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Background: The therapeutic potential of faecal microbiota transplantation (FMT) is under investigation for a
range of inflammatory conditions. While mechanisms of benefit are poorly understood, most models rely on
the viability of transplanted microbes. We hypothesised that protocols commonly used in the preparation of
faecal transplants will substantially reduce the number, diversity and functional potential of viable microbes.
Methods: Stools fromeight screened donorswere processed under strict anaerobic conditions, in ambient air, and
freeze-thawed. Propidiummonoazide (PMA) sample treatment was combined with quantitative PCR, 16S rRNA
gene amplicon sequencing and short-chain fatty acid (SCFA) analysis to define the viablemicrobiota composition
and functional potential.
Findings: Approximately 50% of bacterial content of stool processed immediately under strict anaerobic condi-
tions was non-viable. Homogenisation in ambient air or freeze-thaw reduced viability to 19% and 23% respec-
tively. Processing of samples in ambient air resulted in up to 12-fold reductions in the abundance of important
commensal taxa, including the highly butyrogenic species Faecalibacterium prausnitzii, Subdoligranulum variable,
and Eubacterium hallii. The adverse impact of atmospheric oxygen exposure on the capacity of the transplanted
microbiota to support SCFA biosynthesis was demonstrated by significantly reduced butyrate and acetate pro-
duction by faecal slurries processed in ambient air. In contrast, while reducing overall levels of viable bacteria,
freeze-thaw did not significantly alter viable microbiota composition.
Interpretation: The practice of preparing material for faecal transplantation in ambient air profoundly affects vi-
able microbial content, disproportionately reducing the abundance of anaerobic commensals and the capacity
for biosynthesis of important anti-inflammatory metabolites.
Fund: Thisworkwas supported by the South AustralianHealth andMedical Research Institute. LP is supported by
a scholarship from the Flinders Foundation. GR is supported by a Matthew Flinders Research Fellowship.

© 2019 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In recent years, followingmajor advances in nucleic acid sequencing
technology, there has been a dramatic increase in research linking gut
microbiota not only to intestinal pathologies such as inflammatory
bowel disease [1–4] or colorectal cancer [5], but also to a broad range
of other medical conditions that include metabolic disorders and even
mental health conditions [6–8]. This has led to the hypothesis that
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modification of gut microbiota via faecal microbiota transplantation
(FMT) could have a therapeutic role in a diverse range of diseases.

FMT is a therapeutic intervention in which stool from one or more
healthy donors is processed into a faecal slurry (FS) and delivered into
the intestinal tract of the recipient. Although FMT is best established
as a therapy for recurrent Clostridiumdifficile infection [9,10], there is in-
creasing evidence for the use of FMT in inflammatory disorders, partic-
ularly ulcerative colitis [11].

Despite its increasing use, there is neither standardisation of donor
screening nor standardisation of stool processing [12]. This lack of stan-
dardization extends to the use of FMT in clinical trials, ofwhich there are
over 200 registered on clinicaltrials.gov, making comparison of out-
comes difficult. Worryingly, FMT is also often performed in private
-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

Stool from healthy donors is processed into faecal transplant ma-
terial with the expectation that viable bacteria from the donor will
be transplanted into the gut of the recipient. Despite the promi-
nence of FMT in the clinical trials literature, few studies have
attempted to assess the viability of bacteria in FMT material. We
searched Pubmed for the terms “viability fecal microbiota”, “freez-
ing fecalmicrobiota” and “PMA fecalmicrobiota” from1980–2018
and also looked at citations of relevant articles. We were able to
identify only three studies that have attempted to assess the via-
bility of commensals in human faecal material. Using standard cul-
ture methods, Costello et al assessed the viability of Escherichia
coli, Bifidobacterium and Lactobacilli in faecal microbiota trans-
plant (FMT) material that had been processed in anaerobic condi-
tions and then frozen for up to 6 months, reporting no significant
effect of freezing when glycerol was used as a cryoprotective
agent. Fouhy et al examined faecal material from7 healthy donors
before and after freezing using 16S rRNA amplicon gene sequenc-
ing and with culture evaluating total aerobes, total anaerobes and
Bifidobaterium. Fouhy et al also found no significant effect overall
of freezing using either culture-based methods or 16S rRNA
amplicon sequencing. However, both approaches used in these
studies have significant limitations. Culture-based assessment
used by Costello et al is that only a small fraction of species pres-
ent in stool can be readily cultured. Although molecular methods
have the advantage of identifying the broad range of bacteria pres-
ent in stool, standard sequencing methodology is ineffective at
assessing viability as these methods will amplify DNA from both
live and dead microorganisms. Only one publication, by Chu
et al, combined propidium monoazide (PMA) based exclusion of
non-viable DNA with 16S rRNA amplicon sequencing to assess
the effect of freezing and ambient air processing on FMTmaterial.
This study had the limitation of assessing only one donor and
methodological problems in applying PMA to stool samples. In
the process of validating the PMA based method used in this
study, we demonstrated that if using undiluted faecal slurry with
PMA, as done by Chu et al, the method is not effective.

Added value of this study

We have performed the first comprehensive analysis of bacterial
viability in faecal slurries used for FMT. Unlike previous publica-
tions, we were able to show a significant effect of freezing on
the overall bacterial viability in FMT material, despite the use of
glycerol. However, our findings in relation to the effects of freez-
ing on specific bacterial taxa confirm the results shown by Cos-
tello et al’s culture-based viability study, as we also show no
significant effect of freezing on the viability of Bifidobacterium
and E. coli. We show that processing faecal material in ambient
air profoundly affects the viability of several important bacterial
taxa, with Faecalibacterium prausnitzii being the most affected.
F. prausnitzii was also the species whose relative abundance
was found by Chu et al to be most decreased after aerobic pro-
cessing (this effect was observed regardless of PMA treatment).
We report that the commensal organisms most affected by oxy-
gen exposure are collectively major producers of butyrate in the
gut, ametabolitewhich has been shown to be an important signal-
ling molecule which influences inflammatory and metabolic path-
ways. Direct assessment of the levels of an enzyme central to
bacterial butyrate biosynthesis, and measurement of butyrate

levels by gas chromatography following in-vitro fermentationwith
pre-biotic starch supports the conclusion that ability of the micro-
biota as a whole to produce butyrate is significantly reduced by
oxygen exposure.

Implications of all the available evidence

Following the publication of several high impact trials, such as that
of van Nood et al published in 2013 (NEJM), showing the benefit
faecal microbiota transplantation (FMT) for recurrent Clostridium
difficile colitis, FMT has become an established treatment for
this condition. FMT trials using stool processed by a variety of
methods, including ambient air homogenisation, freezing, and
freeze-drying, have consistently demonstrated benefit in
C. difficile colitis. However, it cannot be assumed that these
methods, which we show profoundly affect the viability of impor-
tant commensal species, will not adversely affect the ability of
FMT to produce benefit or increase the risk of harming the recipi-
ent, particularly when used for conditions other than C. difficile
colitis. FMT is increasingly being investigated as a therapeutic in-
tervention for a wide range of other conditions through numerous
clinical trials. Many, particularly those targeting inflammatory and
metabolic disorders, hypothesize that viable beneficial microbiota
delivered via FMT will mediate their effects via the production of
beneficial metabolites. Our finding that the ability of microbiota
to produce short-chain fatty acids is significantly reduced by ho-
mogenisation of stool in ambient air is particularly relevant in
these contexts. Little consideration is given in most clinical trials
to the method of preparing FMT and how this might impact the
safety and efficacy of FMT material. We believe an evidence
based and standardized approach to preparing FMT aswell as rou-
tine assessment of donor stool composition and viability is re-
quired in order minimize risks to the patient and ultimately
understand how FMT might be able to produce clinical benefit.
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clinics, or even by patients themselves, for unproven indications and in
a completely unregulated fashion [13].

Current guidelines for processing stool for FMT are intended for the
treatment of C. difficile colitis and are based on expert opinion in the ab-
sence of evidence [14–16]. The exact mechanism by which FMT results
in clearance of C. difficile from stool is not known, and variations in stool
processing protocols appear to have little impact on the efficacy of FMT
for this indication [14,17,18]. This has resulted in protocols designed for
use in C. difficile infection being adopted in trials using FMT for other in-
dications, where mechanisms of action are likely to be different. These
protocols commonly involve the homogenisation of stool in ambient
air, despite oxygen exposure being known to cause the rapid death of
many obligate anaerobic bacterial commensals [19].

At present there is little evidence available to guide clinicians in
selecting a stool processing methodology. Characterisation of the
microbiome composition in processed FMT donor material is often not
attempted, and where performed, typically involves high throughput
sequencing of extracted faecal DNA [20]. Such an approach will detect
DNA derived from both viable and non-viable organisms and therefore
have a limited capacity to indicatewhich bacteria are viable and capable
of replicating in the recipient. Culture methods readily isolate only a
small subset of the total gut microbiota and are therefore unsuitable
for characterising the impact of processing on many of the commensal
anaerobic species present.

A strategy to overcome these challenges is combinemolecular tech-
niques, such as next-generation sequencing and targeted quantitative
PCR assays, with propidium monoazide sample treatment (PMA-
qPCR) [21]. PMA is a red fluorescent dye which selectively enters cells
with compromised cell membranes. Upon exposure to light PMA will
covalently bind to DNA in these cells, inhibiting PCR amplification
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Fig. 1. Proportion of bacteria determined to be viable using 16S rRNA gene qPCR in
conjunction with PMA treatment. Proportion of viable cells was determined by dividing
viable cells amplified in PMA-treated samples over total number of cells amplified in
non-PMA treated control samples. Bacterial viability in faecal slurry was assessed after
processing in fresh anerobic conditions (ANO2), fresh aerobic conditions (O2), after one
cycle of freezing and thawing in anaerobically processed specimens (FT1) or after heat-
killing (HK). (Bars depict mean ± SD of 8 donor faecal slurry samples *= pb0·05, **=
pb0·01; paired t-test).
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[22]. In this way, PMA treatment of sample material allows the selective
amplification of DNA fromonly viable cells in the sample [22]. The PMA-
qPCR methodology applied in this study was specifically optimised for
use in faecal slurries for transplantation and validated in comparison
to culture methods [23].

We report the effects of anaerobic homogenisation, aerobic homog-
enisation and freeze-thaw on the viability and functional capacity of
bacteria in donor stools processed for faecal microbiota transplantation.

2. Methods

2.1. FMT faecal slurry (FS) processing

Stool was collectedwith informed consent fromhealthy participants
being screened as FMT donors for a clinical trial [24] with approval from
the Queen Elizabeth Hospital Human Research Ethics Committee
(HREC/16/TQEH/32). All donors had passed a screening questionnaire
(see appendix) used to identify potential FMT donors. Stool was col-
lected on site and processedwithin 15min of passage. Stoolwas divided
into two aliquots weighing at least 30 g. Each aliquot was blended (in a
240 VWaring SS515 laboratory blender at 22,000 rpm)with normal sa-
line (NS) and glycerol to produce a faecal slurry (FS) consisting of 25%
(wt/vol) stool, 65% NS, and 10% glycerol, as previously described [12].
In the first aliquot (ANO2) stool blending and PMA treatment were per-
formed under anaerobic conditionswithin an anaerobic chamber. In the
second aliquot (O2), the same procedure was performed in ambient air.
The resultant FS was frozen at−80 oC in 50 mL centrifuge tubes. To as-
sess the effects of freeze-thaw, a 50 mL aliquot of anaerobically proc-
essed FS was stored at −80 oC for 48 h and then allowed to thaw at
room temperature within the anaerobic chamber. The freeze-thawed
specimens were not exposed to oxygen during the processing or PMA
treatment. Heat killing was performed by subjecting a 1 mL aliquot of
thawed FS to 99 oC for 30 min.

2.2. Dilution and PMA treatment of fresh, frozen and thawed, and heat-
killed FS

Immediately following the processing described above, neat FS (25%
stool content) was diluted 100-fold in phosphate buffered saline (PBS)
and divided into six 95 μL aliquots in clear RNase-free 1.5 mL tubes
(Ambion, Thermo Fisher Scientific,WalthamMA, USA). Diluted samples
were treated with and without PMA in triplicate, as described above.
Samples were stored at −80 oC prior to extraction. PMA-treatment
was performed using a protocol specifically developed and validated
for faecal slurries [23]. A stock PMA solutionwas prepared by dissolving
1 mg of PMA (Biotium Inc., Fremont, CA, USA) in 1 mL of 20% dimethyl
sulfoxide. For PMA treatment, 5 μL of PMA stock was added to 95 μL of
sample to achieve 100 μM final concentration of PMA. Following a
30 min incubation at room temperature in the dark, samples were ex-
posed to an LED light (Aqua Zonic, Singapore) for 20 min. In non-PMA
treated control aliquots, 5 μL of PBS was added instead of PMA. Control
samples underwent identical incubation and light-exposure as the
matching PMA treated samples.

2.3. Determination of microbiota composition

DNA was extracted from the entire (100 μL) unspun sample. DNA
was extracted using the PowerLyzer PowerSoil DNA Isolation Kit (MO
BIO Laboratories, Carslbad, CA, USA) in accordance with the manufac-
turer’s instructions and stored at−20 oC.

The microbial composition of the faecal slurry specimenswas deter-
mined by paired-end sequencing of the V4 hypervariable region of the
bacterial 16S rRNA gene. Amplicon sequencing was performed on an
Illumina MiSeq platform as described previously. Paired-end reads
were merged, demultiplexed and analysed using Quantitative Insights
in to Microbial Ecology (QIIME) software (v1.9.1) using a previously
described bioinformatics pipeline [25]. Sequences were assigned to op-
erational taxonomic units (OTUs) using an open reference approach
against the SILVA 16S rRNA reference database (release 128) clustered
at 97% similarity. Subsampling was performed on all samples to a
depth of 6188 sequence reads. The alpha diversitymetrics for determin-
ing taxa richness (observed species) and diversity (PD whole tree) was
computed using QIIME. Sequence data was submitted to the National
Center for Biotechnology Information SRA database with accession
number PRJNA491383.

Taxa with zero counts were normalised to a single count across all
samples. Changes in taxon relative abundance were determined by cal-
culating the log2 values of fold change in relative abundance against the
anaerobically processedmatching controls across all taxa. Taxon relative
abundance average fold changewas computed based on the inverse log-
arithmof the sumof log2 fold changedividedby thenumber of donors in
which the taxa was detected. Only bacterial taxa that were present (se-
quence count ≥2) in at least one comparison group within each donor
and were present in at least 7 of 8 donors were included in the analysis.

2.4. Species-specific bacterial enumeration

Levels of total bacteria, butyryl-CoA:acetate CoA-transferase gene,
Anaerostipes hadrus, Faecalibacterium prausnitzii, Eubacterium hallii,
Roseburia spp/Eubacterium rectale, Bifidobacterium spp., Alistipes
putredinis, and Bacteriodes spp. were determined using previously de-
scribed qPCR assays (detailed in Supplementary Table 1) using a
QuantStudio 6 Real-Time PCR system (Applied Biosystems, Foster City,
CA, USA). The Subdoligranulum variable qPCR assay was developed as
part of this study (see Supplementary Methods). Escherichia coli DNA
was amplified using a probe-based assay using KAPPA PROBE FAST
ROX Low Master Mix reagents (Kapa Biosystems, Cape Town, South
Africa). All other PCR assays were performed using SYBR green
fluorophore reagents (PowerUp SYBR Green Master Mix, Applied
Biosystems). Quantitative PCR assays for the butyryl-CoA:acetate CoA-
transferase gene, fastidious bacteria, including A. hadrus, E. hallii,
Roseburia/E. rectale, and S. variable, a 10-fold dilution series of DNA ex-
tracted fromdonor faecal slurrywas used as the positive qPCR standard.

The proportion of bacterial cells in each sample that were viable was
determined by dividing the quantity of cells amplified in the presence of
PMA by the quantity of cells amplified in matching untreated controls.
To determine the proportion viable in heat-killed specimens, the quan-
tity of cells amplified in PMA-treated heat-killed samples was divided
by the quantity of cells amplified in the control sample prior to heat kill-
ing. Heat-killed specimens served as negative controls, representing
levels of amplification expected in non-viable specimens.



Fig. 2. Taxa richness of faecal microbiota transplant material from 8 donors as assessed by
16S rRNA gene amplicon sequencing with and without PMA treatment. Viable diversity
(PMA treated group) was significantly lower than diversity observed in control
specimens, even in samples processed immediately in anaerobic conditions (Fig. 2a
***=pb0·001, paired t-test). When comparing only viable diversity between samples
processed in anaerobic conditions (ANO2), in ambient air (O2), or after one cycle of
freezing and thawing in anaerobically processed specimens (FT1) there are significantly
lower observed species in specimens processed O2, whereas freeze-thawing of
specimens did not significantly reduce diversity (Fig. 2b, box plot depicts median and
IQR and error bars depict minimum to maximum values; *= pb0·05; Wilcoxon
matched-pairs signed rank test).

Fig. 3. Change in the relative abundance of viable taxa after processing in ambient air (O2

vs ANO2) or after freeze-thawing (FT1 vs ANO2). Light grey bars represent decreased
relative abundance and dark grey bars represent increased relative abundance. Selected
bacterial taxa were further assessed by qPCR (arrows). Only taxa with at least 2·5-fold
change in relative abundance are depicted.
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2.5. Assessment of metabolomic functional capacity

Weassessed the functional capacity of differentially processed faecal
slurries using an in vitro fermentation model, as described previously
[26]. Thismethod assesses the ability ofmicrobiota in the sample to pro-
duce SCFAwhen incubatedwith a fermentation substrate, high amylose
maize starch (HAMS). Briefly, stored frozen faecal slurry samples from
FMT donors (n=8) that had been processed ANO2 or O2 as described
earlier were thawed and incubated under strict anaerobic conditions
with HAMS. Heat-killed faecal slurry (n=2) and HAMS only (n=2)
were used as negative controls. SCFA levels were determined by gas
chromatography with flame ionisation detection (Hewlett-
Packard6890; Palo Alto, CA, USA). Acetate, butyrate and propionate
levels were measured pre-incubation and after 24 h of anaerobic
incubation at 37 °C with shaking. Results were normalised using
4-methylvaleric acid (Sigma-Aldrich) as an internal standard. SCFA pro-
duction in the two groups were compared using theWilcoxonmatched
pairs signed rank test.
2.6. Statistical analysis

Statistical analysis was performed using GraphPad Prism 7.03
software. Significance (p-value b0.05) was determined using paired
t-tests for parametric data and the Wilcoxon matched-pairs signed
rank test for non-parametric data.
3. Results

3.1. Donor characteristics

Donorsmedian age was 28.5 years (range 21–41) and with an equal
male to female ratio. An equal number of donors had South East Asian
and European heritage (Supplementary Table 2).
3.2. Impact of processingmethodology on bacteria viability in faecal slurries

With immediate anaerobic processing, the mean proportion of bac-
teria in FS that was viable was 0.50± 0.24 (mean± SD). After process-
ing in ambient air, this proportion fell to 0.19±0.07, and after anaerobic
processing followedbyone freeze-thaw cycle it was 0.23±0.11 (Fig. 1).
A significant reduction in the proportion of bacterial cells that were vi-
able was observed following processing in ambient air (p = 0.007)
and after freeze-thawing (p = 0.027), as compared to anaerobic pro-
cessing alone. The proportion of viable bacteria in all processing
methods was greater than detected in heat-killed specimens (p N

0.001).
3.3. Diversity of microbiota

The diversity of viable taxa detected in specimens processed under
anaerobic conditions after PMA treatment was significantly lower than
that in specimens processed using standard (without PMA) methods
(Fig. 2; taxa richness: p b0.001; PD whole tree: p = 0.007). Observed
viable taxon richness was significantly lower after processing in ambi-
ent air (O2) as compared to either ANO2 processed (p = 0.023) or FT
specimens (p = 0.023). No difference in diversity was observed be-
tween ANO2 and FT groups (Fig. 2). Differences in PD whole tree di-
versity between O2 and ANO2 and between O2 and FT groups were
not significant.



Fig. 4. Proportion of bacteria determined to be viable by specific qPCR assays. Proportion of viable cells was determinedby dividing viable cells amplified in PMA-treated samples over total
number of cells amplified in non-PMA treated control samples. Bacterial viability in faecal slurry was assessed after processing in fresh anaerobic conditions (ANO2), fresh aerobic
conditions (O2), after one cycle of freezing and thawing in anaerobically processed specimens (FT1) or after heat-killing (HK). Box plot depicts median and IQR and error bars depict
minimum to maximum values of faecal slurry samples from 8 individual donors. All significant comparisons are indicated by stars (*= pb0·05; **= pb0·01; ***= pb0·001; Wilcoxon
matched-pairs signed rank test).
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Fig. 5. Amplification of the butyryl-CoA:acetate CoA-transferase gene, the terminal
enzyme of the central butyrate synthesis pathway of human gut microbiota, in fresh
anaerobic conditions (ANO2), fresh aerobic conditions (O2), after one cycle of freezing
and thawing in anaerobically processed specimens (FT1) or after heat-killing (HK) in
PMA treated samples. Butyryl-coenzyme A(CoA) CoA transferase gene levels were
measured relative to amplification in a 10-fold dilution series of neat faecal slurry (FS
control). The dotted line represents limit of quantification of the assay. Box plots depict
median and IQR and error bars depict minimum to maximum values of faecal slurry
samples from 8 individual donors. Significant comparisons are indicated by stars. (*=
pb0·05; **= pb0·01; ***= pb0·001; Wilcoxon matched-pairs signed rank test).
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3.4. Viable microbiota composition

The five taxa (OTUs) that displayed the greatest relative abundance
across all samples belonged to the genera Bacteroides, Prevotella,
Bifidobacterium, Faecalibacterium, and the family Lachnospiraceae
(0.21, 0.09, 0.05, 0.05 and 0.05 mean relative abundance, respectively).
To determine which taxa were affected most by processing in ambient
oxygen or freeze-thawing, taxa were ranked by relative abundance
fold-change (Fig. 3). Nineteen taxa displayed a 2.5-fold or greater drop
in relative abundance after processing in ambient air, as compared to
2 taxa in the freeze-thaw group. The taxa most affected by processing
in ambient air included Faecalibacterium, Subdoligranulum, Eubacterium
hallii, Eubacterium rectale, Roseburia and Anaerostipes, representing
major butyrate producing taxa in healthy human gut microbiota [27].
Escherichia-Shigella and Alistipes were the only taxa to show a 2.5-fold
or greater increase in relative abundance processing in ambient oxygen
or freeze-thawing and this was observed only following processing in
ambient air.

To corroborate changes observed in taxon relative abundance, abso-
lute levels of the taxa listed above that were substantially affected by
processing were determined by quantitative PCR. This included an as-
sessment of all major butyrate producers that displayed a ≥2.5-fold in
relative abundance, as well as those taxa displaying the greatest overall
prevalence (Bacteriodes/Prevetolla and Bifidobacterium spp). Changes in
relative abundance of viable bacteria (PMA-treated) in the anaerobi-
cally processed group, compared to standard analysis of the same
group, are shown in Supplementary Fig. 1.
3.5. Targeted amplification of viable microbial DNA

The use of targeted quantitative PCR assays allowed the proportion
of viable cells belonging to particular bacterial species to be determined
(Fig. 4). Assays for F. prausnitzii, S. variable, A. hadrus, E. hallii, and
Roseburia/E. rectale were included as these taxa showed N2.5 fold or
greater decrease in relative abundance following processing in ambient
air. Assays for Bacteriodes/Prevotella spp. and Bifidobacterium spp. were
also performed as thesewere the generawith the highest relative abun-
dance in our cohort. Results for individual donors for each processing
condition are shown in Supplemental Tables 3a–c.

Significant reductions in levels of viable bacteria following ambient
air processing were observed for all taxa except the Roseburia/
E. rectale (for which no significant effects of processing were observed).
In the case of F. prausnitzii, the proportion viable bacteria in theO2 group
was not significantly different from heat-killed aliquots. E. halliiwas the
only species that showed a significant reduction in absolute viable levels
following freeze-thaw.

An assessment of E. coli absolute abundance was performed as this
taxon showed the greatest increase in relative abundance after process-
ing in ambient air. The absolute amplification of E. coli in the donorswas
below the threshold of quantification in all but one individual, and there
was no significant difference between the different processingmethods
(Supplemental Tables 3a–c).Alistipes also showed an increase in relative
abundance following processing in ambient air, but there was no in-
crease in absolute abundance.

A semi-quantitative PCR method was used to estimate the carriage
in viable bacterial cells of the gene encoding the butyryl-CoA:acetate
CoA-transferase gene, the terminal enzyme in the dominant pathway
of butyrate biosynthesis (this was employed as a surrogate measure of
overall butyrate biosynthesis capacity) [27]. When comparing amplifi-
cation from viable cells processed in ambient air, levels of this enzyme
are significantly lower than that detected in viable cells from anaerobi-
cally processed samples (p = 0.012) or freeze-thawed samples (p =
0.001). The level the butyryl-CoA:acetate CoA-transferase genedetected
within viable cells processed in ambient air was equivalent to samples
that had been heat-killed (Fig. 5).
3.6. SCFA biosynthesis

Paired comparisons of post-fermentation SCFA levels demonstrated
microbial butyrogenic and acetogenic capacity to be significantly re-
duced when donor stool was processed in ambient air (O2 vs ANO2,
p=0.008 and p=0.016 respectively, Fig. 6). In contrast, no significant
change in propionate biosynthesis was associated with oxygen
exposure.
4. Discussion

At present there is little evidence to guide clinicians using FMT on
how to best ensure that the viability of donor microbiota is preserved
in faecal transplant material. Analysis of microbiota in donor material
is not routine, andwhen performed, the methods used do not assess vi-
ability. PMA basedmethodology is able to overcomemany challenges in
assessing the viability of the complex community of fastidious bacteria
in stool. However, the main limitation of PMA methodology is that it
is prone to over-estimating the number of live bacteria in a sample
[22]. This means the number of viable cells could be lower than we re-
port. Furthermore, the dilution of specimens required for PMA treat-
ment means that very rare taxa are excluded from this type of analysis.

Despite these limitationswe show that currentmethods of reporting
the microbiota present in FMT material significantly overestimate the
number of live bacteria transplanted. On average, only half of bacteria
in faecal transplants in our study were still viable after immediate pro-
cessing in strict anaerobic conditions. The use of PMA sample treatment
also revealed that the diversity of bacteria in these transplants is signif-
icantly less than what would reported using standard sequencing
methods.

We observed substantial inter-donor variation in the impact of
sample processing. Such differences can be explained by individual
variation in microbiome composition, resulting in microbiota with dif-
ferent vulnerabilities to oxygen exposure and freezing, and indicate
theneed for viability assessments to beperformed on all donormaterial.

Our study revealed that homogenization by blending stool in
ambient air has a profound impact on its viable bacterial composition.
Ambient air processing is the default practice in most clinical trials
and is described in American [28], British [16] and European consensus
guidelines [14], although in many protocols stools are homogenized



Fig. 6.Net production of butyrate (panel a) and acetate (panel b) following in-vitro fermentation of faecal slurries for FMTwith high-amylosemaize starch.Matching samples (n=8)were
processed either under anaerobic conditions (ANO2), or under aerobic conditions (O2). Significant comparisons are indicated by stars. (*= pb0·05; **= pb0·01;Wilcoxonmatched-pairs
signed rank test).
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manually and not blended as in this study. The increased air flow
produced during high-speed blending may result increased oxygen-
exposure and be more detrimental to oxygen sensitive species than
manual homogenization.

Obligate anaerobic gut commensal species that are most affected by
oxygen exposure, including Faecalibacterium prausnitzii, Subdoligranulum
variable, Eubacterium rectale, Eubacterium hallii and Anaerostipes hadrus,
are major contributors to the biosynthesis of butyrate [27]. Butyrate is a
short-chain fatty acid produced from the fermentation by the intestinal
microbiota. Apart frombeing themajor energy source of colonocytes, bu-
tyrate and has both anti-inflammatory and anti-carcinogenic properties
[29,30]. Reduced luminal butyrate concentration or butyrate utilisation
is associated with enterocyte adenosine triphosphate depletion, loss of
tight junctions, reduced mucus production and resultant colonic barrier
disruption with inflammatory and immunological consequences [30].

We observed the proportion of viable F. prausnitzii and A. hadrus in
the majority of donors, as well as the levels of the butyryl-CoA:acetate
CoA-transferase gene, to be reduced to levels detected in heat-killed
specimens when specimens were processed in the presence of oxygen.
The relative reduction of butyrate producing bacteria, F. prausnitzii in
particular, within the gut has been associated with the presence of a di-
verse range of chronic diseases including depression [8], obesity [7],
type 2 diabetes [6] and inflammatory bowel disease [1,3,4]. These find-
ings suggest that processing faecal material in ambient air may nega-
tively influence the outcome of efforts to achieve anti-inflammatory or
immunomodulatory outcomes using FMT.

Bifidobacterium spp and Bacteroides spp, are major producers of the
short-chain fatty acids, acetate and propionate respectively, and like bu-
tyrate are important energy and signalling molecules [29]. Although,
their beneficial effects are less well-established than those of butyrate,
these metabolites have also been found to be important immune and
metabolic regulators [29]. Members of these genera were also signifi-
cantly reduced in abundance following oxygen exposure. However, sig-
nificant residual viable populations remained, particularly in the case of
Bacteroides spp., suggesting the potential for re-expansion in the gut of
the recipient.

Although freezing did reduce the overall viability of the transplant
material (reducing overall viability to around 25%) the viablemicrobiota
composition was not significantly different to that in fresh, anaerobi-
cally processed, specimens. Only one bacterial species, Eubacterium
hallii, was found to be significantly reduced in freeze-thawed speci-
mens. While E. hallii is a major butyrate-producer [27], this function is
also performed by several other bacterial species. The potential clinical
implications of the loss of this single species is uncertain.

Beyond the depletion of beneficial commensal bacteria in faecal ma-
terial through processing in ambient air, the relative abundance of
potentially pathogenic species, such E. coli and other oxygen-tolerant
Gram-negative bacteria, will increase proportionally. In our donor cohort
levels of E. coli were very low in fresh stool, with no evidence of an in-
crease in absolute abundance during processing. However, delays in
sample processing that result in prolonged periods at room temperature
could result in substantial increases in the abundance of opportunistic
pathogens. The loss of butyrate-producing anaerobes combined with
the overgrowth of oxygen-tolerant species could potentially transform
faecal transplant material from healthy donors into faecal material with
a microbiota profile more closely resembling those linked to inflamma-
tory bowel disease [2,19], type 2 diabetes [6] and colorectal cancer [5].

Processing FMT material in an anaerobic chamber achieves optimal
preservation of important commensal species. In the context of
C. difficile colitis, aerobic processing does not appear to adversely influ-
ence clinical outcomes. However optimal preservation of commensals
should be attempted when FMT is being investigated for other indica-
tions where it is not yet known how the loss of commensal anaerobes
could influence clinical outcomes. A limitation of our study was that
the effect of delays in processing were not analyzed. Although stool
specimens were processed within 15 min in this study, this is not
achievable in most clinical settings, and a delay in processing of several
hours ismore typical. Such delays in processingmay result in changes in
viablemicrobiota composition. A number of previous studies employing
molecular strategies, have reported delays in stool analysis to be associ-
atedwith shifts inmicrobiota composition and viability [25,31–33]. Chu
et al assessed changes in FMTmaterial in one donor after processing de-
lays of incremental periods up to 7 hours and saw a trend towards a
change in microbiome composition over this time [21]. These reports
are supported by a number of culture-based studies that have demon-
strated reduced recovery of anaerobes when processing is delayed
[34], particularly at room temperature [35] and when samples were
not stored in anaerobic conditions [36]. Until further research clarifies
the effects or processing delays, we suggest that periods between sam-
ple collection and processing are as short as possible.

Following processing, faecal material should be frozen promptly at
−80 °C. The ability to freeze samples prior to instillation is important
as it provides an opportunity to complete systematic testing for patho-
gens, including viruses and parasites [12]. Freezing also allows stool to
be available on demand for use in urgent clinical situations. Our analysis
suggests that, while freeze-thaw does impact the viable composition of
stool, in general this effect is relatively limited. However, there is vari-
ability in the individual donor microbiota response to freezing. In this
study, the overall bacterial viability in two donors dropped below levels
seen after ambient air processing after freeze-thaw alone.

The role that stool processing plays in changing the composition of
faecal transplants has been widely overlooked in the design of FMT
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clinical trials. Adherence to strict anaerobic stool processing protocols is
likely to result in increased benefit from FMT in some clinical settings.
Other factors, such as delays in stool processing and storage conditions,
might have as great an impact on bacterial viability as anaerobic pro-
cessing, butwere not assessed in this study. Itwould be beneficial for fu-
ture trials to assess the composition of donor transplant material with a
viability assay to ensure that the microbiota composition includes a
broad range of viable bacteria some of which may be crucial in mediat-
ing the therapeutic effects of FMT. A detailed analysis of the types and
numbers of viable bacteria transplanted is critical to understanding of
the mechanisms by which FMT produces, or fails to produce, therapeu-
tic effects.
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