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Abstract

Background

Faecal microbiota transplantation (FMT) is an increasingly used microbiome-based therapy,
whose clinical success depends on the stability and viability of the donor microbiota. Few
studies have systematically evaluated these parameters for FMT preparations. Here, we
integrate metagenomic sequencing with culturing-based recovery of viable microbes to

comprehensively characterise FMT preparations from healthy Australian donors.

Results

Metagenomic profiling of bacterial communities from repeat FMT faecal donations revealed
high temporal stability within individual donors, supporting donor suitability for consistent and
standardised FMT production. The community structure and diversity of final FMT products
remained largely consistent with their source material, reflecting limited disruption during
processing. Culturing and sweep metagenomics showed bacterial species representing 98% of
faecal microbiota abundance was recoverable, underscoring the potential of FMTs to deliver a
viable and functionally active bacterial community to a recipient. When FMT donor
microbiomes were compared to >7,000 healthy gut microbiomes from 27 countries, donor
samples were distinct but clustered most closely with other Westernised populations, while also
exhibiting significantly higher diversity than most global cohorts. These results highlight the
geographic specificity of gut microbiomes and the need to consider population context in donor

selection.

Conclusions

This study strengthens the evidence base for FMT product standardisation and viability, with
implications for FMT clinical use, donor screening protocols, and associated regulatory

frameworks.
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Introduction

Faecal microbiota transplantation (FMT) has emerged as a highly effective treatment for
recurrent Clostridioides difficile infection (CDI)!, with growing interest in its application for
other microbiome-associated conditions, including inflammatory bowel disease?, hepatic
encephalopathy?, autism®*, fibromyalgia®, melanoma®, acute graft-versus-host disease’, and
colonisation with multidrug-resistant organisms (MDROs)8. By introducing a diverse and
functionally competent microbial community, FMT aims to restore key ecosystem functions of
the gut microbiome that have been disrupted by antibiotics or disease, irrespective of whether
that disruption contributes to (or causes) disease development. Recent clinical trials and cohort
studies have expanded the evidence base for FMT beyond CDI, exploring FMT potential in

modulating host immunity®, metabolic syndrome!?, and colonisation resistance!!.

As clinical applications broaden, there is increasing interest in defining not only what makes
an optimal FMT donor, but also what constitutes an optimal donation. Optimal donors are
typically considered to be individuals in good overall health who lack factors that could alter
the “normal” structure or function of the gut microbiome, such as chronic disease or recent
exposure to antimicrobials.!2, In contrast, optimal donations refer to specific stool samples that
possess favourable microbiological characteristics — such as high microbial diversity, the
presence of key species or strains, and an absence of potentially harmful taxa. While donor
screening has traditionally focused on overall health status and ensuring samples are free of
pathogenic organisms, emerging evidence suggests that both donor attributes and donation-

specific features can influence treatment outcomes!!3

. A key question is whether selecting
donors with highly consistent faeccal microbiota profiles, and ensuring stability across repeated

donations, can improve the reproducibility and predictability of FMT products beyond

administration for CDIs. This, in addition to understanding the compositional fidelity of FMT
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preparations relative to their source material and the extent to which viable microbes are
retained during processing, is essential for developing reliable, standardised FMT products,
and discerning the microbial traits that influence treatment outcomes - a key step towards the

rational design of live biotherapeutic products.

While the gut microbiome is known to be highly individualised and temporally stable in healthy
individuals!+'7, there is limited evidence on the consistency of donor microbiome profiles over
time in the context of FMT. This is particularly relevant for so-called “super-donors” -
individuals whose FMTs yield significantly improved patient outcomes!® — who are likely to
be relied upon for repeated donations over time, making intra-donor microbiome stability a key

factor in maintaining consistent therapeutic efficacy.

Additionally, although FMT aims to transfer a representative and viable microbial community,
the extent to which viable microbes are retained in processed FMT preparations remains poorly
characterised. Beyond viability, another important dimension of FMT efficacy relates to the
representativeness of donor microbiomes within a global context. A further gap lies in
understanding how the microbiomes of FMT donors, particularly within the Australian
population, compare to those from other global cohorts. Given that microbiome composition
can be influenced by host factors such as ethnicity, age, geography, and lifestyle, it is important
to contextualise donor microbiomes to assess their representativeness and potential

generalisability across populations.

To address key questions around the composition, consistency, and viability of FMTs, we
employed an integrated approach combining metagenomics and culturomics. First, we assessed
the stability of the microbiome in repeat donations collected over time from prospective donors
to determine intra-donor consistency. We then compared the microbiome profiles of source

faecal samples to their derived FMT products, evaluating the fidelity of microbial composition
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92  and diversity across these paired samples. To assess the viability of microbial populations post-
93  processing, we applied sweep metagenomics to quantify the proportion of the original
94  microbial community retained in FMTs. Finally, we contextualised these donor microbiomes
95 by comparing them to healthy gut microbiomes from diverse global populations. Together,
96 these analyses provide a detailed characterisation of FMT composition and quality, offering

97  insights relevant to both clinical use and microbiome-based therapeutic development.

98

99 Methods

100  Donor Recruitment and Screening. Stool samples and FMT products used in this study were
101  collected as part of Australian Red Cross Lifeblood’s ongoing microbiome program.
102  Prospective FMT donors initially completed an electronic eligibility quiz to determine whether
103  they met the basic criteria to proceed. Those who passed this initial screen underwent a
104  comprehensive assessment that included detailed questionnaires, a physical examination, and
105  the collection of blood, stool, and deep nasal/throat swabs for laboratory screening. Individuals
106  who meet all eligibility and screening requirements were then invited to provide stool donations
107  at a good manufacturing practice-compliant microbiome facility. Their first donation had to

108  occur within 30 days of completing the initial screening tests.

109  Donors attended the facility to provide stool samples multiple times over a two-week
110  production cycle, with the first day of this cycle designated as “day 0”. Prior to each donation,
111 donors completed a brief re-assessment questionnaire to monitor for any changes in health
112  status. At the conclusion of the cycle, “bookend” testing - including repeat blood, stool, and

113  deep nasal/throat swabs - was conducted between 21 and 25 days after the ‘day 0’ donation.
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114  The results of this follow-up testing determined the final release of the FMT products derived

115  from that donation cycle.

116  Temporal stability of repeat donations was assessed using samples collected at these three
117  defined timepoints: Timepoint A (initial screening, up to 30 days before donation), Timepoint

118 B (during the donation cycle, days 0-14), and Timepoint C (bookend testing, days 21-25).

119  FMT product processing. Donated stool was assessed visually for suitability of processing by
120 trained technicians. Suitable donations were homogenised with 0.9% sterile saline and filtered
121 to remove particles > Imm. Glycerolyte 57 (Fisher Scientific) was added as cryoprotectant at

122 10% concentration of the FMT product.

123  Preparation of samples for metagenomics and culturomics. Faecal samples were stored in
124  DNA/RNA Shield (Zymo Research) to preserve nucleic acids and microbiome structure, but
125  the inactivation of microbes rendered them unsuitable for sweep metagenomics. All
126  downstream handling and preparation of samples for sequencing was performed by the Centre
127  for Pathogen Genomics Innovation Hub (CPG-IH) at the University of Melbourne. FMT sweep
128  samples were generated by serially diluting and plating FMT products in duplicate on YCFA
129  agar from 10 to 107!2 before culturing at 37°C under anaerobic conditions for 72 hours.
130  Twenty-four individual colonies per donation were picked from these plates and re-streaked
131  for purity on YCFA agar before being processed for whole genome sequencing. Colonies were
132  selected to maximise morphological diversity, with the aim of capturing a broad range of
133  genetic and taxonomic diversity. The remaining growth from the sweep plates was counted and
134  scraped clean into sterile phosphate buffered saline for metagenomic sequencing. Bacteria were
135  resuspended in 300ul sterile PBS and placed in a PowerbeadPro tube (QIAGEN). Bacteria
136  were lysed by bead beating (Precellys 24 5000 2 x 20 seconds). DNA from isolates or plate

137  sweeps was purified from 50ul of lysed solution using 30ul of Illumina Purification beads
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138  (20060059) and eluted in 30ul of Nuclease Free Water. DNA was extracted from the FMT
139  products direct from syringe, and source faecal samples using a bead beating extraction
140 protocol and modified PowerFaecal Pro Kit (QIAGEN) on the EZ2 instrument (QIAGEN).
141 Illumina libraries were prepared using Illumina DNA Prep (20060059) at quarter reaction
142  volumes. Libraries were sequenced on a NextSeq2000 P4 XLEAP-SBS™ Reagent Kit (300

143  Cycles) (20100992), targeting 20 million 2 x 150 bp read pairs per sample.

144  Quality Control of Metagenomic Data. The raw metagenomic sequencing reads were
145  processed using fastp!® for quality filtering and adapter trimming, with Bowtie2* for removal
146  of human-derived reads. Specifically, read pairs were removed if either mate aligned to the
147  human reference genome (GRCh38 noalt as) to eliminate potential host contamination.
148  Taxonomic profiling was performed at the species level using Kraken2?! and Bracken®, with
149  the PlusPF?* database as the reference. Residual human data (species classification Homo
150  sapiens in Bracken profiles) were removed from the resulting species abundance tables using
151  the tidyverse®* library (v. 2.0.0) in R? (v. 4.5.0), which was also used for downstream data
152  manipulation and visualisation unless otherwise stated. Species abundance tables were filtered

153  to only retain species with a mean relative abundance of at least 0.1% across all samples.

154  Community-level Analysis of Metagenomic Data. Microbial diversity within and between
155  samples was assessed using the vegan®® package (v. 2.6-10) in R. Alpha diversity was
156  calculated using the Shannon index, while beta diversity was measured using Bray-Curtis

157  dissimilarity. Beta diversity was visualised using principal coordinates analysis (PCoA).

158  Statistical comparisons were conducted to evaluate differences in diversity metrics across
159  groups. Non-parametric tests, including the Kruskal-Wallis test and Wilcoxon rank-sum test,
160  were applied using the rstatix®’ package (v. 0.7.2). Where appropriate, mixed-effects linear

161  models were implemented with the Ime4?® package (v. 1.1-37) to account for repeated measures
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162  and the /merTest* package (v. 3.1-3) was used to test for statistical significance. Differences
163  in overall microbial community composition were tested using permutational multivariate

164  analysis of variance (PERMANOVA), as implemented in the vegan package.

165  Species-level Analysis of Metagenomic Data. Species-level differential abundance testing
166  was performed using the LinDA*° framework employed in the R package MicrobiomeStar®' (v.
167  1.2), with abundance-filtered species count data as input. For comparisons between sample
168  sources, donation ID was included as a random effect to account for inter-individual variation
169 in microbiome composition. To detect taxonomic clades showing consistent enrichment
170  patterns between sample sources, species names were converted to full taxonomic lineages
171 using TaxonKit** and differential abundance log2 fold changes were analysed using TaxSEA3?

172 with FDR < 0.1 accepted as significant.

173  Metagenomic relative abundance data generated by Bracken was used to evaluate the extent to
174  which viable species from stool and FMT samples were recovered by sweep metagenomics.
175  Species with non-zero relative abundance in the corresponding FMT Sweep sample were
176  considered "recovered" (i.e., viable and culturable), and those absent were considered "not
177  recovered". This presence/absence designation was used as a binary indicator of viability,
178  avoiding potential biases introduced by differential growth rates or culturing efficiency. To
179  estimate the fraction of the original microbiome composition that was recoverable, two

180 complementary metrics were calculated:

181 1. Abundance-weighted recovery: For each Donation and Source (Stool or FMT), the total
182 relative abundance of species classified as “Recovered” was calculated. This metric reflects
183 the proportion of the microbial community (by relative abundance) that was recovered as

184 viable isolates.
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185 2. Presence/absence-based recovery: For each Donation and Source (Stool or FMT), the

186 proportion of detected species (i.e., those with relative abundance > 0) that were also
187 recovered in the paired FMT Sweep sample was calculated. This metric captures recovery
188 based on species richness rather than abundance.

189  Mixed-effects linear models were used to compare recovery between Stool and FMT samples,
190 with Donation included as a random effect. Unrecovered species were identified and
191  summarised to better understand which taxa were consistently missed under the culturing

192  conditions used.

193  Strain-level Analysis of Metagenomic Data. Strain-level profiling of metagenomic samples
194  was performed using inStrain®* with a database constructed from draft genomes of cultured
195  isolates dereplicated at 98% average nucleotide identity (ANI) using dRep®. Paired-end
196  metagenomic reads were aligned to this database using Bowtie2, and profiles were generated

197  with inStrain profile.

198  Strain comparisons were conducted using inStrain compare, with strain sharing defined as
199  population ANI > 99.999% and > 50% genome coverage, following the author-recommended
200  cutoffs. Strain clusters identified by inStrain were used to assess persistence and distribution
201  across donations and sample sources. Community-level similarities between donations and
202  sample types were calculated by using a presence/absence matrix of strain clusters to calculate

203  binary Jaccard distance which was then visualised by PCoA.

204  Quality Control of Isolate Genomic Data. Raw isolate sequencing reads were processed
205 using fastp for quality filtering and adapter removal. Draft assembles were generated by
206  Shovill’%, discarding contigs shorter than 1000bp. Taxonomy was assigned to assembled

207  genomes using GTDB-tk (v. 2.1.1)*". Isolates were excluded from downstream analyses if they


https://doi.org/10.1101/2025.09.02.673862
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.02.673862; this version posted September 3, 2025. The copyright holder for this
preprint (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 available under a CC-BY 4.0 International license.

208  did not have a suitable MSA length of marker genes reported by GTDB-tk. A phylogenetic tree
209 was constructed from all draft genome assemblies which passed quality control using the

210  de novo_wf functionality in GTDB-tk with the Actinobacteriota phylum as outgroup.

211 Analysis of Isolate Genomic Data. To define species-level clusters within the Collinsella
212 genus, complete-linkage hierarchical clustering was performed using pairwise average
213  nucleotide identity (ANI) values computed by FastANP®. A distance matrix was constructed
214 as (100 — ANI%), and clustering was applied using the hclust function in R. Clusters were
215  defined using a distance threshold of 5 (corresponding to 95% ANI), based on the species
216  boundary proposed for prokaryotes by the authors of FastANI. Cluster membership was
217  extracted using cutree. To visualise the resulting clusters, a dendrogram was plotted using the

218  ggtree® package, with cluster assignments mapped to the tree as coloured tip points.

219  To assess whether alignment rates of metagenomic reads to genome assemblies of isolated
220  strains differed between sample sources, we fit a linear mixed-effects model with the
221  percentage of aligned reads as the response variable, Source as a fixed effect, and Donation as
222  a random intercept to account for inter-individual variation. Pairwise comparisons between
223  sources were performed using estimated marginal means via the emmeans* package (v.

224 1.11.1), with Tukey adjustment for multiple testing.

225 Comparison of Stool Metagenomic Data to Public Datasets. To compare the faecal

226  microbiome composition of healthy Australian FMT donors to that of healthy individuals
227  from other countries, we re-analysed Stool samples from the FMT donations using

228  MetaPhlAn3*' with default parameters and the mpa v30 CHOCOPhIAn 201901 database,
229  ensuring compatibility with taxonomic profiles available in the curatedMetagenomicData*
230 package for R. A global comparison dataset was constructed by extracting MetaPhlAn3

231  profiles from samples that met the following criteria: body site == "stool", disease ==
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232 "healthy", study condition == "control", age category == "adult", treatment == "no" or
233  NA, and number _reads > 10000000. Only samples with an assigned country were retained.
234  Alpha diversity (Shannon index) and beta diversity (Bray—Curtis dissimilarity) were

235  calculated as described above. Differences in Shannon diversity across countries were

236  assessed using a linear mixed-effects model with country as a fixed effect and subject as a
237  random effect to account for repeated sampling. To evaluate differences in community

238  composition, pairwise Bray-Curtis dissimilarities between Australian samples and those from
239  each other country were modelled using a linear mixed-effects approach. Intra-Australian
240  comparisons served as the reference group, and subject was included as a random effect to
241  account for repeated measures. All comparison samples were included in diversity analyses
242  and statistical comparisons. To improve interpretability in beta diversity ordination, up to 30
243  representative samples were selected per country based on lowest median intra-country Bray-
244  Curtis dissimilarity, reflecting those most similar to their country's overall profile. A full list
245  of all samples and the selected representative subsets is provided in the supplementary

246  material.
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247 Results

248  Donor Microbiomes Show High Intra-Individual Consistency Over Time. To determine
249  whether repeated faecal donations from the same donor contained a consistent microbial
250  population, we used donations from 10 donors collected by Australian Red Cross Lifeblood as
251  part of their ongoing donor screening program. Two donors failed the initial screen so only

252  provided one sample. The remaining 8 donors provided either 2 or 3 samples.

253  Microbiome diversity and composition remained relatively stable across repeat donations from
254 the same individual, with inter-individual differences contributing more to overall variation
255  than temporal changes from each donor (Fig. 1). A linear mixed-effects model including donor
256 as a random effect found no significant change in Shannon diversity between the first and
257  second donations (estimate = 0.067, p = 0.395), while a modest but statistically significant

258  decrease was observed by the third donation (estimate = -0.283, p = 0.018) (Fig. 1A).

259 PERMANOVA of Bray-Curtis dissimilarities including both Donor and Timepoint showed
260 that Donor identity accounted for most of the variation in microbiome composition (R? = 0.79,
261 p=0.001), with a smaller but statistically significant contribution from Timepoint (R? = 0.079,
262 p=0.002) (Fig. 1C). When controlling for repeated measures using Donor as a blocking factor,
263  the effect of Timepoint was no longer statistically significant (R*> = 0.079, p = 0.057),

264  suggesting modest and inconsistent temporal shifts within individuals.

265  Pairwise Bray-Curtis dissimilarities were significantly lower between samples from the same

266  donor compared to samples from different donors (Two-sample Wilcoxon test, p = 6x1076).

267  There was a significant global difference in Bray-Curtis dissimilarity between timepoint pairs
268  within donors (i.e., A vs B, A vs C, and B vs C; Kruskal-Wallis rank sum test, p = 0.042) (Fig.

269 1B). However, no individual pairwise comparison was statistically significant after Holm
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270  adjustment, suggesting that while temporal changes in microbiome composition may occur

271  between donations, these differences are subtle or not consistent across donors.
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273  Figure 1. Consistency of donor profiles over time. A) Alpha diversity (Shannon index)
274  trajectory of faecal microbiome samples by Donor and Timepoint. B) Pairwise Bray-Curtis
275  dissimilarities comparing within-donor versus between-donor sample comparisons across each
276  combination of timepoints. C) Principal Coordinate Analysis of Bray-Curtis dissimilarities
277  between samples. For panels A and C, each point represents a single faecal microbiome sample;

278  points are colour-filled by Donor and shaped by Timepoint.

279

280 Processed FMTs Closely Resemble Source Stool Microbiomes. To assess the impact of
281  FMT processing on the microbial population we used metagenomics and culturomics to
282  compare the microbiome diversity and composition of ten stool samples to their derived FMTs.
283  These stool samples were collected from nine donors, with two (Donation02 and Donation03)

284  originating from the same individual on consecutive days.
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285 A linear mixed-effects model including donation as a random effect indicated that Shannon
286  diversity did not differ significantly between stool and FMT samples (estimate = 0.084, p =
287 0.416). However, FMT Sweep samples (FMT samples subjected to culturomics and sweep
288  metagenomics, see methods) had significantly lower Shannon diversity compared to the source

289  stool (estimate = -0.77, p = 4.4x1077) (Fig. 2A).

290 Microbiome composition was significantly influenced by both sample source and donation
291 (PERMANOVA, Bray-Curtis dissimilarity) (Fig. 2B). When all sample sources (Stool, FMT,
292 and FMT Sweep) were included, source explained 25% of the variation (p = 0.001), while

293  donation accounted for 53% (p = 0.001).

294  To better understand the contribution of each sample source to overall community variation,
295  separate models were generated excluding one source at a time. In the comparison between
296  Stool and FMT, source explained just 4.2% of the variation (p = 0.001), while donation
297  accounted for over 90% (p = 0.001), indicating minimal compositional change due to
298  processing relative to between-donor differences. In contrast, comparisons involving FMT
299  Sweep samples revealed much stronger source effects: 27.7% of the variation was explained
300  when comparing FMT to FMT Sweep (p = 0.001), and 23.7% when comparing Stool to FMT
301  Sweep (p = 0.001). The increased divergence of FMT sweep samples, coupled with reduced
302  Shannon diversity, likely reflects differential growth under culturing conditions, which can
303  selectively enrich for certain taxa based on nutrient availability and growth kinetics. Across all
304  models, donor remained a dominant source of variation, consistently explaining 49-90% of the

305  total community differences.

306  Pairwise Bray-Curtis dissimilarities were significantly lower between samples from the same
307  donation compared to those from different donations when comparing both Stool vs. FMT

308 (Two-sample Wilcoxon test, p=1.6x10°) and FMT vs. FMT Sweep (p = 0.005). Intra-donation


https://doi.org/10.1101/2025.09.02.673862
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.02.673862; this version posted September 3, 2025. The copyright holder for this
preprint (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 available under a CC-BY 4.0 International license.

309  dissimilarities differed significantly between comparisons (p = 1.1x107%), with higher
310  divergence observed between FMT and FMT Sweep samples than between Stool and FMT. A
311  similar trend was observed among inter-donation comparisons (p = 3x107¥), suggesting that
312  sample source and donor both contribute to variation in microbial composition. Additionally,
313  the repeat donations from the same donor (Donation02 and Donation03) were significantly
314  more similar to each other than to donations from other donors for all three sample sources

315  (Kruskal-Wallis rank sum test, p = 0.044 for all) (Table S1).

316  Sutterella wadsworthensis was the only species identified as differentially abundant (|log2FC|
317 > 1, FDR-adjusted p < 0.05) between Stool and FMT samples (Fig. 2C). 56 species were
318 identified as differentially abundant between FMT and FMT Sweep samples. Bifidobacterium
319  longum and Collinsella aerofaciens were more abundant in FMT Sweep samples while 54
320 species were more abundant in FMT samples. Of these 54 species, the majority (43/54)
321  belonged to the class Clostridia; specifically, the Lachnospiraceae (20), Oscillospiraceae (20),
322  Peptostreptococcaceae (2) and Eubacteriaceae (1) families (Fig. S1). This taxonomic
323 enrichment pattern was corroborated using 7axSEA, which identified consistent
324  overrepresentation of Clostridia among species more abundant in FMT samples compared to
325 FMT Sweeps — a pattern that was also evident at the family level which Lachnospiraceae and

326  Oscillospiraceae consistently depleted in FMT Sweeps (Fig. S2).

327  S. wadsworthensis was a low-abundance species, with a mean relative abundance of 0.44% in
328  Stool metagenomes. In contrast, the 54 species that were significantly more abundant in FMT
329 samples compared to FMT Sweep samples accounted for a substantial portion of the
330 community, with a combined mean relative abundance of 52.5% in FMT metagenomes. The
331  two species enriched in FMT Sweep samples (B. longum and C. aerofaciens) had a combined

332 mean relative abundance of 3.1%. These results suggest that the culturing process used to
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333  generate the FMT Sweep samples selectively enriched a narrow subset of taxa at the expense

334  abroad, but taxonomically-related, group of abundant commensals.
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336  Figure 2. Microbiome Fidelity Between Source Faecal Samples and FMTs. A) Alpha
337  diversity trajectory of microbiome samples by Donation and Source. B) Principal Coordinate
338  Analysis of Bray-Curtis dissimilarities between samples. C) Volcano plot of species
339 differential abundance between sample sources. For panels A and B, each point represents a
340  single microbiome sample; point colour indicates donation and shape indicates source. For
341 panels C, each point represents a single species; point size reflects the median relative
342  abundance of the species across the two sources being compared, and point colour indicates
343  the source in which the species is more abundant. Horizontal dashed lines denote the FDR-
344  adjusted p-value threshold of 0.05, and vertical dashed lines indicate the log. fold change cutoff

345  of 1.
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346

347  Microbial Viability is Maintained Post-Processing. To assess whether FMT processing
348  affects microbial viability and recovery, we examined the extent to which microbes present in
349  the original Stool and FMT samples were detectable in the corresponding FMT Sweep.
350  Specifically, we quantified the proportion of total relative abundance and the proportion of
351  species from each source that were recovered. Across donations, 92.9 + 2.92% of relative
352  abundance and 98.1 + 1.55% of species were recovered from Stool samples, while 92.1
353  +2.99% of relative abundance and 98.0 = 1.44% of species were recovered from FMT samples
354  (mean = SD). Mixed-effects models showed a small significant difference between sample
355  types for relative abundance recovered (estimate = 0. 7104, p = 0.031) but not for species count:
356  estimate = 0.1053, p = 0.678). These results indicate that processing has a minimal impact on

357  overall viability in FMTs.

358  Six different species were not recovered by sweep metagenomics in at least one donation. No
359  species were unrecovered in all 10 donations, but three species were unrecovered in a majority
360  of donations. Ruminococcus sp. FMB-CYI and the bacteriophage Carjivirus hominis were
361 unrecovered in nine donors (all except Donation04), while Carjivirus communis was

362  unrecovered in 7 donations.

363

364  Strain Isolation Recovers a Diverse Set of Gut Microbes from FMT Products. Draft
365 genome assemblies were generated for 24 strains isolated from each FMT. Following genome
366  assembly and quality control, a total of 191 high-quality genomes were retained, with a median
367  of 20 genomes per donation (range: 13-23). Of these, 176 genomes were classified to species

368 level, representing 65 distinct species spanning five bacterial phyla: Actinobacteriota,
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369  Bacteroidota, Firmicutes, Firmicutes A, and Firmicutes C (Fig. 3A). The 15 unclassified

370  genomes were all identified as members of the Collinsella genus.

371  The most frequently isolated species were Blautia A wexlerae (14 isolates from 7 donations),
372 Phocaeicola vulgatus (12 isolates from 7 donors), Bifidobacterium longum (9 isolates from 6
373  donations), Bariatricus comes (7 isolates from 5 donations), and Mediterraneibacter faecis (7

374  isolates from 5 donations).

375  Relative evolutionary divergence (RED) values ranging from 0.935 to 0.997 suggest the 15
376  unclassified Collinsella isolates likely belong to one or more novel or currently undescribed
377  species within the genus. Pairwise ANI comparisons, combined with complete-linkage
378  hierarchical clustering and species-level thresholds (ANI > 95%), suggest that these isolates
379 represent four distinct species, bringing the total number of Collinsella species isolated in this

380 study to five (Fig. 3B).

381  To evaluate the representativeness of the strains isolated from each FMT sample, metagenomic
382  reads from matched Stool, FMT, and FMT Sweep samples were aligned to genome assemblies
383  of the corresponding cultured isolates. The proportion of reads aligning to these genomes did
384  not differ between Stool (mean: 28.2%) and FMT (mean: 28.3%) samples (estimate = -0.112,
385 p =0.9998). In contrast, alignment rates were significantly higher in FMT Sweep samples
386  (mean: 57.6%) compared to both Stool (estimate = -29.338, p = 0.0002) and FMT (estimate =
387  -29.226, p = 0.0002), consistent with likely selective enrichment of culturable taxa under the

388  sweep culturomics conditions used for strain isolation (Fig. 3C).

389  No strains from the phylum Pseudomonadota (formerly Proteobacteria) were isolated, likely
390 reflecting their low abundance in the gut microbiome. This is consistent with the metagenomic

391 data, in which the mean Pseudomonadota relative abundance was 1.07%, in line with levels
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reported in healthy adults*’. There was no significant difference in Pseudomonadota relative
abundance in FMT (estimate = -0.1692, p = 0.7739) or FMT Sweep (estimate = -0.4262. p =

0.472) samples compared to source Stool samples (Fig. S3).
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Figure 3. Recovery of viable microbes from FMT samples using strain isolation and sweep
metagenomics. A) GTDB-tk-derived phylogenetic tree of all high-quality isolates (n = 191)
rooted around the Actinobacteriota phylum. Tip points are coloured by phylum. B) A
dendrogram of Collinsella genomes generated using complete-linkage hierarchical clustering
of pairwise ANI distances, expressed as (100 — ANI%). Tip points are coloured by species-
level cluster membership, defined using a 95% ANI threshold. Cluster 1 contains only genomes
classified as Collinsella aerofaciens J, while all remaining clusters represent putatively novel
or unclassified Collinsella species. C) Proportion of the metagenome recovered by the isolated
strains, based on alignment of metagenomic reads from Stool, FMT, and FMT Sweep samples
to genomes of isolates from the paired FMT sample. Each point represents a sample; shape

indicates sample source, and colour indicates donation ID.
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407  Detection of Strain-Sharing Across Sample Sources Varies by Species. Strain-resolved
408 metagenomic analysis revealed that individual strains were traceable across stool, FMT, and
409 FMT Sweep samples; however, the number of detectable strain clusters and the extent of cross-
410  sample sharing varied markedly by species. Blautia A wexlerae and Bacteroides uniformis
411  exhibited the highest levels of intra-donation strain sharing, with 14 and 10 strain clusters,
412  respectively, detected in more than one sample from the same donation (Figure S4). Notably,
413  Donation05 contained six distinct B. wexlerae strain clusters with evidence of sharing across
414 sample types. The repeat donations from the same donor (Donation02 and Donation03) shared
415  more strains than donations from independent donors for all three sample sources (Table S2).
416  This variation in detectable strain sharing likely stems from a combination of factors, including
417  species-specific abundance (which affects detection sensitivity), sequencing depth (with deeper
418  sequencing potentially revealing additional shared strains), and differences in strain resilience

419  to processing.

420  Australian FMT Donors Show High Diversity and Regional Similarity to Western
421  Cohorts. To understand how the faecal microbiome of healthy Australian FMT donors
422  compares to those from other populations, we compared our source Stool samples to 7,014
423  stool samples from the curated MetagenomicData R package, representing 53 studies

424  conducted across 27 countries (Supplementary material).

425  Shannon diversity was significantly higher in Australian samples (source Stool samples in this
426  study) compared to all other countries except Austria (p = 0.670), Spain (p = 0.121), the United
427  Kingdom (p = 0.345), and South Korea (p = 0.130), where the differences were not statistically
428  significant. The most pronounced differences were observed in samples from India (estimate

429 =-1.317,p=1.07x10"), followed by Madagascar (estimate = -0.8, p = 1.1e-7) and Cameroon
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430  (estimate =-0.791, p = 1.34x1077), suggesting substantial differences in microbial richness and

431  evenness across geographic regions.

432  Microbiome profiles from other countries were significantly more dissimilar to Australian
433  samples than intra-Australian comparisons (mean dissimilarity: 0.572). The most similar
434  microbiomes to Australian samples were from the United Kingdom (estimate = +0.052, p =
435  0.037), the United States (estimate = +0.088), and Sweden (estimate = +0.093), while the most
436  distinct were from India (estimate = +0.283), Tanzania (estimate = +0.273), Madagascar
437  (estimate = +0.269), and Peru (estimate = +0.259) (all p <0.001 unless stated). These findings
438  highlight both global microbiome diversity and the influence of geographic and lifestyle factors

439  on community composition.
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Figure 4. Comparison of Australian FMT donor microbiomes to global healthy stool
microbiomes. A) Shannon diversity of stool metagenomes stratified by country of origin and
ordered by median Shannon diversity. B) Principal Coordinate Analysis of Bray-Curtis
dissimilarities between samples from different countries. Up to 30 representative samples per
country are shown for ease of interpretation, selected based on the lowest median pairwise
Bray-Curtis dissimilarity to other samples within the same country. C) Distribution of Bray-
Curtis dissimilarities to Australian samples stratified by country and ordered by mean

dissimilarity.
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450 Discussion

451  This study provides a detailed characterisation of faecal microbiota transplant (FMT) samples
452  from volunteer healthy Australian donors through integrated metagenomic and culturomic
453  analyses, offering new insights into the consistency of donor microbiomes, the fidelity of FMT

454 processing, and the viability of recovered microbial communities.

455  Longitudinal analysis of repeat donations over a period of up to 55 days demonstrated high
456  temporal consistency in the microbiome profiles of individual donors, reinforcing the
457  reproducibility and reliability of sourcing FMTs from repeat donations by the same individual
458  and supporting the current practice of banking multiple samples from approved donors.
459  Temporal stability is particularly important for ensuring standardised FMT composition across
460  different treatment batches and timepoints, a critical consideration for both clinical efficacy
461  and regulatory oversight. However, the strong donor-specific signatures observed also suggest
462  that treatment outcomes may vary depending on the microbial composition of the donor. In
463  cases of treatment failure or non-response, re-treatment with FMTs derived from a different
464  donor may improve efficacy by providing a more compatible or therapeutically active

465  microbial community.

466  Microbiome comparisons between source faecal samples and corresponding FMT preparations
467  revealed minimal differences in community structure, diversity, and taxonomic composition.
468  While statistically significant differences were detectable, these were minor and largely
469  overshadowed by inter-donation variability. This high level of compositional fidelity suggests
470  that FMTs preserve the essential microbial features of the donor material and are not
471  substantially altered by processing in ways that could affect their therapeutic potential. It also
472  reinforces the value of robust donor screening, as donor-specific features are likely to play a

473  major role in treatment outcomes!'?.
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474  The donor-specific microbiome signatures described here highlight the need to consider both
475  individual donors and individual donations when defining what constitutes an "optimal" FMT
476  product. While all donors in this study passed rigorous screening protocols, their microbiome
477  profiles were relatively heterogeneous. Incorporating metagenomic profiling into the donor
478  screening process may help guide the selection of an alternative donor or donation in cases of
479  treatment failure and, as our understanding of the microbial traits associated with FMT success
480  continues to grow, this information can be used to prioritise FMT products with the highest

481  predicted likelihood of clinical benefit.

482  Sweep metagenomics and strain isolation demonstrated that a high proportion of the microbial
483  community, both in terms of abundance and species richness, was recoverable from stool and
484  FMT samples. These results highlight the potential of FMTs to transfer a viable and

485  functionally relevant microbial community capable of colonising the recipient gut.

486  FMT Sweep samples showed significantly higher alignment to the genomes of isolated strains,
487  likely reflecting culturing biases that selectively enriched for taxa amenable to growth under
488  YCFA-based conditions. Of the 54 species found to be less abundant in FMT Sweep samples
489  compared to their corresponding FMTs, 43 belonged to the Clostridia - a class rich in spore-
490 forming taxa*. This underrepresentation is consistent with the known resistance of spores to
491  standard YCFA culturing conditions in the absence of ethanol-based enrichment methods,
492  which were not employed in this study*. Coupled with the high proportion of the microbiome
493  deemed recoverable, this suggests that variation introduced by culturing conditions accounts
494  for the majority of observed differences, with FMT processing itself contributing minimally to

495  compositional change.

496  When contextualised against publicly available datasets spanning 27 countries, the faecal

497  microbiomes of healthy Australian FMT donors aligned most closely with microbiome profiles
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498  from other Western populations. Shannon diversity was significantly higher in Australian
499  samples compared to most countries analysed, except for a few Western nations (Austria,
500  Spain, the United Kingdom) and South Korea, where differences were not statistically
501  significant. Microbiome compositions from Australia were most like those from the United
502 Kingdom, the Netherlands, and Spain, while the largest dissimilarities were observed with
503 samples from India, Madagascar, Cameroon, and Peru. These differences underscore the
504  substantial geographic variation in gut microbiota and highlight the importance of considering
505  population context when selecting FMT donors.

506  These insights also have implications for the development of standardised donor selection
507  protocols across diverse populations. FMTs derived from donors with westernised microbiome
508 profiles may not be universally representative or appropriate for use in all populations,
509 particularly in settings with markedly different microbiome baselines, and determinants of
510  FMT efficacy may differ between populations. Future efforts should explore whether tailoring
511  donor selection to match recipient microbiome backgrounds improves engraftment and clinical
512  outcomes, particularly in diverse settings.

513

514  While this study provides a comprehensive characterisation of FMTs using metagenomic and
515  culturomic approaches, several limitations should be acknowledged. First, the sample size and
516  donor diversity were limited, potentially constraining the generalisability of findings across
517  broader populations. Expanding donor cohorts with greater variation in age, diet, ethnicity, and
518  microbiome composition will be important for assessing the robustness of FMT characteristics
519  across diverse clinical contexts. Second, the culturing approach used - based solely on YCFA
520 - likely introduced selection biases, favouring taxa that are fast-growing or metabolically
521  adapted to the specific nutrient conditions provided. This bias may underestimate the viability

522  of more fastidious, functionally important anaerobes. Future work incorporating broader
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523  culturing strategies may capture a more representative set of viable community members.
524  Finally, while comparisons to global public datasets were conducted using the same software
525  and database versions, the nature of publicly available data means that some degree of technical
526  variation - particularly from upstream sample handling and sequencing protocols - cannot be
527  fully excluded and should be considered when interpreting inter-cohort differences.

528

529  Our findings also have potential regulatory implications. The observed consistency across
530 repeat donations and between source and processed FMTs supports the suitability of the
531  employed donor screening and manufacturing pipelines, which are critical for reproducibility,
532  safety, and regulatory approval. These data could inform quality control criteria for FMT
533  product development and help establish benchmarks for therapeutic consistency and viability.

534
535  Availability of data and materials

536  Sequencing data generated in this study are available at BioProject PRINA1303742. The
537  metagenomic data have been uploaded following quality trimming and removal of human DNA

538  to ensure that host genetic data is not made publicly available.
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553

554  Figure S1. Impact of YCFA sweep metagenomics on Clostridia species. A) Differential
555  abundance of species in the Clostridia class as measured by LinDA when comparing FMT
556  Sweep samples to their corresponding FMT sample. B) Distribution of species log2 fold
557  changes grouped at the class level of taxonomy. Only classes determined to be significantly
558  enriched by 7axSEA are shown and density plots are filled by sample source in which the class
559 is enriched. Vertical dashed lines represent log2FC values of -1 and +1. C) Summed relative
560 abundance of all Clostridia species in each sample, stratified by sample source. Points are

561  coloured by donation ID.
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RepeatDonor | Source Bray-Curtis (Mean) | Bray-Curtis (SD)
FALSE Stool 0.54 0.113
TRUE Stool 0.132 -
FALSE FMT 0.494 0.102
TRUE FMT 0.0976 -
FALSE FMT Sweep 0.578 0.112
TRUE FMT Sweep 0.203 -

563
564  Table S1. Bray Curtis dissimilarities of repeat donations from the same donor compared to

565  pairwise distances between donations from different donors.
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Figure S2. Impact of FMT processing and YCFA sweep metagenomics on microbiome
composition at the species and family level. Top row: Species-level differential abundance
results as measured by LinDA when comparing FMT samples to their corresponding Stool
sample (left), and FMT Sweep samples to their corresponding FMT sample (right). Bottom
row: Distribution of species log2 fold changes grouped at the family level of taxonomy in each
comparison. Only families with 3 or more species were included in 7axSEA analysis and
density plots are filled by sample source in which the family is enriched. Vertical dashed lines

represent log2FC values of -1 and +1.
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Figure S3. Pseudomonadota relative abundance across sample sources. Phylum-level
relative abundance calculated by Kraken2 and Bracken. Each point represents a sample, shape
denotes source, and colour denotes donation ID. Lines are added to allow easier interpretation

of relative abundance changes between sample sources from the same donation.
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584

585  Figure S4. Strain cluster co-occurrence across donations and sample sources. Strain-
586 level co-occurrence patterns for species with evidence of strain sharing between samples, as
587 identified by inStrain. Each facet displays results for a single species. Species were ranked by
588  the number of strain clusters with only the top ten shown. Rows represent distinct strain

589  clusters, and points indicate the presence of that strain cluster in a given metagenomic

590 sample. Point shape denotes the sample source (Stool, FMT, or FMT Sweep), and colour

591  corresponds to donation ID.
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RepeatDonor Source Count Count (Normalised by

number of comparisons)
FALSE Stool 2 0.037
TRUE Stool 10 10
FALSE FMT 3 0.0556
TRUE FMT 10 10
FALSE FMT Sweep 14 0.259
TRUE FMT Sweep 9 9

592
593  Table S2. Strain sharing events detected in repeat donations from the same donor compared to
594  donations from different donors

595


https://doi.org/10.1101/2025.09.02.673862
http://creativecommons.org/licenses/by/4.0/

596

597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.02.673862; this version posted September 3, 2025. The copyright holder for this
preprint (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 available under a CC-BY 4.0 International license.

References

10

11

12

13

Baunwall, S. M. D. et al. Faecal microbiota transplantation for recurrent
Clostridioides difficile infection: An updated systematic review and meta-
analysis. EClinicalMedicine 29-30, 100642 (2020).
https://doi.org:10.1016/j.eclinm.2020.100642

Boicean, A., Birlutiu, V., Ichim, C., Anderco, P. & Birsan, S. Fecal Microbiota
Transplantation in Inflammatory Bowel Disease. Biomedicines 11 (2023).
https://doi.org:10.3390/biomedicines11041016

Shah, Y. R. et al. Role of fecal microbiota transplant in management of hepatic
encephalopathy: Current trends and future directions. World J Hepatol 16, 17-32
(2024). https://doi.org:10.4254/wjh.v16.i1.17

Kang, D. W. et al. Microbiota Transfer Therapy alters gut ecosystem and improves
gastrointestinal and autism symptoms: an open-label study. Microbiome 5, 10
(2017). https://doi.org:10.1186/s40168-016-0225-7

Fang, H. et al. Fecal Microbiota Transplantation Improves Clinical Symptoms of
Fibromyalgia: An Open-Label, Randomized, Nonplacebo-Controlled Study. J
Pain 25, 104535 (2024). https://doi.org:10.1016/j.jpain.2024.104535

Baruch, E. N. et al. Fecal microbiota transplant promotes response in
immunotherapy-refractory melanoma patients. Science 371, 602-609 (2021).
https://doi.org:10.1126/science.abb5920

Reddi, S. et al. Fecal microbiota transplantation to prevent acute graft-versus-
host disease: pre-planned interim analysis of donor effect. Nat Commun 16,
1034 (2025). https://doi.org:10.1038/s41467-025-56375-y

Woodworth, M. H. et al. Fecal microbiota transplantation promotes reduction of
antimicrobial resistance by strain replacement. Sci Transl Med 15, eabo2750
(2023). https://doi.org:10.1126/scitranslmed.abo2750

Yousefi, Y., Baines, K. J. & Maleki Vareki, S. Microbiome bacterial influencers of
host immunity and response to immunotherapy. Cell Rep Med 5, 101487 (2024).
https://doi.org:10.1016/j.xcrm.2024.101487

Mocanu, V. et al. Fecal microbial transplantation and fiber supplementation in
patients with severe obesity and metabolic syndrome: a randomized double-
blind, placebo-controlled phase 2 trial. Nat Med 27, 1272-1279 (2021).
https://doi.org:10.1038/s41591-021-01399-2

Nooij, S. et al. Long-term beneficial effect of faecal microbiota transplantation
on colonisation of multidrug-resistant bacteria and resistome abundance in
patients with recurrent Clostridioides difficile infection. Genome Med 16, 37
(2024). https://doi.org:10.1186/s13073-024-01306-7

Porcari, S. et al. Key determinants of success in fecal microbiota transplantation:
From microbiome to clinic. Cell Host Microbe 31, 712-733 (2023).
https://doi.org:10.1016/j.chom.2023.03.020

Karmisholt Grosen, A. et al. Effects of clinical donor characteristics on the
success of faecal microbiota transplantation for patients in Denmark with
Clostridioides difficile infection: a single-centre, prospective cohort study.
Lancet Microbe 6, 101034 (2025). https://doi.org:10.1016/j.lanmic.2024.101034



https://doi.org:10.1016/j.eclinm.2020.100642
https://doi.org:10.3390/biomedicines11041016
https://doi.org:10.4254/wjh.v16.i1.17
https://doi.org:10.1186/s40168-016-0225-7
https://doi.org:10.1016/j.jpain.2024.104535
https://doi.org:10.1126/science.abb5920
https://doi.org:10.1038/s41467-025-56375-y
https://doi.org:10.1126/scitranslmed.abo2750
https://doi.org:10.1016/j.xcrm.2024.101487
https://doi.org:10.1038/s41591-021-01399-2
https://doi.org:10.1186/s13073-024-01306-7
https://doi.org:10.1016/j.chom.2023.03.020
https://doi.org:10.1016/j.lanmic.2024.101034
https://doi.org/10.1101/2025.09.02.673862
http://creativecommons.org/licenses/by/4.0/

640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.02.673862; this version posted September 3, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

14

15

16

17

18

19

20

21

22

23

24

25

26

27
28

29

perpetuity. It is made available under a CC-BY 4.0 International license.

Lozupone, C. A., Stombaugh, J. |., Gordon, J. ., Jansson, J. K. & Knight, R.
Diversity, stability and resilience of the human gut microbiota. Nature 489, 220-
230 (2012). https://doi.org:10.1038/nature11550

Faith, J. J. et al. The long-term stability of the human gut microbiota. Science 341,
1237439 (2013). https://doi.org:10.1126/science.1237439

Gonze, D., Lahti, L., Raes, J. & Faust, K. Multi-stability and the origin of microbial
community types. ISME J 11, 2159-2166 (2017).
https://doi.org:10.1038/ismej.2017.60

Wolff, R., Shoemaker, W. & Garud, N. Ecological Stability Emerges at the Level of
Strains in the Human Gut Microbiome. mBio 14, e0250222 (2023).
https://doi.org:10.1128/mbio.02502-22

Wilson, B. C., Vatanen, T., Cutfield, W. S. & O'Sullivan, J. M. The Super-Donor
Phenomenon in Fecal Microbiota Transplantation. Front Cell Infect Microbiol 9, 2
(2019). https://doi.org:10.3389/fcimb.2019.00002

Chen, S., Zhou, Y., Chen, Y. & Gu, J. fastp: an ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics 34, i884-i890 (2018).
https://doi.org:10.1093/bioinformatics/bty560

Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with Bowtie 2. Nat
Methods 9, 357-359 (2012). https://doi.org:10.1038/nmeth.1923

Wood, D. E., Lu, J. & Langmead, B. Improved metagenomic analysis with Kraken
2. Genome Biol 20, 257 (2019). https://doi.org:10.1186/s13059-019-1891-0

Lu, J., Breitwieser, F. P, Thielen, P. & Salzberg, S. L. Bracken: estimating species
abundance in metagenomics data. Peer/ Comput Sci 3 (2017).
https://doi.org:10.7717/peerj-cs.104

Langmead, B. Index zone, <https://benlangmead.github.io/aws-indexes/k2>
(2025).

Wickham, H. A., M.; Bryan, J.; Chang, W.; McGowan, L.D.A.; Frangois, R.;
Grolemund, G.; Hayes, A.; Henry, L.; Hester, J. and Kuhn, M. Welcome to the
Tidyverse. Journal of Open Source Software 4 (2019).
https://doi.org:https://doi.org/10.21105/joss.01686

R: A language and environment for statistical computing (R Foundation for
Statistical Computing, Vienna, Austria, 2021).

Oksanen, J. S., Gavin; Blanchet, Francgois G.; Kindt, Roeland; Legendre, Pierre;
Minchin, Peter R.; O'Hara, R. B.; Solymos, Peter; Stevens, M. Henry H.; Szoecs,
Eduard; Wagner, Helene; Barbour, Michael; Bedward, Michael; Bolker, Benjamin;
Borcard, Daniel; Carvalho, Gabriel; Chirico, Michael; De Caceres, Miquel,;
Durand, Stéphane; Evangelista, Henrique; FitzJohn, Richard; Friendly, Michael;
Furneaux, Barbara; Hannigan, Gavin; Hill, Michael O.; Lahti, Leo; McGlinn, Dan;
Ouellette, Marie-Hélene; Ribeiro Cunha, Eduardo; Smith, Tom; Stier, Aaron; ter
Braak, Cajo J. F.; Weedon, James; Borman, Tony. (CRAN, 2025).

Kassambara, A. (CRAN, 2023).

Bates, D., Machler, M., Bolker, B. M. & Walker, S. C. Fitting Linear Mixed-Effects
Models Using lme4. Journal of Statistical Software 67, 1-48 (2015).
https://doi.org:DOI 10.18637/jss.v067.i01

Kuznetsova, A., Brockhoff, P. B. & Christensen, R. H. B. ImerTest Package: Tests in
Linear Mixed Effects Models. Journal of Statistical Software 82, 1-26 (2017).
https://doi.org:DOI 10.18637/jss.v082.i13



https://doi.org:10.1038/nature11550
https://doi.org:10.1126/science.1237439
https://doi.org:10.1038/ismej.2017.60
https://doi.org:10.1128/mbio.02502-22
https://doi.org:10.3389/fcimb.2019.00002
https://doi.org:10.1093/bioinformatics/bty560
https://doi.org:10.1038/nmeth.1923
https://doi.org:10.1186/s13059-019-1891-0
https://doi.org:10.7717/peerj-cs.104
https://benlangmead.github.io/aws-indexes/k2
https://doi.org:https://doi.org/10.21105/joss.01686
https://doi.org:DOI
https://doi.org:DOI
https://doi.org/10.1101/2025.09.02.673862
http://creativecommons.org/licenses/by/4.0/

687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.02.673862; this version posted September 3, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

30

31

32

33

34

35

36

37

38

39

40
41

42

43

44

45

perpetuity. It is made available under a CC-BY 4.0 International license.

Zhou, H., He, K., Chen, J. &Zhang, X. LinDA: linear models for differential
abundance analysis of microbiome compositional data. Genome Biol 23, 95
(2022). https://doi.org:10.1186/s13059-022-02655-5

Zhang, X. C., Jun. (CRAN, 2024).

Shen, W. & Ren, H. TaxonKit: A practical and efficient NCBI taxonomy toolkit. J
Genet Genomics 48, 844-850 (2021). https://doi.org:10.1016/j.jgg.2021.03.006
Pham, C. M., Rankin, T. J., Stinear, T. P., Walsh, C. J. & Ryan, F. J. TaxSEA: rapid
interpretation of microbiome alterations using taxon set enrichment analysis and
public databases. Brief Bioinform 26 (2025). https://doi.org:10.1093/bib/bbaf173
Olm, M. R. et al. inStrain profiles population microdiversity from metagenomic
data and sensitively detects shared microbial strains. Nat Biotechnol 39, 727-
736 (2021). https://doi.org:10.1038/s41587-020-00797-0

Olm, M. R., Brown, C. T., Brooks, B. & Banfield, J. F. dRep: a tool for fast and
accurate genomic comparisons that enables improved genome recovery from
metagenomes through de-replication. ISME J 11, 2864-2868 (2017).
https://doi.org:10.1038/ismej.2017.126

Seemann, T. Shovill: Assemble bacterial isolate genomes from lllumina paired-
end reads, <https://github.com/tseemann/shovill > (2020).

Chaumeil, P. A., Mussig, A. J., Hugenholtz, P. & Parks, D. H. GTDB-Tk v2: memory
friendly classification with the genome taxonomy database. Bioinformatics 38,
5315-5316 (2022). https://doi.org:10.1093/biocinformatics/btac672

Jain, C., Rodriguez, R. L., Phillippy, A. M., Konstantinidis, K. T. & Aluru, S. High
throughput ANI analysis of 90K prokaryotic genomes reveals clear species
boundaries. Nat Commun 9, 5114 (2018). https://doi.org:10.1038/s41467-018-
07641-9

Yu, G. C., Smith, D. K., Zhu, H. C., Guan, Y. & Lam, T. T. Y. GGTREE: an R package
for visualization and annotation of phylogenetic trees with their covariates and
other associated data. Methods in Ecology and Evolution 8, 28-36 (2017).
https://doi.org:10.1111/2041-210x.12628

Lenth, R. (CRAN, 2025).

Beghini, F. et al. Integrating taxonomic, functional, and strain-level profiling of
diverse microbial communities with bioBakery 3. Elife 10 (2021).
https://doi.org:10.7554/eLife.65088

Pasolli, E. et al. Accessible, curated metagenomic data through ExperimentHub.
Nat Methods 14, 1023-1024 (2017). https://doi.org:10.1038/nmeth.4468
Bradley, P. H. & Pollard, K. S. Proteobacteria explain significant functional
variability in the human gut microbiome. Microbiome 5, 36 (2017).
https://doi.org:10.1186/s40168-017-0244-z

Shen, A., Edwards, A. N., Sarker, M. R. & Paredes-Sabja, D. Sporulation and
Germination in Clostridial Pathogens. Microbiol Spectr 7 (2019).
https://doi.org:10.1128/microbiolspec.GPP3-0017-2018

Browne, H. P. et al. Culturing of 'unculturable' human microbiota reveals novel
taxa and extensive sporulation. Nature 533, 543-546 (2016).
https://doi.org:10.1038/nature17645



https://doi.org:10.1186/s13059-022-02655-5
https://doi.org:10.1016/j.jgg.2021.03.006
https://doi.org:10.1093/bib/bbaf173
https://doi.org:10.1038/s41587-020-00797-0
https://doi.org:10.1038/ismej.2017.126
https://github.com/tseemann/shovill
https://doi.org:10.1093/bioinformatics/btac672
https://doi.org:10.1038/s41467-018-07641-9
https://doi.org:10.1038/s41467-018-07641-9
https://doi.org:10.1111/2041-210x.12628
https://doi.org:10.7554/eLife.65088
https://doi.org:10.1038/nmeth.4468
https://doi.org:10.1186/s40168-017-0244-z
https://doi.org:10.1128/microbiolspec.GPP3-0017-2018
https://doi.org:10.1038/nature17645
https://doi.org/10.1101/2025.09.02.673862
http://creativecommons.org/licenses/by/4.0/

