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Abstract
Background: Faecal samples are frequently used to characterise the gut microbiota in health and disease, yet there
is considerable debate about how representative faecal bacterial profiles are of the overall gut community. A particular concern is whether bacterial populations associated with the gut mucosa are properly represented in faecal
samples, since these communities are considered critical in the aetiology of gastrointestinal diseases. In this study
we compared the profiles of the faecal and mucosal microbiota from ten healthy volunteers using bacterial culturing
(culturomics) and next-generation sequencing targeting the 16S ribosomal nucleic acid (rRNA) gene. Paired fresh rectal biopsies and faecal samples were processed under stringent anaerobic conditions to maintain the viability of the
bacteria. Four different sample types were analysed: faecal (F), faecal homogenised (FHg), biopsy tissue (B) and biopsy
wash (BW) samples.
Results: There were no significant statistical differences in either bacterial richness or diversity between biopsy
washes (BW) and faecal (F) or faecal homogenised (FHg) samples. Principal coordinates analysis of a Bray–Curtis
distance matrix generated from sequence variant tables did not show distinct clustering between these samples
(PERMANOVA; p = 0.972) but showed strong clustering of samples from individual donors. However, the rectal biopsy
tissue (B) samples had a significantly altered bacterial signature with greater abundance of Proteobacteria and Acidobacteria compared to faecal (F) and faecal homogenised (FHg) samples. A total of 528 bacteria encompassing 92
distinct bacterial species were isolated and cultured from a subset of six volunteer samples (biopsy washes and faeces). This included isolation of 22 novel bacterial species. There was significant similarity between the bacterial species
grown in anaerobic culture and those identified by 16S rRNA gene sequencing (Spearman correlation; rho = 0.548,
p = 0.001).
Conclusion: This study showed that the bacterial profiles of paired faecal and rectal biopsy wash samples were very
similar, validating the use of faecal samples as a convenient surrogate for rectal biopsy-associated microbiota. Anaerobic bacterial culture results showed similar taxonomic patterns to the amplicon sequence analysis disproving the
dogma that culture-based methods do not reflect findings of molecular assessments of gut bacterial composition.
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Background
The gut microbiota is a complex entity comprising of
myriad species of bacteria, archaea, fungi and viruses
that are critical in homeostasis and disease [1]. There
is variability in the microbial composition in different
micro-environments across different segments of the gut
[2]. Within a particular anatomical site, differences have
also been noted amongst the more entrenched bacterial species adherent to the mucosa and those bacteria
residing within the lumen [2]. Due to the proximity of
the mucosa-associated bacteria to the host innate system, these adherent bacteria are postulated to play a key
role in the aetiopathogenesis of various gastrointestinal
diseases spanning from inflammatory bowel disease to
colorectal cancer to necrotizing enterocolitis [3–6]. The
luminal stream of bacteria on the other hand is considered to be affected by dietary changes and more likely to
be represented in the extruded faecal samples [7].
Faecal samples have been commonly used as surrogate representatives of bacterial communities residing
in the colon but there is debate on whether faecal samples accurately represent the mucosa-associated bacteria
[8–12]. Most of the large-scale human health-related gut
microbiome assessments including the Human Microbiome Project and MetaHIT have focussed on faecal
microbiota due to the ease of access of samples without
the need for invasive endoscopic procedures [13, 14]. It is
therefore imperative that this wealth of information from
faecal microbiota studies can be extrapolated accurately.
There have been several studies comparing faecal and
mucosal bacterial profiles with traditional culture methods and subsequently with modern sequencing techniques, but varying methodologies of sample collection
and processing have been employed making a comparative analysis of such studies challenging [12, 15–17]. The
yield of information has been vastly improved by moving away from the traditional culture-based techniques
to next generation sequencing and metagenomic assessment of ‘unculturable’ gut bacteria [18]. Culture-based
methods can also result in under-representation of lowabundance, difficult to grow bacterial species which is
mitigated with the new techniques. However, the results
of high throughput sequencing of the human colonic
bacteria need to be interpreted with caution as the findings are not only dependent on the experimental design
but can be influenced by the type of sample, the number of sequence reads, the DNA extraction method and
sequencing primers utilized [19].

There has been a recent resurgence of culturing techniques with a specific focus on anaerobic conditions
for collection and assessment of the gut bacterial species which has narrowed the gap with the more modern
assessment of the enteric microbiome by next generation
sequencing [20, 21]. The greatest advantage of culture
techniques is the distinct proof of residence in the sampled anatomical site by documentation of ‘viable bacteria’ from biopsy samples taken from a specific segment of
the gut. The culture yield from these samples represents
the ‘live’ mucosa-associated bacterial population of that
segment, while the best sequencing methods cannot distinguish viable and non-viable ‘dead’ bacteria. Indeed,
enhanced culture techniques coupled with identification
of bacterial species using 16S rRNA gene amplification
have created the paradigm shift in the field of microbial
culturomics [22].
Most of the colonic bacterial species are strict anaerobes and there is a paucity of data that combines 16S
rRNA gene assessment of faecal and mucosal samples
collected and assessed under anaerobic conditions. Multiple studies have shown that the colonic microbiota
is significantly altered after bowel preparation prior to
colonoscopy, [23–26] while we have identified only one
study suggesting that bowel preparation does not affect
the composition of the microbiota for more than a month
[27]. Previous studies have also documented that personalised dietary changes can alter the gut microbiota within
an individual. These changes can occur quite rapidly with
change in dietary patterns leading to dramatic shifts in
the gut bacterial population [28–30]. This has relevance
when considering the dietary restrictions placed before
colonoscopy wherein subjects are told to avoid dietary
fibre for 24 to 48 h prior to the procedure, which may
produce an inherent and unseen bias in the determination of the ‘normal’ gut microbiome of that individual.
Additionally, any large time gap between the collection of
the faecal and biopsy samples may yield results that are
not directly comparable as they represent two different
time points in the dietary calendar of the subject.
This current study on healthy volunteers is based on
paired faecal and biopsy samples obtained from the rectum during flexible sigmoidoscopy (without prior bowel
preparation) that were collected on the same day and
transported and cultured in an anaerobic environment.
This assessment removes the potential confounders
affecting previous studies and provides accurate profiling of the anaerobic bacterial species residing loosely
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adherent to the mucosa and in the intestinal lumen of
‘healthy’ individuals. The study also underscores the
importance of stringent anaerobic culture techniques in
the assessment of the gut microbiota in addition to the
16S rRNA gene sequencing in this healthy cohort.

Methods
Study subjects

Ten healthy subjects aged 27–43 years with normal BMI
(defined as 18–25), and no history of any chronic diseases
were recruited to the study. Details of exclusion criteria
and individual biometric information can be found in
Table 1, and Additional file 1: Table S1. Dietary intake
was assessed using a self-administered Scottish Collaborative Group food frequency questionnaire (SCG
FFQ, version 6.6) which is a validated, semi‐quantitative
dietary assessment instrument [31]. The SCG FFQ covers
169 food items grouped into 21 categories (e.g., breads
and breakfast cereals) and was used to describe each participant’s habitual diet over the previous 3 months. All
subjects provided signed informed consent before participation. The study was performed in accordance with the
principles of the Declaration of Helsinki and the study
protocol was approved by Rowett Human Studies Ethical
Review Panel and the Ethics Committee of North of Scotland Research Ethics Service (Reference 17/NS/0112).
Faecal and biopsy sample collection and processing

Enrolled volunteers were invited to the Albyn Hospital, Aberdeen, Scotland where they underwent flexible
sigmoidoscopy for collection of rectal biopsy samples.
The volunteers did not receive any bowel preparation.
Six mucosal pinch biopsy samples were collected from
the rectum (approximately 10 cm above the anal verge)
of each volunteer anaerobically (bowel inflated with

CO2 during the procedure) and placed immediately into
anaerobic tissue transport medium (Cary Blair, Oxoid,
UK) to preserve the viability of anaerobic bacteria. Samples were transported to the laboratory immediately in
cool bags and were processed within 1–2 h of collection
under stringent anaerobic conditions. A schematic of
sample collection and processing is presented in Fig. 1.
In the laboratory, all six biopsy samples from each
donor were transferred into 1 ml of anaerobic dilution
fluid along with the surrounding agar transport medium,
vortexed, washed three times in anaerobic dilution
fluid (0.25% Bacto yeast extract, 0.4% N
 aHC03, 1% Liquid Gold, 15% Mineral 1 and 2 solution, 0.1% Tween 80,
Resazurin and Cysteine HCl) [32] vortexing the mix each
time, and the three washes were then pooled together
(2 ml). Subsequently, serial dilutions of the pooled wash
were cultured as described below (for 6/10 samples). The
remaining pooled biopsy wash (BW) was immediately
centrifuged at 14,500 × g for 10 min, the resultant pellet was re-suspended in a total volume of 900 µl of PBS
solution with 30% glycerol and then split into two aliquots of 450 µl. One aliquot was stored at − 70 °C and
the other was processed immediately for DNA extraction as described below. The remaining biopsy tissues (B)
were snap frozen in liquid nitrogen and stored at – 70 °C
for later DNA extraction for assessment of microbiota
composition.
Fresh paired faecal samples were obtained at the
same time from volunteers and were transported to
the laboratory in cool bags containing frozen icepacks
and processed within 6 h of defecation. These faecal
samples were processed in two parts. Firstly, an aliquot
of sample was scooped from the unexposed inner part
of the faecal material (to ensure viable anaerobic bacteria were sampled), suspended in anaerobic dilution

Table 1 Volunteer demographics
Volunteer

Age (years)

Gender

Body mass index
(kg/m2)

Smoke

Antibiotic (last
6 months)

Bowel movement

P1

40

Female

21.7

No

No

More than once a day

P2

30

Female

23.2

No

No

More than once a day

P3

43

Female

24

No

No

Once/day

P4

33

Female

29

No

No

Once/day

P5

28

Male

21.2

No

No

Once/day

P6

29

Female

21.8

No

No

2–3 times/week

P7

28

Female

23.8

No

No

Once/day

P8

36

Female

18.7

No

No

Once/day

P9

37

Female

24

No

No

2–3 times/week

P10

27

Female

24.5

No

No

Once/day

Exclusion criteria included history of CVD, diabetes, bowel disease, autoimmune disorders, cancer and mental health issues; other chronic diseases; regular probiotic
consumption (none in previous 2 weeks); antibiotic therapy within previous 6 months; other prescribed medications (including anticoagulants)
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Fig. 1 Schematic diagram outlining sample collection and processing. Four different sample types were analysed: faecal (F), faecal homogenised
(FHg), biopsy tissue (B) and biopsy wash (BW) samples. DNA was extracted from all 4 sample types for microbial community profiling using Illumina
sequencing

fluid (1 g faeces per 9 ml buffer–10−1 dilution) aseptically whilst flushing the tube with CO2 following the
anaerobic Hungate method [33]. This vortexed faecal
suspension (F) was then serially diluted and plated
directly onto selective media as described in the next
Sect. (6/10 samples). The remainder of the first dilution (10−1) was centrifuged at 14,500 × g for 10 min,
the resultant pellet was re-suspended in a total volume of 900 µl of PBS solution with 30% glycerol and
then split into two aliquots of 450 µl. One aliquot was
stored at − 70 °C and the other was processed immediately for DNA extraction. Secondly, a further aliquot of
5 g, hand-homogenised, faecal sample was suspended
in 10 ml PBS solution with 30% glycerol and processed
using the GentleMACS ™ Dissociator (Miltenyi Biotec
Ltd., UK) to create a homogenised faecal sample (FHg).
DNA was extracted immediately from a 450-µl aliquot

of the FHg sample and the rest was stored at − 70 ºC
(Fig. 1).
Bacterial anaerobic culture, isolation and purification
of strains

All samples were processed and cultured under strict
anaerobic conditions in a Whitley MACS MG-1000
anaerobic workstation (gas composition was 10% carbon dioxide, 10% hydrogen, 80% nitrogen) at 37 °C. The
pooled biopsy wash samples (BW) were serially diluted
(tenfold dilution) in anaerobic dilution fluid from 10−1
to 10−5 and 100 µl of four dilutions (10−2, 10−3, 10−4
and 10−5) were plated on four different media to maximise the likelihood of culturing diverse taxa. For the faecal sample (F), the first tenfold dilution was vortexed for
3 min to mix thoroughly and subsequently diluted by
tenfold serial dilutions through to 1
 0−9 dilutions. 100 µl
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of four highest dilutions ( 10−6, 10−7, 10−8 and 1
 0−9) were
then plated onto the four different media plates. The
media used for isolation from F and BW samples were
yeast extract-casein hydrolysate-fatty acids (YCFA) agar
[34] supplemented with 1% autoclaved human faecal fermentor waste [35] and one of four different carbohydrate
substrate combinations; (1) glucose, soluble potato starch
and cellobiose (GSC, Sigma), (2) commercial mucin from
porcine stomach (Type III, Sigma) (3) fructans; vivinal
galactooligosaccharide (GOS, Friesland Campina Domo,
the Netherlands) and Synergy1 (gifted by BENEO-Orafti,
Belgium) or (4) potato starch (Sigma) and β-glucan
(Polycell Technologies Glucagel) at 0.2% (w/v) of each
substrate. The agar plates were incubated for 48 h anaerobically until colonies were observed. Distinct single colonies representing all the various colony morphologies
present were picked from the plates and sub-cultured
onto the same respective selective plates to re-purify the
isolates. A second round of purification was carried out
by sub-culturing these re-purified colonies to ensure that
pure single strains were isolated. Concurrently, replica
plates of all isolates were incubated aerobically at 37 °C
for 24 h. All strictly anaerobic, purified isolates were
finally inoculated in M2GSC broth [36] in 7.5 ml aliquots
in Hungate tubes, sealed with butyl rubber septa (Bellco
Glass) and grown anaerobically at 37 °C for 24 h. Purity
of broth cultures was checked by Gram staining and the
purified isolates stored as glycerol stocks at − 70 °C.
Bacterial identification by 16S rRNA gene sequencing

Cell pellets obtained from 1 ml of culture were resuspended in 50 μl of sterile distilled H
 2O and served as
templates for direct colony PCR using Ready Mix Red
Taq PCR Mix (Sigma, UK). Near full length 16S rRNA
gene sequences were amplified with a universal primer
set fD1 (5’ AGAGTTTGATCCTGGCTCAG 3’) and
rP2 (ACGGCTACCTTGTTACGACTT) [37] and PCR
amplifications were performed as described previously
[38]. The amplified PCR products were purified with
multiscreen micro 96 well plates and vacuum filtered
(Millipore) according to the manufacturer’s instructions and directly sequenced with primers fD1, rP2, 519f
(CAGCMGCCGCGGTAATWC) and 519r (GWATTA
CCGCGGCKGCTG) at Eurofins Genomics (Germany).
Similarity of the 16S rRNA gene sequences from the
isolates to those from other organisms was compared
with all sequence data in GenBank, using the BLAST
algorithm [39]. Sequences that had a similarity percentage lower than 98.65% were defined as new bacterial
species and those less than 95% as new bacterial genera
[40]. Phylogenetic analysis was performed using MEGA
X software [41], distances were calculated according to
Kimura’s two-parameter model and a phylogenetic tree
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was generated using the maximum likelihood algorithm.
After construction, the tree was edited using the Interactive Tree of Life website (iTOL) [42].
Short‑chain fatty acid (SCFA) production

SCFA and other fermentation acid formation was
assessed in culture supernatants (1 ml) by gas chromatography as described previously [43]. Briefly, following
derivatisation of the samples using N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide (MTBSTFA), the samples were analysed using a Hewlett Packard (Palo Alto,
CA, USA) gas chromatograph fitted with a fused silica
capillary column using helium as the carrier gas. The
SCFA concentrations were calculated from the relative
response factor with respect to the internal standard
two-ethylbutyrate and external standard (a standard mixture of six SCFAs in distilled water).
DNA extraction for microbial community profiling

DNA was extracted from the faecal and biopsy samples
using the FastDNA Spin kit for soil (MP Biomedicals,
UK). For the fresh F, FHg and BW samples, 450 μl were
placed in lysing matrix E tubes and 978 μl of sodium
phosphate buffer and 122 μl MT buffer were added to
each tube, which was processed following the manufacturer’s instructions. DNA was eluted in 100 μl FastPrep
elution buffer and quantified by Qubit 2.0 Fluorometer
(Life Technologies Ltd., UK). For the biopsy tissue samples (B), an additional digestion step was included prior
to extraction of DNA. Proteinase K (30 μl) and tissue lysis
buffer (ATL buffer, 180 µl, Qiagen, UK) were added to
the washed biopsy pieces (six pieces per volunteer) and
incubated for 18 h at 56 °C to ensure complete lysis of the
biopsy material [44]. DNA extraction was then carried
out using the entire lysed biopsy samples (220 µl approx.)
and DNA was eluted in 50 µl FastPrep elution buffer.
Purified DNA was stored at – 70 ºC. DNA extracted
from all samples (F, FHg, BW and B) were subjected to
16S rRNA gene sequencing to profile the entire bacterial
community.
PCR amplification and amplicon sequencing for microbial
community profiling

An amplicon library was generated by PCR amplification
of the V1–V2 hypervariable region of bacterial 16S rRNA
genes using the barcoded fusion primers MiSeq-27F (5’AATGATACGG CGACCACCGAGATCTACACTATG
GTAATTCCAGMGTTYGATYMTGGCTCAG-3’) and
MiSeq-338R
(5’-CAAGCAGAAGACGGCATACGA
GAT-barcode-AGTC AGTCAGAAG CTG CCTCC CGT
AGG
AGT
-3’), which also contain adaptors for downstream Illumina MiSeq sequencing. Each of the samples
was amplified with a unique (12 base) barcoded reverse
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primer. Initial PCR amplification was undertaken with
New England BioLabs Q5 High-fidelity DNA Polymerase,
utilizing a per-reaction mix of DNA template (1 μl), 5X
Q5 Buffer (5 μl), 10 mM dNTPs (0.5 μl), 10 μM F primer
(1.25 μl), 10 μM R primer (1.25 μl), Q5 Taq (0.25 μl) and
sterile, deionised water (15.75 μl) to a final volume of
25 μl. PCR cycling conditions were as follows: 2 min at
98 °C; 20 cycles of 30 s at 98 °C, 30 s at 50 °C, 90 s at 72 °C;
with a final cycle of 5 min at 72 °C followed by a holding
temperature at 10 °C. For BW samples 25 cycles and for
B samples 29 cycles were used, due to the lower bacterial load and thus DNA yield. Quadruplicate PCR reactions were set up per DNA sample to ensure adequate
yield of amplicons. Following confirmation of adequate
and appropriately sized products, the quadruplicate reactions were pooled, and ethanol precipitated. The pooled
amplicons were then quantified using a Qubit 2.0 Fluorometer (Life Technologies Ltd., UK) and a sequencing
mastermix was created using equimolar concentrations
of DNA from each sample which was then cleaned up
using AMPure XP magnetic beads (Beckman Coulter,
High Wycombe, UK) following manufacturer’s instructions. Negative controls using water instead of DNA samples were extracted alongside the samples following the
same protocol, and PCR was amplified using either 20 or
29 cycles and included in the sequencing runs to assess
the impact of contamination on the results. Sequencing
was carried out on an Illumina MiSeq v3 flowcell producing 300 bp paired end reads. Raw sequencing data has
been deposited with the European Nucleotide Archive
database under accession number PRJEB35864.
Bioinformatics and statistical analysis

The quality of the data obtained from Illumina MiSeq
sequencing was assessed using FastQC (version 0.11.3)
[45] and analysed using the DADA2 software package
(version 1.3.1) [46]. The DADA2 pipeline encompasses
read filtering and trimming, dereplication, error profiling, sample inference, merging of paired end reads, construction of the sequence table, removal of chimeras and
assignment of taxonomy based upon the SILVA database
(version 132) [47] both at the genus and the species level.
The DADA2 output sequence table was converted to
biom format using biomformat software (version 2.1.3)
[48], and this data used to assess sequence variant abundances, producing counts for each sample. Diversity analysis was performed using the core_diversity_analyses.py
script from QIIME (version 1.9.0) [49], with subsampling
set to 13,589 reads per sample. Core diversity analyses
calculated five alpha diversity measures (observed species, Chao [50], Shannon Index [51], Simpson Index [52]
and Good’s coverage) and two beta diversity measures
(Bray–Curtis [53] and Binary Jaccard [54]). Information
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of taxa numbers at each taxonomic level were also produced. Statistical measurement of sample clustering
within PCoA plots was measured using the Adonis statistical test, which implements a PERMANOVA. Differential abundance testing of sequence variants between
samples was carried out by converting the biom file to a
PhyloSeq object [55] and testing differential abundance
using linear discriminant analysis effect size (LEfSe) [56],
with each sequence variant only considered at the lowest
identifiable taxonomic level, and Corncob (version 0.1.0)
[57]. This method collapses sequence variants down
to set taxonomic levels and uses beta-binomial regression to identify significant differences. Significance was
set as a false discovery rate (FDR) < 0.05. Comparisons
were made at the taxonomic levels of phylum, family and
genus, between the different sample-groups tested. Figures were made using ggplot2 in RStudio. PCoA plots
were visualised using Emperor [58].
Quantitative polymerase chain reaction (qPCR)

Quantitative PCR (qPCR) was performed in duplicate with iTaqTM Universal SYBR® Green Supermix
(Bio-Rad) in a total volume of 10 μl amplifying 2 ng of
DNA in a CFX384TM Real-time System (Bio-Rad) as
described previously (Chung et al. 2016). Samples were
amplified with universal 16S rRNA gene primers UniF
(GTGSTGCAYGGYYGTCGTCA) and UniR (ACGTCR
TCCMCNCCT
TCC
TC). Standard curves consisted of
tenfold dilution series of quantified, amplified bacterial
16S rRNA genes from Ruminococcus bromii L2-63 strain.
Relative bacterial concentrations in each sample were
estimated by comparing the gene copy numbers calculated using the standard curves. As the DNA extracted
(especially from the biopsy samples) consists of a mixture of host and bacterial DNA, the presence of both the
human GAPDH gene and bacterial 16S rRNA gene were
assessed. The number of GAPDH and bacterial 16S rRNA
gene copies in each sample were quantified using validated primer sets with respect to their standard curves,
and bacterial DNA content was calculated from the ratio
of DNA (ng) encoding 16S rRNA genes and GAPDH
genes. Data were analysed using BioRad CFX manager
software and the detection limit was determined with
negative controls containing only herring sperm DNA.

Results
Overall, ten healthy subjects with no gastrointestinal
symptoms or pre-existing diseases, aged between 27 and
43 years (1 male and 9 females) were recruited to the
study. The mean ± standard deviation body mass index of
the volunteers was 23.19 ± 2.7 kg/m2. Volunteers did not
take any antibiotics or prebiotic supplements within the
previous 6 months or probiotic supplements including
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yoghurt in the 2 weeks leading up to the sample donation (Table 1, Additional file 1: Table S1). All volunteers
followed their habitual balanced diet with one volunteer
consuming no meat or fish (P5) and one volunteer consuming no meat (P8), while four volunteers reported no
alcoholic beverages (P3, 5, 8 and 10) (Additional file 2:
Table S2).
16S rRNA gene sequencing‑based microbial profiling

Bacterial DNA extracted from faecal (F and FHg) and
rectal biopsy (B and BW) samples was used for 16S rRNA
gene sequence analyses. A total of 3,471,838 high quality
16S rRNA gene sequence read pairs were obtained from
the different sample types sequenced (B, BW, F, FHg)
following quality filtering, equating to 86,796 ± 8599
(mean ± SEM) reads per sample (Additional file 3:
Table S3). One sample (P5-BW) had failed to amplify
correctly (producing only 117 sequence reads) and was
eliminated from further analysis. A total of 4118 different sequence variants and their respective abundances
per sample was obtained from the DADA2 analysis. Singleton sequence variants (those present in only a single
sample at a single count) were removed to leave 4095
sequence variants. Summary of the sequencing data for
each sample type is documented in Additional file 4:
Table S4. Rarefaction curves for each of the alpha diversity metrics reached a plateau and a saturation phase,
indicating that sample biodiversity was adequately covered with the applied sequencing depth (Additional file 5:
Figure S1).
The dominant phyla across all samples were Firmicutes (median relative abundance, 54.06%; interquartile range (IQR) 47.55%, 59.73%), Bacteroidetes (24.34%;
IQR 20.29%, 29.17%), Proteobacteria (8.54%; IQR 4.58%,
17.46%) and Actinobacteria (4.66%; IQR 2.26%, 8.07%),
together representing > 96% of the total taxa. There
were significant inter-individual differences noted in the
bacterial profiles of biopsy and faecal samples as highlighted in the PCoA analysis (PERMANOVA; p = 0.001)
(Additional file 6: Figure S2), with three sample types (F,
FHg and BW) from any individual clustering together,
but clearly separated from the biopsy samples (Additional file 7: Figure S3).
Comparison of microbial profiles between the different
faecal and rectal biopsy sample types

The microbial profiles of the aliquots collected from
the whole faecal samples (F) and the faecal homogenised samples (FHg) were compared with each other to
decide which of them was best suited for the final comparative analysis. The biopsy washes were also compared to the whole biopsy tissue samples to determine
whether there were differences in the composition of
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loosely adherent and strongly adherent bacteria. Dominant phylum and genus analysis for different sample
types indicated that there was considerable similarity between the profiles from the faecal sample, the
homogenised faecal sample and the biopsy wash sample from single individuals, with the biopsy tissue samples having a distinctive profile comprising many more
Proteobacteria and fewer Firmicutes (Fig. 2, Table 2).
Differential abundance testing of taxa between the
faecal (F) and faecal homogenised (FHg) samples found
no significant differences. PCoA plots visualising the
results of the Bray–Curtis diversity metric showed tight
clustering between F and FHg samples from each individual indicating very close similarity of the microbial
profile between these two sample types (Additional
file 7: Figure S3).
When comparing biopsy tissue (B) and biopsy wash
(BW) samples, there was no such clustering for most
volunteers (Additional file 7: Figure S3), and significant differences were found at various taxonomic levels. Four phyla had significantly differential abundance
(FDR < 0.05; Additional file 8: Figure S4). Three of
these phyla, including Proteobacteria and Acidobacteria, were increased in the B samples relative to the BW
samples. Twenty bacterial genera were found to have
significant differential abundance (FDR < 0.05; Additional file 9: Figure S5), of which 18 were increased in
the biopsy samples. Unsurprisingly, sequences classified as Eukaryota were also more abundant in the
biopsy samples. Ten of these more abundant taxa are
likely to be contaminants (as discussed below) and were
not further investigated. Six of the eight genuinely differentially abundant taxa in biopsy tissue samples were
Proteobacteria, consistent with the observed increase
in Proteobacteria in biopsy compared to biopsy wash
samples at the phylum level. However, the low biomass
of the biopsy samples and the associated higher chance
of detecting contamination should be kept in mind
whilst interpreting these results.
The strong similarity between the bacterial profiles
of homogenised (FHg) and non-homogenised (F) faecal samples indicated that they could be represented by
a single dataset in the faecal sample: biopsy comparison.
There was less similarity between the microbial profile of
the B and BW samples. The biopsy washes represent the
more abundant, loosely adherent mucosal bacterial population as opposed to the sparse, strongly adherent bacterial subset from the whole rectal biopsy tissue, which
includes more species that could be considered as potential pathogens. Thus, the subsequent analysis focussed on
comparing the FHg samples and the BW samples as representatives for the best comparison of the faecal bacterial profile and the loosely adherent mucosal bacteria.
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Fig. 2 Relative abundance for faecal (F), faecal homogenised (FHg), rectal biopsy tissue (B) and biopsy wash (BW) samples at the (a) phylum and (b)
genus level. The most abundant five phyla and 20 genera are shown

Assessment of contaminant genera in low‑biomass biopsy
tissue samples

It is important to note that the 20-cycle negative control consisting of ‘DNA’ extracted from the water that
had been used to resuspend the DNA produced almost

no sequencing reads (133 filtered read pairs), whilst the
matched 29-cycle negative control produced 9752 filtered read pairs. Although all other samples yielded more
sequencing data, this does indicate the possible amplification of contaminants during the later PCR cycles, a

Table 2 Dominant phyla detected by amplicon sequence analysis for each sample type. Average median value and interquartile
range (IQR) tabulated
Faecal
Firmicutes
Bacteroidetes
Proteobacteria
Actinobacteria

Faecal homogenised

Biopsy Wash

Biopsy

55.60%

58.30%

55.40%

43.30%

(IQR 52.9%, 60.3%)

(IQR 52.7%, 61.5%)

(IQR 51.1%, 59.2%)

(IQR 35.7%, 45.5%)

27.80%

25.30%

24.30%

20.60%

(IQR 23.2%, 29.7%)

(IQR 20.3%, 28.0%)

(IQR 21.7%, 36.2%)

(IQR 15.9%, 25.3%)

5.30%

4.40%

8.50%

28.60%

(IQR 3.7%, 9.0%)

(IQR 2.8%, 6.7%)

(IQR 5.0%, 14.7%)

(IQR 20.3%, 39.7%)

8.10%

6.60%

4.50%

3.60%

(IQR 4.8%, 9.0%)

(IQR 4.5%, 10.0%)

(IQR 2.2%, 6.8%)

(IQR 2.0%, 4.0%)
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frequent problem in analysis of low biomass samples [59].
These sequencing reads equated to 191 sequence variants
that were compared directly with sequence variants identified in the biopsy samples (B and BW, also subjected
to extra cycles of PCR) to ensure that only bacteria truly
present in the samples and not in the negative control,
were focussed on when making conclusions about the
analysis. For instance, 10 of the 18 taxa with increased
abundance in biopsy samples compared to biopsy wash
samples were also present in the 29-cycle negative control (Additional file 9, Figure S5). These were assumed to
be contaminants rather than strongly adherent or even
invasive bacteria that were unique and truly increased in
the biopsy samples. At least three of these 10 taxa have
frequently been identified as contaminants in another
study [59].

Estimation of total bacterial load by qPCR

Similar microbial profile between biopsy wash and faecal
homogenised samples

For optimal anaerobic cultivation conditions to isolate
human gut microbiota, we grew bacteria from faecal (F)
and biopsy wash (BW) samples on four different solid
media. These media were chosen to represent a wide
range of substrates which had previously been shown to
have good potential for recovery of the abundant Grampositive anaerobic gut bacteria (see “Methods” section).
A total of 528 anaerobic gut bacteria were cultured as
pure isolates from the first six volunteers (BW and F samples). Out of this, 245 bacteria were isolated from BW
samples and 283 from F samples. The viable bacterial
count from the F samples averaged 1010 colony-forming
units (CFU)/mL (ranging from 
109 to 
1010 CFU/mL)
and the count for the BW samples was lower, averaging
105 CFU/mL (ranging from 1
 03 to 106 CFU/mL). Generally, the F samples contained around 105 more bacteria than the BW samples, with very little difference in
the number of colonies growing on the different media
(Additional file 11: Table S5). The majority of the 528
isolated bacteria were strictly anaerobic (98%) with only
11 isolates (2%) able to grow aerobically when replated
on the isolation media, and all but one of these had initially been cultured from the BW samples. Eight of the
ten aerotolerant isolates from BW samples were subsequently identified as Proteobacteria (Escherichia coli and
Citrobacter freundii) and two as Firmicutes (Staphylococcus epidermidis). The single aerotolerant isolate cultured
directly from the F sample was a facultative anaerobe
from the Firmicute phylum (Enterococcus durans). The
majority of our cultured isolates were obligately anaerobic, confirming that anaerobic conditions had been
maintained during collection, transport and growth. Proteobacteria species isolated were not investigated further
but were included in the analysis to provide phylogenetic
context. Bacterial identification was possible for 498 of
528 isolates (94.32%) (Additional file 12: Table S6).

Taxonomic profiling showed limited differences between
the faecal homogenised FHg and biopsy wash, (BW)
samples at either the phylum (Fig. 2a) or genus (Fig. 2b)
level. Bacterial richness and diversity were also comparable between these samples with no significant statistical differences observed between the alpha diversity
metrics (Kruskal–Wallis test; observed species p = 0.072,
Chao p = 0.050, Shannon p = 0.807, Simpson p = 0.652;
Fig. 3a–d). Principal coordinates analysis of a Bray–Curtis distance matrix generated from sequence variant
tables did not show distinct clustering of biopsy wash
and faecal samples (Fig. 3e, PERMANOVA; p = 0.972),
but showed strong clustering of samples from individual
donors. Heatmap of the relative abundances of the most
common bacteria classified at the genus level, also showed
strong individual similarities between FHg and BW samples (Fig. 4a). Differentially abundant amplicon sequence
variants (ASVs) between faecal (FHg) and biopsy wash
samples (BW) were analysed by LEfSe to determine which
ASVs were driving the differences between sample types.
These analyses showed that three ASVs identified as Proteobacteria (Ralstonia sp. and Holosporaceae sp.) and
Cyanobacteria (unclassified Sericytochromatia) were significantly more abundant within the BW samples than the
FHg samples. A further two ASVs belonging to the Firmicutes phyla (Roseburia hominis and Turicibacter sanguinis) were present in significantly higher amounts in the
FHg samples compared to BW samples (Fig. 4b). Corncob
analysis was also carried out to further investigate the
differences in the abundance of ASVs in the two groups
which showed that the relative abundance of Propionibacteriaceae and Pasteurellaceae were significantly increased
(FDR = 0.0029 and 0.042 respectively) in BW samples
compared to FHg samples at the family level (Fig. 5).

Quantitative PCR (qPCR) of DNA extracted from samples
was performed in order to estimate the bacterial loads in
the respective samples, and to validate the subsequent analyses. The highest bacterial loads (based on 16S rRNA gene
copy number) were present in the faecal samples (F and
FHg) with very little difference observed between them and
were lowest in the biopsy samples (Additional file 10: Figure S6). This was consistent with the results from the bacterial culturing analysis (see below). The low bacterial load
and corresponding higher human DNA load in the biopsy
samples (BW and B) resulted in a lower proportion of bacterial DNA extracted from these samples and necessitated
the additional amplification cycles prior to sequencing as
described in the methods section.
Isolation and culture of anaerobic gut bacteria
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Fig. 3 Species diversity comparison between faecal (FHg) and rectal biopsy wash (BW) samples. a Observed species, b Chao (species richness), c
Shannon-Weiner diversity index, d Simpson diversity index, e Beta diversity comparisons, clustering of samples according to sample type by PCoA.
Note: Data was not available for the P5-BW sample
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Fig. 4 Relative abundance of ASVs in faecal (FHg) and biopsy wash samples (BW) by a heat map of Log2count of ASVs. Two sets of colours on the
column depicts sample type (red = faecal homogenised, blue = biopsy wash). b Significant biomarkers between faecal (FHg) and biopsy wash
samples by LEfSe LDA scores

Fig. 5 Log relative abundance of taxa with significantly different abundance at the family level between faecal homogenised (blue) and rectal
biopsy wash (red) samples

Firmicutes (47%), Bacteroidetes (45%) and Actinobacteria (7%) were the dominant phyla (Fig. 6a) and Bacteroides, Faecalibacterium, Prevotella, Eubacterium,

Collinsella and Blautia species were the dominant genera across all cultured isolates (Fig. 6b, Additional file 12:
Table S6). In total, 92 different bacterial species and 22
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novel species were identified in this study. The proportions of the three major phyla isolated from F and BW
samples were very similar (Correlation coefficient (r):
Firmicutes 0.899; Bacteroidetes 0.958; Actinobacteria
0.932).
Comparability between culture and 16S rRNA gene
amplicon sequencing results

The taxonomic profile of the cultured anaerobic isolates was very similar to that observed following compositional analysis of extracted DNA by 16S rRNA gene
sequencing. In both cases Firmicutes, Bacteroidetes and
Actinobacteria were the dominant phyla and Bacteroides,
Faecalibacterium, Prevotella and Eubacterium species,
the dominant genera across all samples. The main difference was the under-representation of Proteobacteria
amongst our cultured isolates, presumably because our
culture media targeted isolation of obligately anaerobic
Gram-positive bacteria, that may thus far be under-represented in culture collections, and was sub-optimal for
growth of Proteobacteria.
The taxonomy and relative abundance of identified
sequence variants (ASVs) within the faecal, faecal homogenised and biopsy wash samples, were compared to taxonomic assignment and relative abundance of cultured
isolates, determined via Sanger sequencing of 16S rRNA
gene. This comparison was carried out at both genus
and species levels. Of the 92 different cultured isolates
collapsed to the level of species, 37 could be matched
to ASVs of those species. These taxa accounted for 17%
of all ASV counts in the faecal, faecal homogenised and
biopsy wash samples. The remaining 55 cultured isolates
couldn’t be matched to specific ASVs for two reasons: 28
of the cultured species are not represented in the SILVA
species database, and 27 of the cultured isolates were not
identified within any samples following 16S rRNA gene
sequencing. Of the 37 different cultured isolates collapsed to the level of genus, 32 could be matched to ASVs
of those genera. These genera accounted for 51.76% of all
ASV counts in the faecal, faecal homogenised and biopsy
wash samples. The remaining seven cultured isolates
could not be matched to the ASVs as these genera were
not present in the SILVA database.
A significant correlation was observed between the
abundance of bacteria identified by sequencing (ASVs)
and the abundance of cultured isolates (Spearman correlation: genus level–rho = 0.666, p = 6.849e − 06, species
level–rho = 0.548, p = 0.001.
SCFA and other fermentation acid profiles

We investigated the Firmicutes isolates to assess if there
was any difference in metabolite production between
the biopsy and faecal isolates. The metabolic activities
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of these bacterial strains in pure culture were compared by assessing the main acid fermentation products
after 24 h growth on rich M2GSC media. SCFA analysis
showed that, on the whole, the profiles between biopsy
wash isolates and faecal isolates were very similar. The
main fermentation product for most isolates was acetate
(2–37 mM), followed by lactate (2–27 mM), butyrate
(2–25 mM) and succinate (2–14 mM) with many of these
bacteria consuming acetate during growth, as previously
reported [60] ( Additional file 13: Figure S7). There was
no difference between the proportions of butyrate, lactate and acetate produced (Fisher’s two-tailed P value,
0.3177, 0.7389 and 0.3262 respectively). Although it
appeared that there was more acetate consumption in the
BW isolates compared to the faecal isolates, these differences were not statistically significant. The proportion of
acetate utilisers was similar between both sample types
(Fisher’s two-tailed p value, 0.412) but the proportion
of butyrate producing, acetate utilising Firmicutes was
higher in the faecal samples (Fisher’s two-tailed p value,
0.018).

Discussion
In this study, we compared 16S rRNA gene sequencingbased microbial profiling and culture analysis of paired
rectal biopsies and faecal samples, collected from healthy
volunteers using strict anaerobic conditions. The deep
sequencing analysis confirmed that over 90% of the
bacterial species from the biopsy and faecal samples
belonged to the four most common bacterial phyla, Firmicutes, Bacteroidetes, Proteobacteria and Actinobacteria, which is consistent with previous published reports
[11, 13, 14]. Even though our volunteers were all classed
as healthy adults, under 45 years of age and of normal
weight, there were significant differences in the bacterial profiles between individuals as noted in the PCoA
analysis. Considerable variation has been noted in the gut
microbiota of different individuals, frequently driven by
varied dietary intake, leading to the suggestion that distinct gut bacterial enterotypes exist [61]. We monitored
habitual intake of major food groups across our volunteers and noted considerable differences in the amounts
and types of carbohydrates, meat products, and fruits
and vegetables consumed by different volunteers. Volunteer 5, the only strict vegetarian with the highest habitual intake of bread and vegetables, also had the highest
relative abundance of the genus Prevotella in their faecal
sample, consistent with previous reports [62, 63]. However, detailed correlation analysis of dietary intakes with
individual microbial profiles was not performed due to
the small number of participants in this study.
There were no discernible differences following
sequence analysis of homogenised faeces samples (FHg)
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Fig. 6 Anaerobic bacterial culture from healthy human faecal (F) and rectal biopsysamples (BW). a Phylum distribution of F and BW samples and
b Phylogenetic tree of bacteria cultured from the six donors constructed from the near full-length 16S rRNA gene sequences. The bar indicates the
dissimilarity scale on tree branches. All major genera of bacteria identified are specified
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and un-homogenised faecal aliquots (F) confirming the
uniformity of bacterial species through the collected
samples. This may reduce the need to homogenise faecal
samples for analysis in future studies, and validates data
obtained by those microbiome testing companies who
rely on analysing spot faecal sample cores. However, distinct differences were noted in the bacterial profile of the
biopsy wash (BW) and the biopsy tissue samples (B), with
a greater relative abundance of Proteobacteria and Acidobacteria noted in the biopsy tissue samples. Quantitative assessment showed significantly reduced bacterial
loads from the whole biopsy tissue samples as opposed
to the biopsy washes suggesting that the former primarily represents strongly adherent bacterial species that
persisted after processing, whereas the BW samples were
more representative of the more abundant loosely adherent bacterial population. Such differences have been
noted in another human study that showed that colonic
lavage samples contained significantly higher numbers of
operational taxonomic units (OTUs) compared to corresponding biopsy samples [11]. Our study indicates that
the homogenised faecal samples (FHg), un-homogenised
faecal aliquots (F) and biopsy washes (BW) have similar
bacterial profiles but are distinctly different to the biopsy
tissue (B) samples.
Animal biogeographical studies have also shown a
preponderance of Proteobacteria in biopsies as opposed
to luminal faecal samples obtained from adjacent sections of the bowel [9]. The bacteria residing in the deeper
crypts are often distinct from the mucosal bacterial population, with non-fermentative Proteobacteria prevalent
[64]. It can be postulated that these bacteria are more difficult to remove from biopsy samples by washing, which
could explain why Proteobacteria were more abundant in
the biopsy tissue samples in our study.
It has been suggested that laxatives given regularly
prior to colonoscopy significantly alter the mucosa-associated gut microbiota with a suggestion that the common
laxative, picolax, may also have intrinsic antibacterial
effects [24, 26, 65] although other studies have suggested
that this may not be the case [27]. Our approach of utilising biopsy washes from samples taken from the rectum
without antecedent bowel preparation mitigates these
potential biases. Unlike animal models where it is easy to
access proximal bowel samples through autopsy, without
recourse to laxatives, this is not possible in human subjects. The rectal biopsies obtained from our volunteers
were accessed by obtaining mucosal samples avoiding
stool pellets, but proximal colonic access by colonoscopy
requires prior bowel preparation. However, a study in
macaques, found that the microbiota of faecal samples
was similar to that of biopsy samples acquired from various segments of the colon during autopsy [9].
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Comparison of bacterial profiles of the homogenised
faecal samples and the biopsy washes were the key comparison of this study. Significant inter-individual variation
was noted in the 16S rRNA gene sequencing profiles from
the FHg and BW samples highlighting the uniqueness of
the gut microbiota within each individual. However, significant concordance was noted at both the phylum and
genus levels between the bacterial profile of FHg samples
and the paired BW sample from the same individual. This
is contrary to previous observations in healthy volunteers
and patients, where the bacterial populations from faeces
and colonic biopsies were deemed to be distinct and nonrepresentative of each other [8, 66, 67]. It is worth noting that in these other studies, biopsy samples were taken
after bowel preparation which reduces microbial content
and therefore affects the microbial profile as previously
mentioned. Despite the limitation that our biopsies are
rectal rather than colonic, we feel that the remarkable
conservation between the bacterial profiles of the paired
biopsy wash and faecal samples illustrates that faecal
samples are representative of the luminal bacterial community, as well as the biopsy-associated community. The
separate analysis of the biopsy wash and biopsy tissue
samples hinders an overall comparison of the microbial
composition in rectal biopsies with that of corresponding
faecal samples.
We propose that the anaerobic transfer of fresh biopsy
samples, utilisation of biopsy washes and anaerobic processing of samples used in this study cumulatively led
to a representative assessment of the loosely adherent
bacterial community. It is well known that most colonic
bacteria are strict anaerobes and transport of the small
biopsy tissue samples in open contact with oxygen would
adversely impact on their survival. This was elegantly
demonstrated by the study by Browne et al., where faeces and biopsy samples were placed in anaerobic media
within an hour of passage/collection and the entire processing was done in anaerobic surroundings [20]. When
sequenced, the faecal samples and the cultured bacterial
community shared an average of 93% of raw reads across
the six volunteers [20].
Our culture analysis was based on 528 unique bacterial isolates grown from biopsy washes and faecal samples
with over 94% of isolates identified to the genus or species level. Only 2% of cultivable bacterial species showed
aerobic growth which is consistent with previous reports,
and validates our anaerobic methodology [68]. We noted
good concordance between the bacterial signatures from
anaerobic culture and the microbial profiling based on 16S
rRNA gene sequence analysis. There was excellent correlation between bacteria identified from the three major
phyla in both methods from faeces and biopsy washes,
illustrating that the most abundant faecal bacteria are
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culturable. This contrasts with a previous older study from
three Japanese subjects where a comparative assessment
between anaerobic culture and 16S rRNA gene sequencing
from faecal material, indicated that a large proportion of
the bacteria that could be cultured were uncharacterised
[69]. This may be because the comparative genetic databases were not robust enough a decade ago.
The bacterial loads in the different samples were estimated by both viable cell culturing and quantitative PCR.
Colony counts from biopsy washes and faecal samples
were remarkably similar to the paired estimates from
qPCR data. Despite the numerical difference in the bacterial load between both samples, the similarities following
microbial profiling strongly suggests that faecal samples
reflect biopsy wash samples and can be used as surrogates
for assessing loosely adherent mucosa-associated bacteria.
Short chain fatty acids (SCFA) produced by the intestinal microbiota have multiple effects on host physiology
and metabolism, most of which are beneficial to health
[70, 71]. There were no differences between the proportions of butyrate, acetate and lactate produced by Firmicute bacteria isolated from the faecal and biopsy samples,
highlighting that the bacteria isolated from both sites were
functionally aligned. In the gut ecosystem, both lactate and
acetate are utilised by specialised groups of cross-feeding
bacteria, often producing butyrate or propionate [72, 73].

Conclusions
This study highlights that carefully designed anaerobic
conditions facilitate characterization of a representative proportion of human bacteria. We demonstrate that
the bacterial profile of faecal samples and rectal biopsy
washes is comparable, which will allow researchers to
extrapolate results from large gut microbiome studies
done on faecal samples to reflect those that occur at the
mucosal interface. Remarkable conservation of microbial
signatures was noted between paired faecal and rectal
biopsy washes from healthy volunteers. However, there
were distinct differences noted in the microbial composition of the biopsy tissue samples compared to the other
three samples, reflecting the strongly adherent bacterial
population. Stringent anaerobic culture is an essential
first step in advanced culturomics, which is the technology that will deliver a paradigm leap in the understanding of specific mechanistic interactions between the gut
microbiota and individual human hosts.
Abbreviations
ASV: Amplicon sequence variants; B: Biopsy tissue sample; BMI: Body mass
index; BW: Biopsy wash sample; CFU: Colony-forming units; DNA: Deoxyribonucleic acid; F: Faecal sample; FDR: False discovery rate; FHg: Homogenised
faecal sample; GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; GOS:
Galactooligosaccharide; GSC: Glucose, soluble potato starch and cellobiose;
IQR: Interquartile range; iTOL: Interactive tree of life; LEfSe: Linear discriminant

Page 15 of 17

analysis effect size; MTBSTFA: N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide; OTU: Operational taxonomic unit; PBS: Phosphate-buffered saline; PCR:
Polymerase chain reaction; PERMANOVA: Permutational multivariate analysis
of variance; qPCR: Quantitative polymerase chain reaction; RESAS: Rural and
Environmental Sciences and Analytical Services; rRNA: Ribosomal ribonucleic
acid; SCFA: Short-chain fatty acid; SCG FFQ: Scottish Collaborative Group food
frequency questionnaire; SEM: Standard error of mean; YCFA: Yeast extractcasein hydrolysate-fatty acids.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s40168-022-01354-4.
Additional file 1: Table S1. List of supplements taken by volunteers.
Additional file 2: Table S2. Individual energy, nutrient and food intake of
all volunteers assessed by food frequency questionnaire (FFQ).
Additional file 3: Table S3. Read statistics.
Additional file 4: Table S4. Overview of sequencing data in the different
sample groups [F (Faecal), FHg (Faecal homogenised), BW (Biopsy wash)
and (B) Biopsy tissue)].
Additional file 5: Figure S1. Rarefaction plots for every sample for the
alpha diversity metrics a) Observed Species, b) Chao, c) Shannon Index, d)
Simpson Index and e) Good’s Coverage.
Additional file 6: Figure S2. PCoA plots based upon Bray Curtis Diversity
metrics for different volunteers showing inter-individual differences in
the bacterial profile of both biopsy and faecal samples. Each volunteer is
represented by a different colour, revealing the four linked samples.
Additional file 7: Figure S3. PCoA plots based upon Bray Curtis Diversity
metrics for different sample types.
Additional file 8: Figure S4. Log relative abundance of taxa with significantly different abundance at the phylum level between biopsy tissue
(red) and biopsy wash (blue) samples.
Additional file 9: Figure S5. Log relative abundance of taxa with significantly different abundance at the genus level between biopsy tissue (red)
and biopsy wash (blue) samples.
Additional file 10: Figure S6. qPCR estimation of bacterial loads in the
different sample types.
Additional file 11: Table S5. Total viable counts of anaerobic bacteria
enumerated on growth plates from biopsy wash (BW) and faecal (F)
samples.
Additional file 12: Table S6. Bacterial identification.
Additional file 13: Figure S7. Detection of fermentation acids in media
following growth of individual isolates in pure culture. Acid production
split for biopsy wash (BW) and faecal (F) bacterial isolates. The upward
arrow indicates fermentation acid production whilst the downward arrow
represents consumption during bacterial growth in pure culture. Bacterial
isolate numbers shown on the x-axis correspond to bacterial identities
detailed in Additional file 12, Table S6. Data are averages of technical
replicates from single cultures.
Acknowledgements
We are indebted to our volunteers for providing the faecal and biopsy samples without which this study would not have been possible. We thank the
members of the Rowett Gut Health research team for discussions and advice.
The authors thank the Centre for Genome Enabled Biology and Medicine for
Illumina sequencing and useful discussions.
Authors’ contributions
KPS and SG conceived the study. AJM, KPS and SG collected all volunteer samples. IM and JM performed all sample processing, experiments and analyses.
SS conducted amplicon sequencing data analysis. IM, KPS and SG interpreted
the data and wrote the manuscript. All authors read and approved the final
manuscript.

Mukhopadhya et al. Microbiome

(2022) 10:171

Funding
This work was supported by funding from Probi AB (Grant Ref: RG14104).
The Rowett Institute (University of Aberdeen) receives financial support from
the Scottish Government Rural and Environmental Sciences and Analytical
Services (RESAS).
Availability of data and materials
The original MiSeq 16S rRNA gene sequence data that support the findings of
this study have been deposited in the European Nucleotide Archive database
under accession number PRJEB35864.16S rRNA gene sequences derived
from the sequencing of PCR products from all cultured bacterial isolates
were submitted to GenBank with the accession numbers from MW397642—
MW398109 and ON815066-ON815095.

Declarations
Ethics approval and consent to participate
All subjects provided signed informed consent before participation. The study
was performed in accordance with the principles of the Declaration of Helsinki
and the study protocol was approved by the Ethics Committee of North of
Scotland Research Ethics Service (Reference 17/NS/0112) and Rowett Human
Studies Ethical Review Panel.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1
Gut Health Group, Rowett Institute, University of Aberdeen, Aberdeen, UK.
2
Centre for Genome Enabled Biology and Medicine, University of Aberdeen,
Old Aberdeen, UK. 3 Current Address ‑ All Wales Medical Genomics Service,
Institute of Medical Genetics, University Hospital of Wales, Heath Park, Cardiff,
UK. 4 Department of Surgery, Aberdeen Royal Infirmary Foresterhill, Aberdeen,
UK.
Received: 1 April 2022 Accepted: 18 August 2022

References
1. Thursby E, Juge N. Introduction to the human gut microbiota. Biochem J.
2017;474(11):1823–36.
2. Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen L, Sargent M, Gill
SR, Nelson KE, Relman DA. Diversity of the human intestinal microbial
flora. Science. 2005;308(5728):1635–8.
3. Swidsinski A, Ladhoff A, Pernthaler A, Swidsinski S, Loening-Baucke V,
Ortner M, Weber J, Hoffmann U, Schreiber S, Dietel M, et al. Mucosal flora
in inflammatory bowel disease. Gastroenterology. 2002;122(1):44–54.
4. Ott SJ, Musfeldt M, Wenderoth DF, Hampe J, Brant O, Folsch UR, Timmis
KN, Schreiber S. Reduction in diversity of the colonic mucosa associated
bacterial microflora in patients with active inflammatory bowel disease.
Gut. 2004;53(5):685–93.
5. Xu K, Jiang B. Analysis of mucosa-associated microbiota in colorectal
cancer. Med Sci Monit. 2017;23:4422–30.
6. Stewart CJ, Marrs EC, Magorrian S, Nelson A, Lanyon C, Perry JD, Embleton ND,
Cummings SP, Berrington JE. The preterm gut microbiota: changes associated
with necrotizing enterocolitis and infection. Acta Paediatr. 2012;101(11):1121–7.
7. Maukonen J, Saarela M. Human gut microbiota: does diet matter? Proc
Nutr Soc. 2015;74(1):23–36.
8. Zoetendal EG, von Wright A, Vilpponen-Salmela T, Ben-Amor K,
Akkermans AD, de Vos WM. Mucosa-associated bacteria in the human
gastrointestinal tract are uniformly distributed along the colon and differ
from the community recovered from feces. Appl Environ Microbiol.
2002;68(7):3401–7.
9. Yasuda K, Oh K, Ren B, Tickle TL, Franzosa EA, Wachtman LM, Miller AD,
Westmoreland SV, Mansfield KG, Vallender EJ, et al. Biogeography of the
intestinal mucosal and lumenal microbiome in the rhesus macaque. Cell
Host Microbe. 2015;17(3):385–91.

Page 16 of 17

10. Tang MS, Poles J, Leung JM, Wolff MJ, Davenport M, Lee SC, Lim YA, Chua
KH, Loke P, Cho I. Inferred metagenomic comparison of mucosal and fecal
microbiota from individuals undergoing routine screening colonoscopy
reveals similar differences observed during active inflammation. Gut
Microbes. 2015;6(1):48–56.
11. Watt E, Gemmell MR, Berry S, Glaire M, Farquharson F, Louis P, Murray GI,
El-Omar E, Hold GL. Extending colonic mucosal microbiome analysisassessment of colonic lavage as a proxy for endoscopic colonic biopsies.
Microbiome. 2016;4(1):61.
12. Li G, Yang M, Zhou K, Zhang L, Tian L, Lv S, Jin Y, Qian W, Xiong H, Lin
R, et al. Diversity of duodenal and rectal microbiota in biopsy tissues
and luminal contents in healthy volunteers. J Microbiol Biotechnol.
2015;25(7):1136–45.
13. Qin J, Li R, Raes J, Arumugam M, Burgdorf KS, Manichanh C, Nielsen
T, Pons N, Levenez F, Yamada T, et al. A human gut microbial gene
catalogue established by metagenomic sequencing. Nature.
2010;464(7285):59–65.
14. Human Microbiome Project C. Structure, function and diversity of the
healthy human microbiome. Nature. 2012;486(7402):207–14.
15. Lyra A, Forssten S, Rolny P, Wettergren Y, Lahtinen SJ, Salli K, Cedgard L,
Odin E, Gustavsson B, Ouwehand AC. Comparison of bacterial quantities in left and right colon biopsies and faeces. World J Gastroenterol.
2012;18(32):4404–11.
16. Carstens A, Roos A, Andreasson A, Magnuson A, Agreus L, Halfvarson
J, Engstrand L. Differential clustering of fecal and mucosa-associated
microbiota in “healthy” individuals. J Dig Dis. 2018;19(12):745–52.
17. Lepage P, Seksik P, Sutren M, de la Cochetiere MF, Jian R, Marteau P, Dore
J. Biodiversity of the mucosa-associated microbiota is stable along the
distal digestive tract in healthy individuals and patients with IBD. Inflamm
Bowel Dis. 2005;11(5):473–80.
18. Wang Q, Wang K, Wu W, Giannoulatou E, Ho JWK, Li L. Host and microbiome multi-omics integration: applications and methodologies. Biophys
Rev. 2019;11(1):55–65.
19. Momozawa Y, Deffontaine V, Louis E, Medrano JF. Characterization of
bacteria in biopsies of colon and stools by high throughput sequencing of the V2 region of bacterial 16S rRNA gene in human. PLoS One.
2011;6(2):e16952.
20. Browne HP, Forster SC, Anonye BO, Kumar N, Neville BA, Stares MD, Goulding D, Lawley TD. Culturing of “unculturable” human microbiota reveals
novel taxa and extensive sporulation. Nature. 2016;533(7604):543–6.
21. Lagier JC, Hugon P, Khelaifia S, Fournier PE, La Scola B, Raoult D. The
rebirth of culture in microbiology through the example of culturomics
to study human gut microbiota. Clin Microbiol Rev. 2015;28(1):237–64.
22. Lagier JC, Armougom F, Million M, Hugon P, Pagnier I, Robert C, Bittar
F, Fournous G, Gimenez G, Maraninchi M, et al. Microbial culturomics:
paradigm shift in the human gut microbiome study. Clin Microbiol Infect.
2012;18(12):1185–93.
23. Ahmed S, Macfarlane GT, Fite A, McBain AJ, Gilbert P, Macfarlane
S. Mucosa-associated bacterial diversity in relation to human terminal ileum and colonic biopsy samples. Appl Environ Microbiol.
2007;73(22):7435–42.
24. Nagata N, Tohya M, Fukuda S, Suda W, Nishijima S, Takeuchi F, Ohsugi
M, Tsujimoto T, Nakamura T, Shimomura A, et al. Effects of bowel
preparation on the human gut microbiome and metabolome. Sci Rep.
2019;9(1):4042.
25. Drago L, Toscano M, De Grandi R, Casini V, Pace F. Persisting changes of
intestinal microbiota after bowel lavage and colonoscopy. Eur J Gastroenterol Hepatol. 2016;28(5):532–7.
26. Harrell L, Wang Y, Antonopoulos D, Young V, Lichtenstein L, Huang Y,
Hanauer S, Chang E. Standard colonic lavage alters the natural state
of mucosal-associated microbiota in the human colon. PLoS One.
2012;7(2):e32545.
27. O’Brien CL, Allison GE, Grimpen F, Pavli P. Impact of colonoscopy bowel
preparation on intestinal microbiota. PLoS One. 2013;8(5):e62815.
28. David LA, Maurice CF, Carmody RN, Gootenberg DB, Button JE,
Wolfe BE, Ling AV, Devlin AS, Varma Y, Fischbach MA, et al. Diet
rapidly and reproducibly alters the human gut microbiome. Nature.
2014;505(7484):559–63.
29. O’Keefe SJ, Li JV, Lahti L, Ou J, Carbonero F, Mohammed K, Posma JM, Kinross J, Wahl E, Ruder E, et al. Fat, fibre and cancer risk in African Americans
and rural Africans. Nat Commun. 2015;6:6342.

Mukhopadhya et al. Microbiome

(2022) 10:171

30. Walker AW, Ince J, Duncan SH, Webster LM, Holtrop G, Ze X, Brown
D, Stares MD, Scott P, Bergerat A, et al. Dominant and diet-responsive
groups of bacteria within the human colonic microbiota. ISME J.
2011;5(2):220–30.
31. Hollis JL, Whybrow S, Craig LC, Clark H, Garden L, McNeill G. Estimating
plate-based model food proportions in adults living in Scotland using
short dietary assessment questionnaires. Nutr Diet. 2019;76(5):521–31.
32. Hobson PN. Rumen bacteria. In Methods in microbiology, vol. 3. Academic Press; 1969. p. 133–49.
33. Hungate R, Smith W, Clarke R. Suitability of butyl rubber stoppers for closing anaerobic roll culture tubes. J Bacteriol. 1966;91(2):908.
34. Duncan SH, Hold GL, Harmsen HJ, Stewart CS, Flint HJ. Growth requirements and fermentation products of Fusobacterium prausnitzii, and a
proposal to reclassify it as Faecalibacterium prausnitzii gen. nov., comb.
nov. Int J Syst Evol Microbiol. 2002;52(6):2141–6.
35. Walker AW, Duncan SH, Leitch ECM, Child MW, Flint HJ. pH and peptide
supply can radically alter bacterial populations and short-chain fatty acid
ratios within microbial communities from the human colon. Appl Environ
Microbiol. 2005;71(7):3692–700.
36. Miyazaki K, Martin JC, Marinsek-Logar R, Flint HJ. Degradation and utilization of xylans by the Rumen Anaerobe Prevotella bryantii (formerlyP.
Ruminicolasubsp. brevis) B14. Anaerobe. 1997;3(6):373–81.
37. Weisburg WG, Barns SM, Pelletier DA, Lane DJ. 16S ribosomal DNA amplification for phylogenetic study. J Bacteriol. 1991;173(2):697–703.
38. Hold GL, Pryde SE, Russell VJ, Furrie E, Flint HJ. Assessment of microbial
diversity in human colonic samples by 16S rDNA sequence analysis. FEMS
Microbiol Ecol. 2002;39(1):33–9.
39. Altschul SF, Madden TL, Schäffer AA, Zhang J, Zhang Z, Miller W, Lipman
DJ. Gapped BLAST and PSI-BLAST: a new generation of protein database
search programs. Nucleic Acids Res. 1997;25(17):3389–402.
40. Kim M, Oh H-S, Park S-C, Chun J. Towards a taxonomic coherence
between average nucleotide identity and 16S rRNA gene sequence
similarity for species demarcation of prokaryotes. Int J Syst Evol Microbiol.
2014;64(2):346–51.
41. Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: molecular evolutionary genetics analysis across computing platforms. Mol Biol Evol.
2018;35(6):1547–9.
42. Letunic I, Bork P. Interactive Tree Of Life (iTOL): an online tool for phylogenetic tree display and annotation. Bioinformatics. 2007;23(1):127–8.
43. Richardson A, Calder A, Stewart C, Smith A. Simultaneous determination
of volatile and non-volatile acidic fermentation products of anaerobes by
capillary gas chromatography. Lett Appl Microbiol. 1989;9(1):5–8.
44. Thomson JM, Hansen R, Berry SH, Hope ME, Murray GI, Mukhopadhya
I, McLean MH, Shen Z, Fox JG, El-Omar E, et al. Enterohepatic helicobacter in ulcerative colitis: potential pathogenic entities? PLoS One.
2011;6(2):e17184.
45. Andrews S. Babraham bioinformatics-FastQC a quality control tool for
high throughput sequence data. URL: https://www.bioinformatics.babra
ham.ac.uk/projects/fastqc. 2010 Feb.
46. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP.
DADA2: high-resolution sample inference from Illumina amplicon data.
Nat Methods. 2016;13(7):581.
47. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J, Glöckner FO. The SILVA ribosomal RNA gene database project: improved data
processing and web-based tools. Nucleic Acids Res. 2012;41(D1):D590–6.
48. McDonald D, Clemente JC, Kuczynski J, Rideout JR, Stombaugh J,
Wendel D, et al. The Biological Observation Matrix (BIOM) format or:
how I learned to stop worrying and love the ome-ome. Gigascience.
2012;1(1):2047–17X.
49. Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD,
Costello EK, Fierer N, Pena AG, Goodrich JK, Gordon JI. QIIME allows
analysis of high-throughput community sequencing data. Nat Methods.
2010;7(5):335.
50. Chao A. Nonparametric estimation of the number of classes in a population. Scand J Stat. 1984;1:265–70.
51. Shannon CE. A mathematical theory of communication. Bell Syst Tech J.
1948;27(3):379–423.
52. Simpson GG, Simpson L. The meaning of evolution: a study of the history
of life and of its significance for man, vol. 23: Yale University Press; 1949.
53. Bray JR, Curtis JT. An ordination of the upland forest communities of
southern Wisconsin. Ecol Monogr. 1957;27(4):325–49.

Page 17 of 17

54. Jaccard P. The distribution of the flora in the alpine zone 1. New Phytologist. 1912;11(2):37–50.
55. McMurdie PJ, Holmes S. phyloseq: an R package for reproducible
interactive analysis and graphics of microbiome census data. PloS One.
2013;8(4):e61217.
56. Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, Huttenhower C. Metagenomic biomarker discovery and explanation. Genome
Biol. 2011;12(6):1–18.
57. Martin BD, Witten D, Willis AD. Modeling microbial abundances and
dysbiosis with beta-binomial regression. Ann Appl Stat. 2020;14(1):94.
58. Vázquez-Baeza Y, Pirrung M, Gonzalez A, Knight R. EMPeror: a tool for
visualizing high-throughput microbial community data. Gigascience.
2013;2(1):2047–17X.
59. Salter SJ, Cox MJ, Turek EM, Calus ST, Cookson WO, Moffatt MF, Turner P,
Parkhill J, Loman NJ, Walker AW. Reagent and laboratory contamination
can critically impact sequence-based microbiome analyses. BMC Biol.
2014;12(1):87.
60. Barcenilla A, Pryde SE, Martin JC, Duncan SH, Stewart CS, Henderson C,
Flint HJ. Phylogenetic relationships of butyrate-producing bacteria from
the human gut. Appl Environ Microbiol. 2000;66(4):1654–61.
61. Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, Mende DR,
Fernandes GR, Tap J, Bruls T, Batto J-M. Enterotypes of the human gut
microbiome. Nature. 2011;473(7346):174–80.
62. Chen T, Long W, Zhang C, Liu S, Zhao L, Hamaker BR. Fiber-utilizing capacity varies in Prevotella-versus Bacteroides-dominated gut microbiota. Sci
Rep. 2017;7(1):1–7.
63. Wu GD, Chen J, Hoffmann C, Bittinger K, Chen Y-Y, Keilbaugh SA, Bewtra
M, Knights D, Walters WA, Knight R. Linking long-term dietary patterns
with gut microbial enterotypes. Science. 2011;334(6052):105–8.
64. Saffarian A, Mulet C, Regnault B, Amiot A, Tran-Van-Nhieu J, Ravel J,
Sobhani I, Sansonetti PJ, Pedron T. Crypt- and mucosa-associated core
microbiotas in humans and their alteration in colon cancer patients.
mBio. 2019;10(4):e01315-19.
65. Pathmakanthan S. Mucosally associated bacterial flora of the human
colon: quantitative and species specific differences between normal and
inflamed colonic biopsies. Microb Ecol Health Dis. 1999;11(3):169–74.
66. Dong LN, Wang JP, Liu P, Yang YF, Feng J, Han Y. Faecal and mucosal
microbiota in patients with functional gastrointestinal disorders: Correlation with toll-like receptor 2/toll-like receptor 4 expression. World J
Gastroenterol. 2017;23(36):6665–73.
67. Morgan XC, Tickle TL, Sokol H, Gevers D, Devaney KL, Ward DV, Reyes
JA, Shah SA, LeLeiko N, Snapper SB, et al. Dysfunction of the intestinal
microbiome in inflammatory bowel disease and treatment. Genome Biol.
2012;13(9):R79.
68. Duncan SH, Louis P, Flint HJ. Cultivable bacterial diversity from the human
colon. Lett Appl Microbiol. 2007;44(4):343–50.
69. Hayashi H, Sakamoto M, Benno Y. Phylogenetic analysis of the human gut
microbiota using 16S rDNA clone libraries and strictly anaerobic culturebased methods. Microbiol Immunol. 2002;46(8):535–48.
70. Flint HJ. Why Gut Microbes Matter: Springer International Publishing;
2020.
71. Pryde SE, Duncan SH, Hold GL, Stewart CS, Flint HJ. The microbiology of butyrate formation in the human colon. FEMS Microbiol Lett.
2002;217(2):133–9.
72. Belenguer A, Duncan SH, Calder AG, Holtrop G, Louis P, Lobley GE, Flint
HJ. Two routes of metabolic cross-feeding between Bifidobacterium
adolescentis and butyrate-producing anaerobes from the human gut.
Appl Environ Microbiol. 2006;72(5):3593–9.
73. Falony G, Calmeyn T, Leroy F, De Vuyst L. Coculture fermentations of
Bifidobacterium species and Bacteroides thetaiotaomicron reveal a
mechanistic insight into the prebiotic effect of inulin-type fructans. Appl
Environ Microbiol. 2009;75(8):2312–9.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

