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Abstract

Faecalibacterium prausnitzii is a promising biomarker of a healthy human microbiota. However, previous studies reported the hetero-
geneity of this species and found the presence of several distinct groups at the species level among F. prausnitzii strains. Our recent
study revealed that methods previously developed for quantification of F. prausnitzii were not specific to the species level because of
the heterogeneity within the F. prausnitzii species and the application of 16S rRNA gene, which is an invalid genetic marker for the
species. Therefore, previously available data failed to provide information on different groups, which limits our understanding of the
importance of this organism for host health. Here, we propose an alternative gene marker for quantification of F. prausnitzii-related
taxa. A total of nine group-specific primer pairs were designed by targeting rpoA gene sequences. The newly developed rpoA-based
qPCR successfully quantified targeted groups. Application of the developed qPCR assay in six healthy adults revealed marked differ-
ences in abundance and prevalence among the different targeted groups in stool samples. The developed assay will facilitate detailed
understanding of the impact of Faecalibacterium populations at the group level on human health and to understand the links between
depletion of specific groups in Faecalibacterium and different human disorders.
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Abbreviations
MAM: microbial anti-inflammatory molecule
IBD: inflammatory bowel diseases
ANI: average nucleotide identity
qPCR: quantitative PCR
SD: standard deviation

Introduction
Faecalibacterium prausnitzii produces butyrate from the
metabolism of carbohydrates in human gut (Louis and Flint
2009). Butyrate is the major energy source of intestinal epithelial
cells and has multiple beneficial properties for host health. It
exert beneficial effects by different pathways, including reg-
ulation of histone acetylation and mitogen-activated protein
kinases (Davie 2003, Kida et al. 2006, Macfarlane and Macfarlane
2012). The colonization of F. prausnitzii in mice is also related
to several metabolites, such as salicylic acid and shikimic acid,
which potentially exert beneficial effects (Miquel et al. 2015).
Moreover, the microbe produces peptides derived from the mi-
crobial anti-inflammatory molecule (MAM) that are associated
with the decreased activation of the NF-κB pathways in the host
(Quevrain et al. 2016, Breyner et al. 2017, Auger et al. 2022). The

beneficial properties of these active molecules are associated
with the anti-inflammatory properties, maintenance of gut
barrier function, gut immune homeostasis, and induction of
apoptosis in colorectal cancer cells in host animals (Kinoshita et
al. 2002, Furusawa et al. 2013, Donohoe et al. 2014). The depletion
of this microbe in the gut was associated with the development
and severity of several diseases, including inflammatory bowel
diseases (IBD), metabolic disorders, and psychiatric disorders
(Sokol et al. 2009, Lopez-Siles et al. 2017, Borkent et al. 2022,
Michels et al. 2022). All these facts underline the importance of
this microbe for health maintenance.

Recent studies reported a large genomic heterogeneity among
F. prausnitzii strains and found eight groups, distinct at the species
level being present among the tested strains (Fitzgerald et al. 2018,
Tanno et al. 2022). In total, three of the eight groups were very re-
cently reclassified as novel species in the genus Faecalibacterium
mainly based on genomic level identities determined by average
nucleotide identity (ANI) analysis. They were named Faecalibac-
terium duncaniae, F. hattorii, and F. longum originated from the hu-
man gut (Zou et al. 2021, Sakamoto et al. 2022). Other groups have
not been studied for reclassification yet. In addition, Faecalibac-
terium butyricigenerans, which was out of the previously mentioned
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eight groups, was also described from the human gut (Zou et al.
2021). Additionally, Faecalibacterium gallinarum from the chicken
gut was described (Sakamoto et al. 2022). Previous studies re-
ported distinct populations between different groups of Faecalibac-
terium in patients with atopic dermatitis and in paediatric IBD
(Song et al. 2016, Zhang et al. 2018). Moreover, a recent study
reported that MAM derived from different groups of Faecalibac-
terium displayed distinct anti-inflammatory properties (Auger et
al. 2022). These studies suggest that different groups have vary-
ing impacts on host health.

The gene encoding 16S rRNA (16S rRNA gene) is the best stud-
ied and characterized gene marker for bacterial taxonomy. The
species threshold of 16S rRNA gene sequence similarity is around
98.7%–99.0% (Stackebrandt and Ebers 2006), while distinct species
sometimes share a similarity of more than 99%. On the other
hand, Tanno et al. reported that Faecalibacterium species gener-
ally possessed six copies of 16S rRNA gene per genome, and se-
quence similarities among copies in a single genome/strain were
sometimes lower than the species threshold of 98.7% (Tanno et al.
2022). These low similarities are due to considerable nucleotide
substitutions, particularly in the V6 region of the 16S rRNA gene,
among copies. Moreover, 16S rRNA gene copies sharing low se-
quence similarities sometimes showed higher sequence similar-
ities with strains in other groups, i.e. other species. Due to the
heterogeneity of 16S rRNA gene sequences, certain groups have
been divided into two or three clusters by a 16S rRNA gene-based
phylogenetic tree (Tanno et al. 2022). These findings clearly indi-
cated that 16S rRNA gene is not a well-suited gene marker for
the identification and classification of Faecalibacterium spp. Very
often, 16S rRNA gene is used as a target gene for the quantifi-
cation of Faecalibacterium. A number of primer pairs combined
with real-time quantitative PCR (qPCR) have been developed for
the quantification of F. prausnitzii, and quantitative data were in-
cluded in studies on the differing abundance of the microbe be-
tween healthy subjects and patients with specific disorders (Bar-
tosch et al. 2004, Rinttilä et al. 2004, Balamurugan et al. 2008,
Sokol et al. 2009). However, due to the heterogeneity of 16S rRNA
gene sequence, several of the primer pairs used targeted only
some of the groups in Faecalibacterium (Tanno et al. 2022). Even
if primer pairs cover all groups, the quantified population is a
sum of all groups in Faecalibacterium (the former F. prausnitzii sensu
lato group), not specific groups. Therefore, individual populations
of F. prausnitzii and related groups in the human gut have not
yet been characterized, although the species is regarded as a
promising biomarker of a healthy microbiota (Lopez-Siles et al.
2017).

In the present study, housekeeping genes were evaluated as a
potential new gene marker for the classification of Faecalibacterium
spp. The housekeeping genes were also used to design primer
pairs specific to each group in Faecalibacterium for specific quan-
tification.

Materials and methods
Acquisition of genomic data and grouping of
strains based on ANI
The genomic data of 86 strains of F. prausnitzii strains, used in our
previous study (Tanno et al. 2022), were included in the present
study. These were all complete or draft genome sequences of F.
prausnitzii strains at the time of the analysis (January 2020) in
the NCBI database after the exclusion of potential incomplete-
ness and contamination strains (excluded, genome sizes of <2.6

Mbp or >3.5 Mbp). Moreover, the genomic data of F. butyricigen-
erans AF52-21T and F. longum CM04-06T were obtained from the
CNGBdb database and included herein, resulting in a list of 88
strains. Genome level identities of the strains were determined by
calculating ANI values, and the ANI values were used to prepare
a distance matrix to represent the ANI divergence (100% ANI) and
for group separation (threshold of ∼94%), as described previously
(Tanno et al. 2022).

Phylogenetic analysis based on housekeeping
genes
Since the 16S rRNA gene was not a suitable gene marker for
the classification and identification of Faecalibacterium spp. at the
group level, six housekeeping genes, including atpA, dnak, groEL,
pheS, recA, and rpoA, which have been characterized for the clas-
sification and identification of other Bacillota (formerly known as
Firmicutes) members and related bacteria (Torriani et al. 2001,
Naser et al. 2007, Neumann and Rehberger 2009, Muñoz et al.
2017, Liu et al. 2018), were included in the initial screening. How-
ever, two (atpA and dnak) out of the six genes were excluded from
this analysis due to the presence of two copies in the genomes
of completely sequenced strains (data not shown). The remain-
ing four housekeeping genes were present as a single copy in the
genomes and were, thus, included in the phylogenetic analysis.
The sequences of housekeeping genes were obtained from the
genomes of the 88 strains and were aligned and used to construct
phylogenetic trees using ClustalW (Larkin et al. 2007). The number
of bootstrapping replicates was 1000. Sequence similarities in the
housekeeping genes were assessed using Genetyx software ver. 13
(Genetyx, Tokyo, Japan).

Design and evaluation of rpoA-based primer
pairs for the specific quantification of each group
The sequences of the rpoA gene were used to design specific
primer pairs for the different groups previously found in Fae-
calibacterium. In the design of primers, all complete and draft
genomes of F. prausnitzii and Faecalibacterium sp. (n = 147) contain-
ing the rpoA gene sequence, which were deposited in the NCBI
database at a time of the analysis (July 2021), were further added
to the original 88 strains. This addition was due to the limited
number of strains in Groups 2, 5, 7, 8, and 9, originally contain-
ing 1, 3, 4, 2, and 1 strain, respectively, when the 88 strains were
used. ANI values were determined for the newly added strains,
as previously described (Maeno et al. 2016), and the strains were
separated into groups based on the values. After this separation,
number of strains in Groups 2, 5, 7, 8, and 9 increased to 3, 7, 8,
8, and 4 strains, respectively (data not shown). Moreover, all com-
pletely sequenced strains (n = 21) available at the time of the anal-
ysis (July 2022) were used to count the copy numbers of 16S rRNA
gene per genome.

Primers were designed in consideration of no sequence mis-
matches with the targeted group, but the presence of sequence
mismatches with nontargeted groups as much as possible. The
specificity of the primers was evaluated using primer-BLAST to
the tested strains and BLASTN to all deposited DNA sequences
with default settings. A list of the specific primers designed is
shown in Table 1.

A qPCR-based primer evaluation was conducted to confirm
the specificity of the primer pairs designed using three steps. In
the first step, the entire rpoA gene sequences (954–969 bp) of 12
strains of Faecalibacterium spp. were synthesized by insertion into
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Table 1. Primers used in the present study.

Primer Sequence (5’→3’) Target References

F-Bact_1369 CGGTGAATACGTTCCCGG Total bacteria Lopez-Siles et al. (2016)
R_Prok_1492 TACGGCTACCTTGTTACGACTT Total bacteria Lopez-Siles et al. (2016)
Fprau223F GATGGCCTCGCGTCCGATTAG Faecalibacterium genus Bartosch et al. (2004)
Fprau420R CCGAAGACCTTCTTCCTCC Faecalibacterium genus Bartosch et al. (2004)
Faecali-group1-sp-F CCTGAGTGGCACATTGCAACT Group 1 (F. prausnitzii) This study
Faecali-group1-sp-R TAAATGCTGTCAACGGGAAGG Group 1 (F. prausnitzii) This study
Faecali-group2-sp-F CCAAGCTCGTCATGGAGCTC Group 2 This study
Faecali-group2-sp-R ATGGTCAGCTTGTCGTAGTCA Group 2 This study
Faecali-group3-sp-F AACCTGTCCGATGAGGCAGCC Group 3 This study
Faecali-group3-sp-R TCTTCCACCGTGTTGATGCCT Group 3 This study
Faecali-group4-sp-F GCCATCATCGAGAAGAATGAC Group 4 (F. longum) This study
Faecali-group4-sp-R TGTGCATTGATCGTGCCATCC Group 4 (F. longum) This study
Faecali-group5-sp-F GAAATTGTCCTGAACCTGAAA Group 5 This study
Faecali-group5-sp-R CCTGTTTGTTGCGCTCAGCC Group 5 This study
Faecali-group6-sp-F AAGGGCCGCGGTTATGTGCCT Group 6 (F. duncaniae) This study
Faecali-group6-sp-R TAATCGATGGCCTGTCCAACG Group 6 (F. duncaniae) This study
Faecali-group7-sp-F CCTGAATGGCACATCGCAACCT Group 7 (F. hattorii) This study
Faecali-group7-sp-R ATGCTATCGACGGGAAGCGTA Group 7 (F. hattorii) This study
Faecali-group8-sp-F GGTGAATTACAATGTTGAGAA Group 8 This study
Faecali-group8-sp-R TCTCGGTGCCAGCGGCCTCA Group 8 This study
Faecali-group9-sp-F AATGTCGAGAGCACCCGTGTG Group 9 (F. butyricigenerans) This study
Faecali-group9-sp-R GATCTCAGCGCCAGCGGCCTCG Group 9 (F. butyricigenerans) This study

the pEX-A2J2 vector by Eurofins Genomics (Tokyo, Japan). These 12
strains included at least one strain each of all groups, and three
and two strains were included from Groups 1 and 6, respectively
(Fig. 2). qPCR was conducted by the combination of the specific
primers and 100 pg ( = 7.43 log10 rpoA gene copies) of synthesized
DNA. DNA Calculator (https://www.molbiotools.com/dnacalcula
tor.html) was used to determine the number of molecules in 100
pg of the synthesized DNA. FastStart Essential DNA Green Mas-
ter Mix combined with the LightCycler 96 system (Roche, Basel,
Switzerland) was used for qPCR according to the manufacturer’s
instructions. The qPCR program consisted of initial denaturation
at 95◦C for 10 min and 45 cycles of 95◦C for 10 s, 60◦C for 10 s, and
72◦C for 15 s. Standard curves were produced for each primer pair
using the synthesized DNA of each targeted group, while ATCC
27768T and A2165 were used as references for Groups 1 and 6,
respectively. A melting curve analysis was conducted to confirm
specific amplification. Samples were run in triplicate in the same
plate, and the mean and SD were obtained. The detection limit of
qPCR was assessed based on the results obtained using serially
diluted synthetic DNA.

In the second step of primer specificity confirmation, DNAs iso-
lated from representative strains in each group, which are avail-
able in public culture collections or our own collection, were used
for qPCR. DNA was isolated from cultures of BCRC 81047T ( = F.
prausnitzii ATCC 27768T) in Group 1, CNCM 4541 in Group 2, CNCM
4540 in Group 3, JCM 39211T ( = F. longum CM04-06T) in Group 4,
JCM 31915T ( = F. duncaniae A2-165T) in Group 6, JCM 39210T ( =
F. hattorii APC922/41–1T) in Group 7, and JCM 39212T ( = F. butyri-
cigenerans AF52-21T) in Group 9, and 10 ng of isolated DNA was
used in this study. The BCRC strain and JCM strains were obtained
from the Bioresource Collection and Research Center (BCRC) and
the Japan Collection of Microorganisms (JCM), respectively. CNCM
strains were obtained from our private collection. No strains in
Groups 5 or 8 were available in the public culture collection at
the time of the analysis (March 2022). qPCR combined with spe-
cific primers to each group was conducted using the methods de-

scribed above. Samples were run in triplicate in the same plate,
and the mean and SD were obtained.

In the third step of the primer specificity evaluation, cultures
(∼107 cells) of F. prausnitzii BCRC 81047T (Group 1) or F. duncaniae
JCM 31915T (Group 6) were added to 200 mg of infantile stool (9
months old), and DNA was extracted from stool samples with or
without the addition of bacterial cultures using the QIAamp DNA
Stool Mini Kit (Qiagen, Tokyo, Japan). Sample collection was con-
ducted according to the guidelines of the Declaration of Helsinki
and was approved by the Ethics Committee of the Tokyo Univer-
sity of Agriculture. Written informed consent was received from
the parent of the infant. Isolated DNAs were used for rpoA-based
qPCR of the nine groups. The qPCR products were sequenced by
the methods as described previously (Endo and Okada 2005). The
genus Faecalibacterium was also quantified using the 16S-based
primer pair of Fprau223F/Fprau420R designed by Bartosh and
coworkers (Bartosch et al. 2004) shown in Table 1 and the syn-
thesized 16S rRNA gene of ATCC 27768T included in a previous
study (Tanno et al. 2022) for a standard curve. The primer pair
combined with qPCR equally quantified all groups in Faecalibac-
terium in the previous study (Tanno et al. 2022), and the primer
pair had substantial sequence mismatches with the 16S rRNA
gene of other members in the family Oscillospiraceae. qPCR condi-
tions were described elsewhere (Tanno et al. 2022). Moreover, the
16S rRNA gene copy number of total bacteria was quantified to
assess the relative abundance of the genus Faecalibacterium and
each group using the 16S-based bacterial universal primer pair of
F-Bact_1369/R_Prok_1492 (Lopez-Siles et al. 2016), as shown in Ta-
ble 1. The synthesized 16S rRNA gene of ATCC 27768T was used
for the standard curve, and the qPCR program consisted of initial
denaturation at 95◦C for 10 min, and 45 cycles of 95◦C for 10 s,
60◦C for 10 s, and 72◦C for 15 s. Samples were run in triplicate in
the same plate, and the mean and SD were obtained. The detec-
tion limit of qPCR was determined based on the results obtained
using serially diluted DNA from a F. prausnitzii BCRC 81047T-added
stool sample.
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Figure 1. Phylogenetic tree based on recA gene nucleotide sequences of
88 strains of Faecalibacterium spp. (A) and intra- (red bars) and inter-
(black bars) group recA gene sequence similarities (B). The
maximum-likelihood tree was constructed using the best-fit
evolutionary model. The values on the branches are bootstrap support
from 1000 rapid bootstrapping replicates and only values higher than
90% are indicated. Subdoligranulum variabile DSM 15176
(GCA_000157955.1) was used as an outgroup. The scale bar means
substitution per site. Groups based on ANI-values (Figure S1, Supporting
Information) are indicated in different colours, and Groups 1, 4, 6, 7, and
9 are F. prausnitzii sensu stricto, F. longum, F. duncaniae, F. hattorii, and F.
butyricigenerans, respectively. In (B), bars numbered 1–9 indicate the
medians of sequence similarities to Groups 1–9, respectively, and error
bars indicate SD. The numbers of strains in each group are
indicated.

Quantification of different Faecalibacterium
groups in stool samples of healthy individuals
Volunteers who had not received antibiotics for more than 8
weeks or prebiotics for more than 2 weeks prior to the donation
of stool samples were recruited, and fecal samples were collected
from six healthy adult men (volunteers A–F, mean ± SD, 26.3 ±
6.7 years old) with a body mass index ranging between 22 and
25 in a previous study (Endo et al. 2020). After defecation, stool
samples were immediately placed in anaerobic jars (AnaeroPack-
Anaero, Mitsubishi Gas Chemical, Tokyo, Japan), transported to
the laboratory, and stored at −80◦C within 2 h of collection. Sam-
ple collection was conducted according to the guidelines of the
Declaration of Helsinki and was approved by the Ethics Com-
mittee of the Tokyo University of Agriculture. Written informed
consent was received from the volunteers. DNA was extracted
from the collected samples within 2 weeks using a previously
described method (Takahashi et al. 2014). The quantification of
the nine groups in Faecalibacterium (rpoA-based), the genus Fae-
calibacterium (16S-based), and total bacteria (16S-based) was con-
ducted by the method described above. The relative abundance
(%) of each group in Faecalibacterium and the genus Faecalibacterium
was calculated using the total bacterial count. The 16S/rpoA ratio
was obtained using 16S-based genus Faecalibacterium qPCR and the
sum of rpoA-based nine group-specific qPCR. Samples were run in
triplicate in the same plate, and the mean and SD were obtained.

Results
Selection of a potential new gene marker for the
classification of Faecalibacterium spp
A total of 88 strains were divided into nine groups based on ANI
value-based grouping, i.e. eight groups described in a previous
study (Tanno et al. 2022) with an additional ninth group of F. bu-
tyricigenerans (Figure S1, Supporting Information). Group 1 was F.
prausnitzii sensu stricto, and Groups 4, 6, 7, and 9 were F. longum,
F. duncaniae, F. hattorii, and F. butyricigenerans, respectively. Other
groups were obviously different from F. prausnitzii at the species
level but have not yet been taxonomically reconsidered and sepa-
rated from this taxon. Phylogenetic trees based on the nucleotide
sequences of the genes revealed that the nine groups produced
independent clusters on the trees (Fig. 1a; Figure S2, Supporting
Information). Of the four genes, recA had the lowest intergroup
sequence similarity (Fig. 1b; Figures S1b, S1d, and S1f, Supporting
Information). The highest intergroup sequence similarity value of
94.2% on recA gene was recorded between strains in Groups 4 and
9 (Table S1a, Supporting Information), whereas Group 4 strains
shared more than 98.5% sequence similarities among the strains.
The medians of intragroup recA gene sequence similarities were at
least 97.7% in Group 1, whereas those of the intergroup were less
than 93.7% recorded between Groups 4 and 9 (Fig. 1b). This result
suggests that the recA gene has high discriminatory power and is
a suitable gene marker for the classification and identification of
Faecalibacterium spp.

Design and evaluation of novel specific primer
sets for the selective quantification of each group
Among the four housekeeping genes (groEL, pheS, recA, and rpoA)
tested, recA gene has a high power to discriminate groups. How-
ever, this gene showed a high level of intragroup sequence
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Figure 2. Relative amplification ratio against the targeted group using the synthetic rpoA gene and rpoA-based group-specific primer pairs. A DNA
amount of 100 pg (= 7.43 log10 rpoA gene copies) was used in each PCR reaction. (A) to (I) use specific primer pairs to Groups 1–9, respectively. ATCC
27768 and A2165 were used as references in Groups 1 and 6, respectively. Samples were run in triplicate in the same plate, and the mean and SD were
obtained. ND, not detected. BDL, below the detection limit.

divergence, and, thus, designation of group-specific primers tar-
geting recA gene sequences was not possible. In contrast, the rpoA
gene sequences contained low levels of intragroup sequence di-
vergence, maintaining group-specific sequence regions, thus al-
lowing the design of group-specific primers. The designed primer
pairs contained no sequence mismatches with the rpoA gene se-
quences of the targeted groups but contained substantial se-
quence mismatches with the sequences of nontargeted groups
(Table 1). BLASTN analysis confirmed that all DNA sequences de-
posited in the database did not completely match with the primer
sequences.

The designed primer pairs were initially evaluated using syn-
thesized DNA. The evaluation revealed that the newly developed
rpoA-based qPCR assay accurately quantified the targeted group

(∼7.43 log10 rpoA gene copies). The relative amplification ratio of
the nontargeted groups against the targeted group was generally
less than 1%, and over 50% of the nontargeted groups were not de-
tected or were below the detection limit (101.7 molecules/reaction)
in total (Fig. 2).

A primer specificity evaluation was also conducted using iso-
lated DNAs from cultures originating from seven out of the nine
groups. The rpoA-based qPCR assay accurately quantified the tar-
geted group, but quantified the nontargeted groups less than 1%
of the targeted groups (Fig. 3). In total, over 60% of the nontargeted
groups were not detected or were below the detection limit.

An evaluation of primer specificity was further conducted by
using the addition of cultures to infantile stool (9 months-old
infant), which originally contained very low levels (below the
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Figure 3. Relative amplification ratio against the targeted group using DNA isolated from cultures and rpoA-based group-specific primer pairs. A DNA
amount of 10 ng was used in each PCR reaction (A) to (G) use primer pairs specific to Groups 1–9, respectively. Samples were run in triplicate in the
same plate, and the mean and SD were obtained. ND, not detected. BDL, below the detection limit.
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Table 2. Relative abundance (%) of each group in infantile stool with or without the addition of the F. prausnitzii BCRC 81047T (Group 1)
or F. duncaniae JCM 31915T (Group 6) culture.

Group

1 2 3 4 5 6 7 8 9

Without addition∗ BDL – BDL – – BDL – – BDL
+ BCRC 81047T∗∗ 100 – 0.2 BDL – 0.2 – – BDL
+ JCM 31915T∗∗∗ BDL BDL BDL – BDL 100 – – BDL

–, Not detected; BDL, below detection limit (< 105.6 cells/g of feces).
∗All groups were not detected or BDL in stool sample without culture addition.
∗∗Relative abundance (%) to Group 1.
∗∗∗Relative abundance (%) to Group 6.

detection limit) of Groups 1, 3, 6, and 9 (Table 2). After the addi-
tion of F. prausnitzii BCRC 81047T ( = ATCC 27768T, Group 1) culture
(∼107 cells) to the stool sample, DNA was isolated and was used
for qPCR. The level of Group 1 increased after the culture addition.
The relative abundance of Groups 3 and 6 against Group 1 was
∼0.2% (Table 2), while other groups were below the detection limit
(105.6 cells/g of feces) or were not detected. When a culture of F.
duncaniae JCM 31915T ( = A2-165T, Group 6) was added to the stool
sample, similar results were obtained. The level of Group 6 in-
creased following the culture addition, whereas other groups were
below the detection limit or were not detected (Table 2). The prod-
ucts in the Group 1-speicific qPCR and Group 6-specific qPCR were
100% matched with rpoA gene sequences of BCRC 81047T (acces-
sion no. NZ_PXUP00000000.1, LocusTag C7J97_RS08250) in Group 1
and JCM 31915T in Group 6 (accession number NZ_CP022479.1, Lo-
cusTag CG447_RS10630), respectively. Moreover, 16S-based qPCR
was applied to quantify the Faecalibacterium genus in the infan-
tile stool samples with or without the culture addition, which
was compared with the rpoA-based qPCR results. The infantile
stool was free from the genus Faecalibacterium without the cul-
ture addition. Cell numbers determined by 16S-based qPCR (as
the genus Faecalibacterium) increased following the culture addi-
tion. The 16S/rpoA ratio, calculated using the values obtained from
16S-based genus Faecalibacterium qPCR and the sum of rpoA-based
group-specific qPCR, was 4.5- to 5.3-fold (data not shown). All
completely sequenced Faecalibacterium strains tested (n = 21) pos-
sessed six copies of 16S rRNA gene (Table S2, Supporting Informa-
tion).

Quantification of each Faecalibacterium group in
healthy adults
The rpoA-based group-specific qPCR assays showed marked dif-
ferences in prevalence and abundance among the groups in the
six healthy adults (Fig. 4a). Group 3 was observed in all subjects
and was the most abundant group in three (subjects A, D, and E)
out of six subjects (Fig. 4b). Group 4 F. longum and Group 9 F. bu-
tyricigenerans were the second most prevalent groups and were de-
tected in five out of six subjects. Group 6 F. duncaniae was found in
four out of six subjects and was the most abundant group in two
(subjects B and F) subjects. Group 1 F. prausnitzii and Group 5 were
quantified in two out of six subjects. Group 2, Group 7 F. hattorii,
and Group 8 were not detected or were below the detection limit
in all subjects tested. The sum of the relative abundance of the
nine groups ranged between 0.152% and 0.759% (median ± stan-
dard deviation (SD) = 0.521 ± 0.237%). The relative abundance of
the genus Faecalibacterium assessed by 16S-based qPCR ranged be-
tween 0.86% and 8.48% (median ± SD = 3.37 ± 2.68%, Fig. 4) in
the six subjects. The 16S/rpoA ratio calculated based on qPCR of

the genus Faecalibacterium and the sum of the nine specific groups
analyzed was between 4.7 and 14.4 (median ± SD = 6.81 ± 3.91).

Discussion
Even if Faecalibacterium spp. are considered to be of paramount im-
portance for our health status, previous quantification methods
of their population contained some issues due to taxonomic con-
cerns and the utilization of a suboptimal genetic marker (i.e. 16S
rRNA gene). This fact limited our understanding on the role of
these microbes (Tanno et al. 2022). 16S rRNA gene is obviously the
best characterized gene for bacterial classification and the study
of complex microbiota. It is a reliable marker for more than 97%
of bacterial species (Větrovský and Baldrian 2013); however, Faecal-
ibacterium spp. belong to the remaining group (Tanno et al. 2022).
Therefore, we studied alternative gene markers for the classifica-
tion and quantification of Faecalibacterium spp.

Among the housekeeping genes tested, recA gene was the most
suitable gene marker for the classification and identification of
Faecalibacterium spp. because of the lowest intergroup sequence
similarities. The recA gene is one of 120 bacterial marker genes
for suitable phylogenetic inference (Parks et al. 2017) and provides
accurate differentiation among phylogenetically related microbes
(Pietilä et al. 2000, Torriani et al. 2001, Zbinden et al. 2011). On
the other hand, recA gene sequences were too divergent within a
group to design group-specific primers, whereas rpoA was a suit-
able gene marker to design these primers. qPCR assays targeting
housekeeping genes have been applied to quantify bifidobacteria
and lactobacilli in the human gut microbiota (Junick and Blaut
2012, Costa et al. 2014). The rpoA-based primers designed here,
combined with qPCR, accurately quantified the targeted groups
with very low cross reactivity (less than 1%), indicating that the
qPCR assays developed are useful to quantify Faecalibacterium spp.
at the group (species) level. Previously reported qPCR assays were
unable to quantify Faecalibacterium spp. at the species level and re-
lied on the global quantification of the former F. prausnitzii sensu
lato (Tanno et al. 2022).

In culture-added infantile stool, the 16S/rpoA ratio was between
4.5 and 5.3. This was due to different copy numbers between the
genes used. A total of six copies of 16S rRNA gene are commonly
conserved in a single genome of completely sequenced Faecalibac-
terium spp., whereas rpoA is a single copy gene. Therefore, relative
abundance assessed by 16S-based qPCR is theoretically 6-fold that
evaluated by rpoA-based qPCR (the 16S/rpoA ratio). Similar find-
ings were reported by Masco et al. (Masco et al. 2007), who quanti-
fied bifidobacteria in probiotic products using 16S-based and recA-
based primer pairs. This bias could be removed if we use DNA
from cultures for standard curves based on cellular concentra-
tion. However, at the time of analysis (March 2022), strains from
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Figure 4. Relative abundance (%) of each group and the Faecalibacterium genus against total bacteria in six healthy adults. Samples were run in
triplicate in the same plate, and the mean was obtained. Stacked bars (A) indicating the relative abundance of each group (rpoA-based) in the six
subjects. Colours in the stacked bars indicate Groups. Groups 2, 7, and 8 were not indicated, since they were ND or BDL in all subjects tested. In (B), the
relative abundance of each group (rpoA-based) and the genus Faecalibacterium (16S-based) are shown as a heat map, and relative abundance values are
indicated. The 16S/rpoA ratio was calculated based on the relative abundance of the genus Faecalibacterium and the sum of the relative abundance of
Groups 1–9. ND, not detected. BDL, below the detection limit.

two out of the nine groups were not available at public culture col-
lections or in our private collections, and, thus, we used synthetic
DNA to prepare the standard curve for all groups. DNA extraction
from stool samples always includes different extraction efficien-
cies (Yang et al. 2020), which has significant impacts on quantifi-
cation of microbes. Standard curves based on synthetic genes are
not appropriate to determine absolute cell numbers in stool sam-
ples because synthetic genes are free from extraction biases and
different amplification efficiencies. However, relative abundance
could be evaluated because the values obtained are normalized
by the cell numbers of total bacteria.

The rpoA-based qPCR was applied to quantify each group of
Faecalibacterium in six healthy Japanese adults. Group 3 was the
most prevalent and abundant group and was detected in all sub-
jects with a relative abundance of 0.173 ± 0.121% (median ± SD),
although only a limited number of subjects was included in the
present study. Despite its predominance, this group has not yet
been taxonomically characterized. Future studies are essential
to establish the taxonomic position of this group and to study
its potential impact on human health. Genomes of Group 1 (F.
prausnitzii) and Group 6 (F. duncaniae) were abundant in the public
database (Figure S1, Supporting Information), indicating that the
two groups have been well-isolated and characterized. Groups 1
and 6 contain the reference strain of ATCC 27768T (type strain of
F. prausnitzii) and the most characterized Faecalibacterium strain of
A2-165 ( = JCM 31915T, type strain of F. duncaniae), respectively.
These two groups were abundant (relative abundance >0.1%) in
two or three out of the six adults but were below the detection
limit in the other subjects, suggesting that these two groups are
abundant in specific adults, but are not prevalent. Since gut micro-
biota, including a prevalence and abundance of Faecalibacterium,
are influenced by several factors, such as age and geography of

host (De Filippis et al. 2020, Sang et al. 2022), it would be intriguing
to study the population of each group of Faecalibacterium consid-
ering these factors.

The 16S/rpoA-ratio of the six subjects was 6.81 ± 3.91 (me-
dian ± SD), which was close to the theoretical value of 6, as de-
scribed above. On the other hand, the ratios of subjects C and D
were markedly higher than the theoretical value (Fig. 4b), sug-
gesting that unidentified group(s) of the genus Faecalibacterium
were predominant in the subjects. A recent study reported the
genomic diversity of Faecalibacterium using reference Faecalibac-
terium genomes and Faecalibacterium-like metagenome-assembled
genomes originating from diverse hosts (De Filippis et al. 2020).
This study identified 22 different species-level clades, 11 of which
were from humans. The 11 clades included the eight groups de-
tected in the present study, but not Group 9 F. butyricigenerans. They
also characterized the prevalence of clades in patients with spe-
cific diseases or obese subjects by comparisons with healthy sub-
jects. However, the findings obtained were qualitative, not quanti-
tative. Even if prevalence is important, quantitative data will pro-
vide better insights into the importance of each group in Faecal-
ibacterium for human health.

Numerous studies reported an inverse association of F. praus-
nitzii with several disorders, and, thus, it is considered to be a
promising biomarker of a healthy microbiota in human (Lopez-
Siles et al. 2017). However, the species is no longer a single species
and was recently divided into several species (Zou et al. 2021,
Sakamoto et al. 2022), making its role as a biomarker unclear.
Here, we established a new assay to quantify the nine groups of
Faecalibacterium in the complex human gut microbiota. Assays for
the quantification of the genus Faecalibacterium had already been
developed (Bartosch et al. 2004, Ramirez-Farias et al. 2009) for
the quantification of ‘F. prausnitzii sensu lato’. The combination
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of these assays will provide a more detailed understanding of the
impact of the Faecalibacterium genus and the specific groups on hu-
man health. For instance, application of the assays will support to
identify deficiencies on specific group(s) in diseased patients, in-
cluding Crohn’s disease and type 2 diabetes. It is also important
to reset a real active biomarker of a healthy gut microbiota.
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