0.19

Calprotectin (µg/g) 15.5 53.5 ± 8.27 6.34 48.2 ± 3.06 0.19

Myeloperoxidase (ng/g) 24.2 243 ± 58.9 48.7 273 ± 133 1.00

All metabolites positive ionization mode 17.8 ± 19.7 Not quantified 16.6 ± 19.8 Not quantified N.A.

All metabolites negative ionization 
mode 16.1 ± 18.7 Not quantified 12.9 ± 13.3 Not quantified N.A.

Table 4.  Comparison of faecal pre-processing methods within replicates from a pooled sample that were 
either hammered-only or mill-homogenised. 1The CV% as calculated within the respective replicates of either 
hammered-only (n = 5) or mill-homogenised (n = 5) samples. 2Groups were compared using the Wilcoxon 
signed-rank test.
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that more than one sample of calprotectin is likely needed to accurately quantify calprotectin levels. Further 
investigation into correcting calprotectin concentrations by faecal water content to account for intra-individual 
variability is needed. The high intra-individual variability of MPO was consistent with previous variability (20–
80%), likely due to difficulties with extracting tightly-bound MPO from the solid stool fraction84. In our healthy 
participants we expected low levels of intestinal inflammation, and indeed only one individual had detectable 
MPO concentrations in all faecal samples, while five participants had only detectible levels at two timepoints. 
Therefore, the reliability of the variability of MPO in healthy individuals might not be well illustrated in our 
small sample size. Despite this, our results indicate that gut inflammation as measured by MPO, is likely to 
be highly variable in individuals. Future studies incorporating MPO may require multiple faecal samples for 
accurate interpretation of gut inflammation.

Next, we analysed the variability in the microbiota composition and diversity, and in the overall metabolome 
using untargeted LCMS-based metabolomics. We demonstrated an overall mean CV%intra of 57% for all 
microbiota genera within one week. Previously, substantial intra-individual ecological variability longitudinally 
over 6 weeks to 6 years was seen48,85,86. In line with our results, most genera showed significant day-to-day 
variability within individuals, with 72% of all genera demonstrating more than a tenfold change in abundance 
between consecutive faecal samples48. We similarly demonstrated that intra-individual variability is genus-
specific. Notably, genera with the highest relative abundance, Prevotella, Alistipes, Roseburia, Akkermansia, 
Parabacteroides, Bifidobacterium, Dialister, Clostridium sensus stricto 1, Holdemanella, UCG-002, Sutterrella, 
Banesiella demonstrated high intra-individual variability of above 30%. Clostridium_sensu_stricto_1 (Clostridium 
ss1)87–89 demonstrated the highest intra-individual variability (84%), followed by Akkermansia(82%). As yet, 
there are no publications describing the variation of Clostridium ss1 as a cluster. Recent interest in the probiotic 
potential of Clostridium butyricum, one species of this cluster, may however, lead to further investigation90,91. 
Akkermansia was the only genus in the top 25 genera with a low test-retest reliability measure (ICC 0.48). 
A. muciniphilia is frequently cited due to its association with beneficial health outcomes92,93. Despite the 
composition variability in our study, the overall microbial diversity remained stable, which is in line with 
previous findings demonstrating the stability of intra-individual alpha-diversity over one week49, but in contrast 
to substantial alpha-diversity Shannon index changes in individuals over six weeks (33%)48. We conclude that 
despite the relative stability in microbial community, large genus-specific variation is seen. In comparison to 
the high intra-individual microbiota composition variation, the untargeted metabolomics results showed lower 
variation, with mean CV%intra of 40% and 41% for features detected in positive and negative ionization mode, 
respectively. Less than half of all features had CV%intraof < 30%, indicating a relatively high day-to-day variation 
in faecal metabolite composition within individuals. The intrinsic dynamics of the microbiota, as well as external 
factors such as habitual diet, could introduce bias in clinical studies48,85,86. We demonstrated that this bias may be 
pronounced on a day-to-day basis when considering specific genera individually. Studies targeting Akkermansia 
as well as other genera with high intra-individual variability, such as Bifidobacterium, which are of interest in 
pre- and probiotic studies, should consider multiple timepoint sampling for accurate assessment. Additionally, 
future research should confirm intra-individual variability in absolute abundances of these genera, as it may 
differ from relative abundances48.

Overall, the intra-individual variability of most of the targeted gut-health markers within subjects was lower 
than the inter-individual variation between individuals, indicating that the inferences made from analysis of a 
single timepoint faecal sample should be reliable in the general population. Additionally, we propose that when 
considering single sampling versus multiple sampling at specific timepoints in studies, the specific gut-health 
outcomes of primary interest in a study should be taken into account. If genera or markers with high intra-
individual CV% are the primary focus of a study, averaging multiple samples may provide a more accurate 
assessment of intervention effects, compared to relying on a single faecal sample only.

Mill-homogenisation during faecal pre-processing decreased variability of gut health 
markers in faecal replicates
We assessed the impact of an improved sample pre-processing procedure, including additional homogenisation 
of the frozen hammered faeces into a fine powder using a dedicated liquid nitrogen-cooled mill, on the 
outcome of measured gut health markers. Compared to sample hammering-only, the additional mill-
homogenisation step reduced the CV% between replicates from the same faecal pool for most targeted gut 
health markers, except for heptanoic acid, 4-methyl valeric acid, and MPO. Our findings corroborate previous 
studies indicating that homogenisation can decrease the variability in microbiota composition65,68, and SCFA 
levels65. Importantly, there were no significant differences in mean marker concentrations between replicates 
processed by hammering-only and those subjected to mill-homogenisation. Previous methods, such as manual 
homogenisation with sterile plastic scoops65, hand homogenisation53, homogenisation in saline buffers using 
commercial grinders94, or preparing faecal slurries95 are likely less labour-intensive than our proposed mill-
homogenisation method. However, in contrast to our method, which includes a mill that can be cooled with 
liquid-nitrogen, these other methods do not allow homogenisation of deep-frozen faeces and thus intrinsically 
incorporate potentially destructive freeze-thaw cycles. Additionally, another study found reduced variability by 
homogenising entire stool samples in liquid nitrogen and subsampling from the crushed powder, also allowing 
them to be kept frozen68. Hsieh et al. compared randomly sampled fresh and frozen stools that were either not 
milled at all or milled in a blender or homogenised with a pneumatic mixer, and concluded that homogenisation 
by any method reduced the microbiota variability64. So, for a reduction in measurement variability an adequate 
sample homogenisation step is preferred and both fresh and frozen stools can be used. However, to prevent 
microbiome and metabolome changes after sampling, stools should be frozen as soon as possible and then 
always kept frozen. Storage of homogenised fine faecal powders, rather than as complete stools or roughly 
hammered faecal pieces, allows multiple representative aliquoting of the same sample for complementary and 
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repeated analyses. Avoiding thawing of stool samples before microbe or metabolite extraction is key to prevent 
any thawing-induced metabolic activity and related changes in the microbiome and metabolome of the specific 
sample. The currently used grinder (an IKA A11 Basic Analytical Mill) required thorough cleaning between 
faecal samples, which is time consuming. Alternative grinders like the IKA Tube Mill 100 control in combination 
with disposable plastic grinding chambers pre-filled with dry ice could streamline this process. Regarding the 
two protein markers, mill-homogenisation had no significant impact on their concentrations, while the CV% 
was decreased for calprotectin and increased for MPO, as compared to hammering-only. Previously, for other 
tissue matrixes (carcinoma tissues) ball milling was compared to classic tissue pulverization using mortar and 
pestle, and no differences in protein quality and concentrations were observed96. The differential effects of mill-
homogenisation on the CVs for protein inflammation markers need further validation and verification by also 
analysing other proteins that are relevant for gut health, such as immunoglobulin A, lipocalin, and β-defensins97. 
Previously, it has been shown that the intra-stool CV% of calprotectin in three single stool punches ranged 
between 13 and 27% (median 17%), of which the authors concluded that a single-stool punch would be reliable 
for faecal calprotectin measurement81. We found a similar CV% for this protein for the hammered-only samples, 
but showed that mill-homogenising has the potential to further reduce the CV% to only 6%. Overall, mill-
homogenisation added value, particularly in the analysis of faecal metabolites, by reducing variation of SCFAs, 
BCFAs, and untargeted metabolites within samples obtained from the same faecal pool. The proposed milling 
method can eliminate potential subsampling bias arising from heterogeneous distribution of some gut health 
markers in faeces. This finding also underscores the importance of applying adequate sample pre-processing 
techniques to avoid potential erroneous conclusions regarding study outcomes.

Limitations of the study
Study strengths included the comprehensive assessment of a series of gut health markers as well as both the 
microbiota and the global metabolome of human stools, which is particularly innovative within the context 
of intra-individual variability studies. More in-depth insights in the intra-individual stool variability is also 
key to studies focusing on inter-individual variability. A diverse range of gut health markers, both established 
and less frequently measured like total bacteria and fungi, provided a multifaceted understanding of gut health 
marker variability. The optimised faecal sampling procedure, from collection to pre-processing into frozen 
powders, ensured that the observed variability can be primarily attributed to individual differences rather than 
methodological and analytical inconsistencies. Furthermore, the proposed mill-homogenisation method was 
validated using pooled faecal samples, and offers standardization benefits for future research. However, limitations 
of the present study include a relatively small participant group with mainly female participants, thereby limiting 
the generalizability and highlighting the necessity for future studies to validate currently obtained results in larger 
gender-balanced cohorts. Another study limitation is that the exact time of faecal collection was not recorded, 
making it impossible to quantify the time interval between faecal sample collection and the potential effect of 
diurnal variation. Additionally, in healthy adults with minimal gut inflammation, markers such as calprotectin 
and MPO may have limited relevance. The current focus on sampling stools on consecutive days overlooks 
potential within-day variations, as shown previously by others65, limiting our understanding of even shorter-
term variability. For the faecal SCFA analyses, we did not include freeze-drying of the faecal samples. However, 
recent literature suggests that lyophilisation may further minimize within-sample variation, and increased faecal 
SCFAs stability98. The lack of detailed background information on the volunteers, including dietary records 
and medication use, does not allow for explanation of potential causes of the observed variation in assessed 
gut health markers. Known factors influencing variability of microbial metabolites and other health markers 
include for instance metabolite absorption rates in the intestine, GI transit time, responses to diet, microbiota 
composition, colonic pH, and time since last meal37–39,71,78,99,100. In the present study we only included water 
content and stool consistency as proxies for transit time, where future studies should include direct measures101 
to account for microbiota and metabolite variation. Future research aiming for a more comprehensive analysis 
should aim to incorporate these factors potentially influencing gut marker variation.

Conclusions
In conclusion, our study revealed that most of the selected gut-health markers in stools exhibited a low intra-
individual variability, except for total fungi, total bacteria, calprotectin, MPO and certain microbiota genera. 
Notably, high intra-individual variability was observed in several commonly measured genera, including 
Prevotella_9, Bifidobacterium, Roseburia and Akkermansia. Microbiota alpha-diversity within individuals 
remained stable over a week of consecutive stool sampling, and microbiota variability was genus-dependent. 
Our findings help determine whether a single faecal sample or multiple samples are needed for accurate 
marker representation. Additionally, our optimised sample pre-processing, including mill-homogenisation of 
frozen stools, effectively reduced the variation in faecal metabolites. Therefore, we conclude that faecal mill-
homogenisation mitigates the analytical variability in metabolites and eliminates subsampling bias that may 
result from a heterogeneous distribution of certain gut health markers in human faecal samples.

Methodology
Study participants and ethics approval
Ten healthy adults were recruited from Wageningen, the Netherlands. Exclusion criteria were antibiotic use 
within the three months before study start, and the presence of gastrointestinal disorders. The Medical Ethical 
Reviewing Committee of Wageningen University (METC-WU) evaluated this study, and concluded that no 
ethical approval was needed as this research does not fall within the remit of the Dutch Medical Research 
Involving Human Subjects Act. The subjects gave written informed consent for the use of their faeces. All 
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specimens were used and coded anonymously. The human faecal samples were dealt with according to the Dutch 
code of conduct for health research.

Faecal sample collection
Participants collected faecal samples on three consecutive days, or alternatively at three timepoints as close 
as possible to each other within one week. The collection occasions can be found in Supplementary Table 
1. Participants collected faeces at home using a faecal collection paper (Faecesvanger, Tag Hemi VOF, The 
Netherlands) and 55 × 44  mm polypropylene collection containers with a collection scoop integrated into 
the screw cap (Sarstedt, Nümbrecht, Germany). Participants were instructed to collect from three different 
topographical locations of the faeces, and to fill the container until two-thirds. Directly after collection, samples 
were stored at -20 °C at home, for maximally seven days. Afterwards, samples were transported under frozen 
conditions, in Styrofoam containers with ice packs, to the research facility and were immediately stored at -80 °C 
upon arrival. Participants indicated for each faecal sample the date and timepoint of sample collection, the 
number of stools passed per day, and the stool consistency on a Bristol Stool Scale (BSS). This scale describes 
seven types of stools ranging from 1: hard/lumpy to 7: watery without solid pieces.

Faecal sample processing
Faecal samples were processed under frozen conditions in two phases. First, frozen samples were crushed with 
a dead-blow hammer (Performance Tool Dead-Blow Hammer, Wilmar Corporation) into smaller particles 
of approximately 0.5 cm2. During the hammering, samples were always kept frozen using dry ice and liquid 
nitrogen. The hammered sample was stored at -80 °C, and 20 g of the hammered faeces was additionally mill-
homogenised in a IKA A11 Basic Analytical Mill (Sigma-Aldrich, Darmstadt, Germany). Samples were always 
kept on dry ice. Liquid nitrogen was applied to the samples during both the hammering and milling steps to 
ensure they remained in a deeply-frozen state. Between homogenisation of samples, the mill was thoroughly 
cleaned using milli-q water and ethanol. Liquid nitrogen and dry ice were used to ensure the faeces always 
remained deeply frozen. Processed samples were stored at -80 °C. Subsequent aliquoting and weighing faeces 
for consecutive analyses were also performed under frozen conditions. Samples were thawed only if indicated 
for specific downstream analysis. For all analyses, except for the protein biomarker analyses, mill-homogenised 
samples were used. All faecal sample analyses from the same individual for all measurements were performed 
within the same batch.

Evaluation of the effect of mill-homogenisation using pooled faeces
To determine whether IKA milling affected outcome measures, 10 replicates of 1–2 gram faeces were made 
from a pooled sample of 15 gram faeces obtained from all ten participants. Afterwards, five replicates were then 
processed by hammering only, while five replicates were both hammered and mill-homogenised. For all markers 
of interest, comparison was made between the CV% within the five hammered-only replicates or the five mill-
homogenised replicates. For the microbiota comparison only, the mill-homogenised samples and hammered-
only samples of timepoint 1 of all participants were compared. To determine the effect of milling on DNA 
integrity, DNA was isolated from hammered-only and mill-homogenised samples. Afterwards, the DNA was 
checked on agarose gels (1%) using electrophoresis (100 V, 60 min) and ethidium bromide to check potential 
DNA degradation.

Water content and pH measurement
For faecal water content measurement 1 gram of mill-homogenised faecal sample was placed on an aluminium 
dish (VWR Aluminium smooth weigh dish 57 mm, VWR International, USA) and dried at 95 °C for a minimum 
of 48 h by vacuum drying (Heraeus D-6450 vacuum oven). Samples were weighed before and after drying. The 
water content percentage was determined as follows: 100-[dry weight (g)/wet weight (g)*100]. For faecal pH 
measurement 1 gram of mill-homogenised faecal sample was diluted in 10 mL milli-q water. Samples were 
homogenised for 15 min on a horizontal shaker (Universal shaker SM-30, Edmund Bühler GmbH, Bodelshausen, 
Germany) and centrifuged (5292 xg, 10 min, RT) before measurement. The pH of the supernatant was measured 
using a PCE-228-R meter (PCE Instruments, Enschede, The Netherlands) modified on the method described 
elsewhere102.

Protein biomarkers
Concentrations of faecal protein biomarkers were measured using enzyme-linked immunosorbent assay 
(ELISA) for MPO (Immundiagnostik, Bensheim, Germany), and calprotectin (Immundiagnostik) according 
to manufacturer’s instructions. For each assay, 60 ± 6 mg of hammered-only faeces was dissolved in extraction 
buffer (IDK Extract, Immundiagnostik) and further processed according to manufacturer’s instructions.

Short chain and branched chain fatty acids
The SCFAs (acetic acid, propionic acid, butyric acid, valeric acid, heptanoic acid, hexanoic acid) and BCFAs 
(isobutyric acid, isovaleric acid, 4-methylvaleric acid) levels were measured using gas chromatography with 
flame ionization detection (GC-FID) using 8690 GC system (Agilent, Amstelveen, the Netherlands) and a 
Restek Stabilwax-DA column (Restek Corporation, United States) as described by Lotti et al.103 with minor 
adjustments. In short, 40–50 mg of mill-homogenised faeces was weighed off in duplicate and 990 µL methyl 
tert-butyl ether, 10 µL 15% phosphoric acid in milli-q water and 10 µL 2-ethylbutyric acid in MTBE as the 
internal standard (IS) was added. Samples were homogenised for 30 min at 1300 rpm on an orbital shaker (IKA 
VXR basic Vibrax®, IKA®-Werke GmbH & Co. KG, Staufen, Germany) and centrifuged (3000xg, 10 min, RT). 
200 µL of the organic phase layer was then transferred to an injection vial. Injection volume on the GC-FID was 
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2 µl with an additional split ratio of 1:10. A final volume of 0.1 µL was injected into the column. The GC run 
settings were as follows: (i) 1 min at 80 °C, (ii) raised by 10 °C /min to 200 °C, (iii) hold time of 5 min, (iv) raised 
by 25 °C/min, to a temperature of 230 °C, (v) 5 min hold time. The total run time was 24.2 min. The carrier 
gas was nitrogen at a flow rate of 1.32 ml/min. A 6-point calibration curve was prepared from standards in 
MTBE: acetic acid (2.47–600 mM), propionic acid (0.49–120 mM), iso-butyric acid (0.25-60 mM), butyric acid 
(0.99–240 mM), isovaleric acid (0.25-60 mM), valeric acid (0.25-60 mM), 4-methyl valeric acid (isohexanoic/
isocaproic acid) (0.25-60 mM), hexanoic acid (0.25-60 mM), heptanoic acid (0.25-60 mM), and IS was set at 40 
mM. The fatty acids were identified using a reference standard mix (article CRM46975, Sigma-Aldrich). This 
reference mix was also used to verify the accuracy of the calibration curve, which showed a deviation of < 5% for 
all compounds. A pooled faecal sample was analysed in duplicate in each analytical batch to monitor the quality 
of the analyses. The inter-batch CV% values ranged between 6 and 14% for all compounds. Concentrations of 
the SCFAs were calculated per mg of wet weight.

Untargeted metabolomics
Approximately 80 mg of freeze-dried mill-homogenised faeces was used for untargeted metabolomics analysis 
using liquid chromatography–mass spectrometry (LC-MS). UHPLC-Q-Orbitrap-MS/MS analysis was 
conducted using an Vanquish UHPLC (Thermo Fisher Scientific, Carlsbad, CA, USA) connected to a Q-Exactive 
Focus™ mass spectrometer (Thermo Scientific, Sunnyvale, CA, USA) with heated electrospray ionization (HESI-
II; Thermo Fisher Scientific). The stool extracts were chromatographically separated on an Waters ACQUITY 
HSS T3 UPLC column (2.1 × 100 mm, 3.0 μm) using a mobile phase consisting of 0.1% formic acid/water (A) 
and acetonitrile (B). Gradient elution was performed as: 0–1 min, 5% B; 1–8 min, 5–95% B; 8–11 min, 95% B; 
11–12, 95 − 5% B and 12–15 min, 5% B. The column was maintained at 40 °C, the flow rate was 0.4 mL/min and 
the injection volume was 2 µL. The mass spectrum data was acquired in polarity switching mode positive and 
negative ion mode through full MS. Representative samples were also acquired using data-dependent MS/MS. 
Control software used was Xcalibur, version 4.2.27. The scan parameters were set as follows: scan range, 80 to 
1000 m/z; resolution, 70000; AGC target, 1 × 106; maximum inject time, 100 ms. The following parameters were 
used for the heated electrospray ionization source (HESI source): spray voltage, +/-3.5 kV for ESI − and ESI + in 
polarity switching mode; sheath gas flow rate, 40 arb; auxiliary gas flow rate, 10 arb; sweep gas flow rate, 0 arb; 
capillary temperature, 320 °C.

Six quality controls (QC), which consisted of a pool of the faecal samples from the participants, were analysed 
to ensure precision and stability of the LC-MS machine during the whole process of injection. QC samples 
were injected every after 10 sample injections and was used to assess chromatographic drift and instrumental 
errors. Features were extracted using the raw spectra as import in open-source software104. The detailed 
processing settings can be found in Supplementary Table 7. RANSAC (RANdom SAmple Consensus) alignment 
of features across all samples was performed. Gap filling was performed on the aligned feature list using the 
peak finder option. The raw data files including the ID, m/z, retention time, and peak area of the positive- 
and negative polarity mode features were exported for further pre-processing in MetaboAnalyst 5.0 (https://
www.metaboanalyst.ca/). The features with more than 20% of missing values were removed. The remaining 
missing values were imputed with the limit of detection values using 1/5 of the minimum positive value for 
each variable. Features with a relative standard deviation (RSD = SD/mean) of over 20% in the quality control 
samples were removed. Additionally, 40% of the features was filtered using IQR filter. The data pre-processing 
flowchart of positive and negative polarity modes is shown in Supplementary Fig. 2. Data was normalized using 
normalization by sum, log transformation with base 10, and auto scaling. Principal Component Analysis (PCA) 
was performed on the normalized and scaled metabolomics data. To analyse the multivariate homogeneity 
of group dispersions (variances), the normalized data were subjected to the vegdist function to compute the 
Euclidean distance matrix, and the betadisper function to assess the variability of sample distances from their 
group centroids, both from the vegan package. An ANOVA like permutation test with 999 permutations was 
then performed to determine if significant differences in dispersion existed between the hammered-only and 
mill-homogenised groups.

Faecal DNA isolation
Faecal DNA was extracted using the DNeasy PowerSoil Pro Kit (Qiagen, Venlo, the Netherlands) according 
to the manufacturer’s instructions. Briefly, approximately 250 ± 20 mg of faeces was added to PowerBead Pro 
tubes, followed by the addition of the provided lysis buffer. The samples were subjected to mechanical disruption 
using a bead-beating step to ensure efficient cell lysis. Homogenisation was performed with use of the Qiagen 
TissueLyser II MM400 (Retsch GmbH, Haan, Germany). After centrifugation, the supernatant was processed 
through a series of purification steps, including inhibitor removal and DNA binding to a silica membrane. The 
DNA was then eluted in 50 µL elution buffer and stored at -20 °C until further analysis. DNA concentration and 
purity were assessed using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). 
Intra-individual CV% of the DNA concentration per gram of wet weight faeces over three days ranged between 
3 and 38% (mean 11.0 ± 10.2%).

Total bacteria and total fungi quantification
The total copy number of the 16  S rRNA gene, indicative for the total bacteria, and the total copy number 
of the 18  S rRNA gene, indicative for the total fungi, were quantified using digital droplet PCR (ddPCR, 
QX200™ Droplet Digital™ PCR System, Bio-Rad Laboratories, CA). All materials and apparatus for the assay 
were obtained from Bio-Rad Laboratories. Before analysis, the DNA stocks were diluted 2000 times for fungi 
analyses, and 100,000 times for bacteria analyses. The primers and probes for the analysis of total bacteria106 and 
total fungi107 were used as described previously106,107. The PCR reaction mix contained 10 µL QX200™ ddPCR™ 
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Supermix for Probes (no UTP), 1 µL forward primer (18 µM), 1 µL reverse primer (18 µM), 1 µL probe (5 µM), 
2 µL nuclease free water, and 5 µL diluted DNA. The final volume of 20 µL was transferred to the DG8 cartridge. 
Droplet Generator Oil (70 µL) for EvaGreen were also added and the cartridge was covered with DG8 gasket, to 
generate droplets in the droplet generator (Bio-Rad). The generated droplets (40 µL) were transferred to the PCR 
plate. The plate was sealed at 170 °C for 5 s (PX1 PCR Plate Sealer, Bio-Rad). Then, the PCR reaction took place 
in the thermos T100 Thermal Cycler. The cycling protocol was as follows: 95 °C for 10 min; 50 cycles of 94 °C 
for 30 s and 58 °C for 2.5 min; 98 °C for 10 min; and 4 °C for 30 min. The plate was placed in the Droplet Reader 
(Bio-Rad). QuantaSoft Analysis Pro was used for the data analysis.

Microbiota composition and predicted functionality
The variable V4 region of the 16 S rRNA gene was amplified in a PCR reaction using barcoded primers, and 
afterwards PCR products were purified, quantified and pooled in equimolar concentrations as described in 
detail elsewhere108. The PCR products were subjected to paired-end sequencing using the Illumina Novaseq6000 
platform (Novogene, Cambridge, UK). The sequencing data was processed using NG-Tax 2.0 using default 
settings109. Raw sequencing data were demultiplexed by trimming barcodes and primer sequences. The SILVA 
reference database version 138 was used to assign taxonomy. R version 4.2.1 was used for the microbiota 
analyses. Mitochondrial filtering was applied. In total, 1391 amplicon sequencing variants (ASVs) were detected, 
and 216 genera. The median number of reads per sample was 194,292 (IQR 152,269, 219,321). Raw counts were 
transformed to relative abundance for intra- and inter-individual variability analyses. The alpha-diversity, the 
within-sample diversity, was calculated on the read counts using the microbiome package using the indexes 
Inverse Simpson (considers number of species and evenness), Shannon (considers abundance and evenness), 
and Fisher (associated with the number of species). Also the Faith phylogenetic diversity, which is based on 
branch length connecting taxa in those samples and the root node of the phylogenetic tree, was calculated using 
the picante package. Beta-diversity, the between-sample diversity, using proportion normalized abundances 
of all amplicon sequence variants using weighted UniFrac distance as implemented in the phyloseq package 
to determine overall microbiota differences, and visualised using Principal Coordinate Analysis (PCoA). 
Permutational multivariate analysis of variance (PERMANOVA) as implemented in the vegan package was used 
to determine differences in the overall microbiota community between milled and non-milled faeces. Principal 
Coordinate Analysis (PCoA) with Weighted UniFrac using the microbiota data on ASV level was performed 
using the R package phyloseq. The microbiota functional pathways related to SCFA production were predicted 
based on the 16 S rRNA gene sequences using the phylogenetic investigation of communities by reconstruction 
of unobserved states algorithm version 2.5.0 (PICRUSt2) with default settings110, but with an adjusted minimum 
alignment of 50%. The predicted pathways and enzymes were transformed to relative abundance. Pathways 
classes and enzymes related to SCFA production were selected from the MetaCyc database using Pathway Tools 
version 26.0111.

Statistical analysis
Statistical analyses were performed in R version 4.2.1. Test-retest reliability of markers over the three timepoints 
were assessed using intra-class correlation coefficients (ICC). The ICC evaluates the variance as the variance 
within individuals in relation to the total variance, where total variance is the variance within and between 
individuals. For our analysis, the ICCs were computed using R package irr with a two-way mixed effects model 

using absolute agreement between timepoints based on single measurements112; formula = MSsubjects−MSresidual,
MSsubject  

where the MSsubjects indicates the mean squares due to the subjects as is calculated by comparing the variance 
of subject means to the grand mean, and MSresidual indicates the residual mean square reflecting variance 
(represents the within-subject variability). ICC values indicated test-retest reliability as follows: < 0.5 poor, 0.5 to 
0.75 moderate, 0.75 to 0.9 good, and > 0.90 excellent112. Pairwise Pearson’s or Spearman’s correlations, depending 
on the normality of distribution, were calculated to compare all markers between the three timepoints within 
individual, between the milled and non-milled faeces, and between technical replicates. Coefficient of variation 
(CV%, formula: [(σ / µ) × 100%]) were calculated between consecutive timepoints within individuals (CV%intra) 
and between individuals (CV%inter) per timepoint, and within and between replicates from the pooled faeces, 
either hammered-only or mill-homogenised, quality controls. A cut-off of 30% was considered as high biological 
variation. Statistical significance was accepted as P < 0.05.

Data availability
Data analysed during this study is provided within the manuscript and the supporting supplementary data files 
(supplementary material 2, supplementary material 3, supplementary material 4, supplementary material 5). 
Raw 16  S rRNA gene sequences files were deposited in public repository NCBI under BioProject accession 
number PRJNA1162476.
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