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The Bifidobacterium genus currently encompasses 48 recognized taxa, which have been isolated from different ecosystems. How-
ever, the current phylogeny of bifidobacteria is hampered by the relative paucity of genotypic data. Here, we reassessed the tax-
onomy of this bacterial genus using genome-based approaches, which demonstrated that the previous taxonomic view of bifido-
bacteria contained several inconsistencies. In particular, high levels of genetic relatedness were shown to exist between
particular Bifidobacterium taxa which would not justify their status as separate species. The results presented are here based on
average nucleotide identity analysis involving the genome sequences for each type strain of the 48 bifidobacterial taxa, as well as
phylogenetic comparative analysis of the predicted core genome of the Bifidobacterium genus. The results of this study demon-
strate that the availability of complete genome sequences allows the reconstruction of a more robust bifidobacterial phylogeny
than that obtained from a single gene-based sequence comparison, thus discouraging the assignment of a new or separate bifido-

bacterial taxon without such a genome-based validation.

Biﬁdobacteria represent a group of microorganisms that are
often dominant inhabitants of the mammalian gut during its
suckling phase (for a review, see references 1 to 3). The ecological
distribution of bifidobacteria spans a wide range of hosts includ-
ing not only mammals but also birds and social insects (4).
Currently, the genus Bifidobacterium encompasses 48 taxa,
representing 39 species and 9 subspecies (2, 5-8). The DNA-DNA
reassociation method has been considered the cornerstone of (bi-
fido)bacterial taxonomy (5). However, in addition to problems
associated with the reproducibility of this methodology, DNA re-
association values do not represent actual sequence identity or
gene content differences since DNA heteroduplexes will form only
between strands that show at least 80% sequence complementar-
ity (9). Another, universally accepted method used in modern
bacterial taxonomy is the comparison of 16S rRNA gene se-
quences (5). The limitation of this approach is that there are
known cases where two taxa have high 16S rRNA gene sequence
identity but low DNA-DNA hybridization (DDH) values (10, 11).

Recently, bifidobacterial taxonomy has benefited from the use
of a multigenic approach involving alternative molecular markers
to 16S rRNA genes such as cIpC, dnaB, dnaG, dna]l, purF, rpoC,
and xfp (12). Such a multigenic approach was shown to resultin a
higher resolution between closely related bifidobacterial taxa and
to provide a more robust phylogeny of the Bifidobacterium genus
(12). With the availability of complete genome sequences, it has
become possible to reconstruct phylogenies on the basis of a much
larger sequence data set per species, allowing a more reliable and
representative inference of the tree of life. Several approaches to
build trees from complete genomes have been introduced (13—
22). Recently, the draft genome sequences of all 48 currently rec-
ognized bifidobacterial taxa have been decoded, representing the
largest genome sequencing project involving bifidobacteria per-
formed thus far (23-26, 74). Here, we inferred phylogeny within
the genus Bifidobacterium through the use of genomic-based data,
thereby allowing a reassessment of the current status of bifidobac-
terial taxonomy.
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MATERIALS AND METHODS

Bacterial strains. The genome sequences from 48 type strains or the ref-
erence chromosome sequences indicated by the National Center for Bio-
technology Information (NCBI) of Bifidobacterium were retrieved from
the NCBI public database (Table 1). In this context, we used the Bifido-
bacterium stercoris DSM 24849 genome, which was recently reclassified as
amember of the B. adolescentis species (27), as a separate species in order
to validate the new classification through genome-based analyses.

Phylogenetic comparison. For each genome pair, a value for the av-
erage nucleotide identity (ANI) was calculated using the program
JSpecies, version 1.2.1 (28). To evaluate relationships between species,
two software-based approaches were used to compare the nucleotide se-
quences, BLAST (29) and MUMmer (30). For each genome pair, the list of
DNA maximal unique matches (MUMs) was generated on both strands
using the MUMmer software, version 3.0 (30). This software, provided as
a supplement package by Deloger et al. (31), was then used to trim the
overlapping MUMs and to generate MUM index (MUMi) values for the
genome relatedness comparison. The similarity/identity matrix between
all 16S and 23S rRNA bifidobacterial gene sequences was calculated
with MatGat, version 2.03 (Matrix Global Alignment Tool), using the
BLOSUM 50 alignment matrix (32).

Bifidobacterium core gene selection. For all bifidobacterial genomes
used in this study, a core gene calculation was performed using the pan-
genomes analysis pipeline (PGAP) (33). The open reading frame (ORF)
content of the examined genomes was organized in functional gene clus-
ters using the gene family (GF) method involving comparisons of each
protein against all other proteins using BLAST analysis (E value cutoff of
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TABLE 1 Bifidobacterium genome list

GC

Taxon Genome  content No. of GenBank
no. Bifidobacterium strain size (nt) (%) ORFs  Source of isolation accession no. Reference”
1 B. actinocoloniiforme DSM 22766 1,823,388 62.71 1,484  Bumblebee digestive tract JGYK00000000 7
2 B. adolescentis ATCC 15703 2,089,645 59.18 1,649  Intestine of adult AP009256.1 49
3 B. angulatum LMG 11039 2,003,806  59.41 1,523 Human feces JGYL00000000 50
4 B. animalis subsp. animalis LMG 10508 1,915,007 60.47 1,527  Rat feces JGYMO00000000 51
5 B. animalis subsp. lactis DSM 10140 1,938,606  60.48 1,518  Fermented milk CP001606.1 52
6 B. asteroides LMG 10735 2,167,304  60.05 1,653 Honeybee hindgut CP003325.1 53
7 B. biavatii DSM 23969 3,252,147 63.10 2,557 Feces of tamarin JGYNO00000000 6
8 B. bifidum LMG 11041 2,208,468  62.67 1,704  Brest-feed infant feces JGYO00000000 54
9 B. bohemicum DSM 22767 2,052,470  57.45 1,632 Bumblebee digestive tract JGYP00000000 7
10 B. bombi DSM 19703 1,895,239  56.08 1,454  Bumblebee digestive tract ATLKO00000000 8
11 B. boum LMG 10736 2,171,356  59.31 1,726 Bovine rumen JGYQ00000000 55
12 B. breve LMG 13208 2,263,780 58.88 1,887 Infant intestine JGYR00000000 49
13 B. callitrichos DSM 23973 2,887,313  63.52 2,364  Feces of common marmoset  JGYS00000000 6
14 B. catenulatum LMG 11043 2,082,756  56.11 1,664  Adult intestine JGYT00000000 56
15 B. choerinum LMG 10510 2,096,123  65.53 1,672 Piglet feces JGYU00000000 55
16 B. coryneforme LMG 18911 1,755,151  60.51 1,364  Honeybee hindgut CP007287 53
17 B. crudilactis LMG 23609 2,362,816  57.72 1,883 Raw cow milk JHAL00000000 57
18 B. cuniculi LMG 10738 2,531,592 64.87 2,194 Rabbit feces JGYV00000000 55
19 B. dentium LMG 11045 2,636,367 58.54 2,129 Oral cavity CP001750.1 56
20 B. gallicum LMG 11596 2,004,594 57.61 1,507 Adult intestine JGYWO00000000 58
21 B. gallinarum LMG 11586 2,160,836  64.22 1,654  Chicken cecum JGYX00000000 59
22 B. indicum LMG 11587 1,734,546  60.49 1,352 Insect CP006018 53
23 B. kashiwanohense DSM 21854 2,307,960  56.20 1,948  Infant feces JGYY00000000 60
24 B. longum subsp. infantis ATCC 15697 2,832,748  59.86 2,500 Intestine of infant AP010889.1 49
25 B. longum subsp. longum LMG 13197 2,384,703  60.33 1,899  Adult intestine JGYZ00000000 49
26 B. longum subsp. suis LMG 21814 2,335,832 59.96 1,955  Pig feces JGZA00000000 61
27 B. magnum LMG 11591 1,822,476  58.72 1,507 Rabbit feces JGZB00000000 56
28 B. merycicum LMG 11341 2,280,236  60.33 1,741 Bovine rumen JGZC00000000 62
29 B. minimum LMG 11592 1,892,860 62.73 1,590 Sewage JGZD00000000 63
30 B. mongoliense DSM 21395 2,170,490 62.78 1,798  Fermented mare’s milk JGZE00000000 64
31 B. moukalabense DSM 27321 2,515,335 59.87 2,046 Feces of gorilla AZMV01000000 65
32 B. pseudocatenulatum LMG 10505 2,283,767 56.36 1,771 Infant feces JGZF00000000 55
33 B. pseudolongum subsp. globosum LMG 11569 1,935,255  63.39 1,574  Bovine rumen JGZG00000000 66
34 B. pseudolongum subsp. pseudolongum LMG 11571 1,898,684  63.06 1,495  Swine feces JGZH00000000 51
35 B. psychraerophilum LMG 21775 2,615,078 58.75 2,122 Pig cecum JGZ100000000 67
36 B. pullorum LMG 21816 2,153,559 64.22 1,691 Chicken feces JGZJ00000000 68
37 B. reuteri DSM 23975 2,847,572 60.45 2,149 Feces of common marmoset  JGZK00000000 6
38 B. ruminantium LMG 21811 2,249,807 59.18 1,832 Bovine rumen JGZ1.00000000 62
39 B. saeculare LMG 14934 2,263,283  63.75 1,857  Rabbit feces JGZMO00000000 62
40 B. saguini DSM 23967 2,787,036 56.35 2,321 Feces of tamarin JGZN00000000 6
41 B. scardovii LMG 21589 3,141,793  64.63 2,480 Blood JGZ0O00000000 69
42 B. stellenboschense DSM 23968 2,812,864 65.34 2,202 Feces of tamarin JGZP00000000 6
43 B. stercoris DSM 24849 2,304,613 59.38 1,891 Adult feces JGZQ00000000 70
44 B. subtile LMG 11597 2,790,088  60.92 2,260 Sewage JGZR00000000 63
45 B. thermacidophilum subsp. porcinum LMG 21689 2,079,368  60.20 1,738  Piglet feces JGZS00000000 71
46 B. thermacidophilum subsp. thermacidophilum 2,233,072 60.38 1,823 Anaerobic digester JGZT00000000 72

LMG 21395
47 B. thermophilum JCM 1207 2,099,496 59.91 1,700  Swine feces JGZV00000000 51
48 B. tsurumiense JCM 13495 2,164,426 52.84 1,629 Hamster dental plaque JGZU00000000 73

“ For strain isolation.

1 X 10~ *and 50% identity across at least 50% of each of the two protein
sequences); sequences were then clustered into protein families, named
BifCOGs (bifidobacterium-specific clusters of orthologous groups), using
a graph theory-based Markov clustering algorithm (MCL) (34). Protein
families shared between all genomes, named core BifCOGs, were defined

6384 aem.asm.org

by selecting the families that contained at least one single protein member
for each genome. Each set of orthologous proteins constituting core
COGs with one member per genome were aligned using MAFFT (35), and
phylogenetic trees were constructed using the neighbor-joining method
in Clustal W, version 2.1 (36). The supertree was built using FigTree
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Use of Genomics To Determine Bifidobacterial Phylogeny
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FIG 1 Phylogenetic trees of the Bifidobacterium genus. (a) The 16S rRNA gene-based tree of the 48 bifidobacterial taxa currently recognized. (b) The 23S rRNA
gene-based tree of the same 48 bifidobacterial taxa as shown in panel a. For each tree, bootstrap values higher than 70 are marked near the respective node, and
phylogenetic clusters are identified by shading as indicated on the figure. With the exception of a small number of species, seven conserved clusters (designated
groups A to G) are present in each tree although the groups are arranged in different positions.

(http://tree.bio.ed.ac.uk/software/figtree/). The values of pairwise dis-
tances between the concatenated core genes sequences, the 16S rRNA
genes sequences, and the 23S rRNA genes sequences were calculated using
MEGA, version 6.06, by using the Kimura two-parameter model.

Positive selection in coding genes. The K /K ratio (ratio of the num-
ber of nonsynonymous substitutions per nonsynonymous site [K,] to the
number of synonymous substitutions per synonymous site [K]) of se-
lected bifidobacterial gene pairs was evaluated using the KaKs_Calculator
software (37).

Bifidobacterial clustering and principal coordinate analysis. The
clustering of combined data collected by in silico analyses (distance ma-
trix, average nucleotide identity, and genome distance index) was per-
formed using the J. Craig Venter Institute’s MultiExperiment Viewer
(TMeV) software (38). The principal coordinate analysis (PCoA) applied
to the data collected was performed using a script implemented in the
software suite Quantitative Insights into Microbial Ecology (QIIME) (39).

Nucleotide sequence accession numbers. Sequences of the newly de-
scribed bifidobacterial taxa have been deposited in the GenBank under the
accession numbers listed in Table 1.

RESULTS AND DISCUSSION

Phylogenetic analyses of the genus Bifidobacterium based on
RNA genes. Ribosomal genes such as the 16S rRNA or 23S rRNA
genes are considered valuable phylogenetic markers to investigate
the evolutionary development of prokaryotes (5). Thus, we de-
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cided to investigate the phylogenetic relationships between the 48
currently recognized members of the Bifidobacterium genus using
16S rRNA and 23S rRNA gene sequences. These sequences were
retrieved from the genomes of the 48 type strains of each taxon
belonging to the genus Bifidobacterium and used to build a phylo-
genetic tree based on either the 16S rRNA gene sequences or the
23S rRNA gene (Fig. 1). We decided not to concatenate both trees
because the 16S rRNA-based tree alone is commonly used to infer
microbial phylogeny, and so it was used as a reference condition.
As displayed in Fig. 1, the obtained 16S rRNA-based tree is con-
sistent with the six previously recognized phylogenetic groups
(i.e., the B. asteroides group, B. pseudolongum group, B. longum
group, B. adolescentis group, B. pullorum group, and B. boum
group) (12). In the same way, the existence of these six groups was
validated by the topology of the 23S rRNA-based tree. However,
the 16S and 23S rRNA sequences of some of the recently se-
quenced bifidobacterial taxa seem to occupy positions that are
separate from any of the above-mentioned groups. With the as-
sistance of the obtained rRNA sequence-based trees, it is now
possible to expand previously recognized bifidobacterial groups
and to identify new ones. The delineation of the bifidobacterial
groups based on the rRNA trees is displayed in Fig. 1, with boot-
strap values in excess of 70%. The 23S rRNA tree displays more
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robust and delineated groups than the 16S rRNA tree. In fact, it
shows tree-associated bootstrap values greater than 70% for 35
nodes in contrast to the 24 nodes of the 16S rRNA sequence-based
tree (Fig. 1) and thus within the rRNA-based trees provides the
more reliable phylogenetic image of the genus Bifidobacterium.
The B. asteroides, B. longum, B. pullorum, and B. boum groups
appear to be conserved in both rRNA trees, while on the other
hand the B. pseudolongum and B. longum groups exhibit a number
of differences when the 16S- and 23S rRNA-based trees are com-
pared. In addition to the previously recognized groups (12), a
novel 165/23S rRNA-based group was identified which includes
Bifidobacterium minimum LMG 11592, Bifidobacterium mongo-
liense DSM 21395, Bifidobacterium psychraerophilum LMG 21775,
and Bifidobacterium crudilactis LMG 23609. Furthermore, we
evaluated DNA identity based on the 16S rRNA and 23S rRNA
gene sequences (see Table S1 in the supplemental material). Such
analyses showed that a set of 19 bifidobacterial pairs (Table 2) have
a level of 16S and 23S rRNA gene sequence identity higher than
97%, a value typically considered the cutoff for species assignment
(11). Moreover, in the case of the bifidobacterial taxa listed in
Table 2, we also considered the possible effect of microheteroge-
neity that may exist between the various 16S rRNA loci within the
same genome; however, the level of 16S rRNA identity was ob-
served to be above 97% in all examined cases (see Table S1). No-
tably, bifidobacterial pairs that have previously been classified as
subspecies have a level of 16S rRNA and 23S rRNA identity above
97%. However, these analyses also reveal a high level of 16S rRNA
identity for bifidobacterial taxa that are currently recognized as
separate species, for example, as seen for the Bifidobacterium
pseudocatenulatum LMG 10505-Bifidobacterium catenulatum
LMG 11043 (98.9%), pair, the Bifidobacterium angulatum LMG
11039-Bifidobacterium merycicum LMG 11341 (98.2%) pair, and
both the Bifidobacterium asteroides LMG 10735-Bifidobacterium
indicum LMG 11587 and B. asteroides LMG 10735-Bifidobacte-
rium coryneforme LMG 18911 pairs (98%).

Phylogenomic analyses of members of the genus Bifidobac-
terium. The availability of the 48 bifidobacterial genome se-
quences allowed us to obtain insights into the various levels of
genetic similarities between them. As described in Table S2 in the
supplemental material, the average nucleotide identity (ANI) (K|)
(40) between the examined members of the Bifidobacterium genus
ranged between 81.3% and 98.1%. In this context, the Bifidobac-
terium adolescentis ATCC 15703-Bifidobacterium stercoris DSM
24849, B. indicum LMG 11587-B. coryneforme LMG 18911, and B.
catenulatum LMG 11043-Bifidobacterium kashiwanohense DSM
21854 genome pairs and the Bifidobacterium pullorum LMG
21816-Bifidobacterium saeculare LMG 14934-Bifidobacterium gal-
linarum LMG 11586 set have ANI values above 95% (Table 2).
According to the DNA-DNA hybridization (DDH) rules, two
strains belong to the same species when they possess a DNA-DNA
similarity above 70% (41). However, in the era of bacterial
genomics, the ANT approach based on draft genome sequences for
prokaryotic species definition has been proposed as a powerful
alternative to DDH (28). Thus, the observed high ANI values be-
tween these bifidobacterial taxa would not support their classifi-
cation as distinct species. However, it is worth mentioning that
our in silico analyses are based on genome sequences that are still
fragmented in a varying number of contigs (ranging from 1 to 56
contigs), having been assembled from a sequence coverage rang-
ing from 45- to 281-fold. Nevertheless, a 50-fold sequence cover-
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TABLE 2 Bifidobacterial pairs with both 16S and 23S identities higher
than 97%

% identity

16S 23S
rRNA  rRNA
gene gene

99.7

ANI
(%)
98.1

MUMi
0.12

Bifidobacterial pair

B. indicum LMG 11587-B. coryneforme 100
LMG 18911

B. adolescentis ATCC 15703-B. stercoris
DSM 24849

B. pullorum LMG 21816-B. saeculare
LMG 14934

B. pullorum LMG 21816-B. gallinarum
LMG 11586

B. saeculare LMG 14934-B. gallinarum
LMG 11586

B. catenulatum LMG 11043-B.
kashiwanohense DSM 21854

B. longum subsp. suis LMG 21814-B.
longum subsp. longum LMG 13197

B. longum subsp. infantis ATCC
15697-B. longum subsp. suis LMG
21814

B. animalis subsp. animalis LMG
10508-B. animalis subsp. lactis DSM
10140

B. thermacidophilum subsp.
thermacidophilum LMG 21395-B.
thermacidophilum subsp. porcinum
LMG 21689

B. longum subsp. infantis ATCC
15697-B. longum subsp. longum
LMG 13197

B. thermophilum JCM 1207-B. boum
LMG 10736

B. pseudolongum subsp. pseudolongum
LMG 11571-B. pseudolongum subsp.
globosum LMG 11569

B. thermophilum JCM 1207-B.
thermacidophilum subsp. porcinum
LMG 21689

B. thermophilum JCM 1207-B.
thermacidophilum subsp.
thermacidophilum LMG 21395

B. adolescentis ATCC 15703-B.
ruminantium LMG 21811

B. boum LMG 10736-B.
thermacidophilum subsp.
thermacidophilum LMG 21395

B. boum LMG 10736-B. 98
thermacidophilum subsp. porcinum
LMG 21689

B. psychraerophilum LMG 21775-B.
crudilactis LMG 23609

98.1 98.6 0.26

99.7 99.6 97.3  0.27

99.9 99.3 97.0  0.26

99.7 99.4 97.0  0.29

98.9 98.1 96.9  0.33

99.7 98 96.6  0.35

99.2 98.6 96.2  0.44

98.8 98.6 96.0  0.28

98.7 97.5 0.29

99.3 97.7 0.47

99.7 97.6 0.37

99.3 98.1 0.40

98.3 98.9 90.4  0.71

98.8 97.5 90.2  0.72

98.5 97.4 0.71

98.6 98.7 0.79

97.7 0.78

99.5 97.8 0.92

age of prokaryotic genomes, as obtained from next-generation
sequencing (NGS) platforms, is predicted to represent more than
99% of the complete genome sequence (42), which implies an
adequate reliability of the in silico analyses of ANI. Furthermore, it
hasbeen shown that for highly related genomes (i.e., ANI values of
>94%), draft genome sequences that reach at least 50% of ge-
nome coverage for both strains result in ANI values that have been
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FIG 2 Graphical representation in three-dimensional columns of the average nucleotide identity (ANI) matrix shown in Table S4 in the supplemental material,
based on the analysis of the 48 bifidobacterial type strain genome sequences. On the x axis are located the 48 bifidobacterial taxa to generate a matrix; the y axis
reflects the ANI percentages such that each column represents the ANI observed between a given bifidobacterial species pair. All bifidobacterial pairs that show
an ANI value of >94% are highlighted according to the legend at the top of the figure. The paired numbers above the columns correspond to the numbering

identifying the organisms described in Table 1.

recognized as adequate for the calculation of nucleotide identity
(28). Notably, our analysis demonstrated that comparing the ge-
nomes of Bifidobacterium thermophilum JCM 1207 and Bifidobac-
terium boum LMG 10736 generated an ANI value of 94.9%, which
is very close to the generally accepted threshold for species recog-
nition (see Table S2 in the supplemental material) (43). Further-
more, a second bifidobacterial pair, Bifidobacterium pseudo-
longum subsp. pseudolongum LMG 11571 and Bifidobacterium
pseudolongum subsp. globosum LMG 11569, has an ANI value of
93.9%, which is below the threshold value obtained for genomes
of bacteria that belong to different species. This therefore indicates
that these taxa should be considered separate species rather than
subspecies. On the other hand, other currently recognized bifido-
bacterial subspecies, i.e., the Bifidobacterium animalis subsp. ani-
malis LMG 10508-Bifidobacterium animalis subsp. lactis DSM
10140 pair, the Bifidobacterium thermacidophilum subsp. ther-
macidophilum LMG 21395-Bifidobacterium thermacidophilum
subsp. porcinum LMG 21689 pair, and the Bifidobacterium longum
subsp. longum LMG 13197-Bifidobacterium longum subsp. infan-
tis ATCC 15697-Bifidobacterium longum subsp. suis LMG 21814
set, were shown to be associated with ANI values ranging from
=95% to =97%, thus confirming the current bifidobacterial sub-
species assignment for these taxa (Fig. 2).

Bifidobacterial genome similarities. In order to validate the
results achieved with ANT analysis, we employed another bioin-
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formatics approach. This approach, based on DNA maximal
unique matches (MUM), called MUMi (MUM index) (31), was
used to determine the genomic distance for all considered bifido-
bacterial pairs. MUMIi values ranged from 0.11 (between B. indi-
cum LMG 11587 and B. coryneforme LMG 18911) to 0.99 (between
Bifidobacterium tsurumiense JCM 13495 and Bifidobacterium as-
teroides LMG 10735) (see Table S3 in the supplemental material).
According to what had previously been demonstrated, i.e., that a
MUMi value 0f 0.33 = 0.03 corresponds to an ANI value of 95% =
0.5% (30), the MUMI assignments for the bifidobacterial B. indi-
cum LMG 11587-B. coryneforme LMG 18911 (0.12) pair, the B.
adolescentis ATCC 15703-B. stercoris DSM 24849 (0.26) pair, the
B. pullorum LMG 21816-B. saeculare LMG 14934-B. gallinarum
LMG 11586 (0.27) set, and the B. catenulatum LMG 11043-B.
kashiwanohense DSM 21854 (0.33) pair clearly confirmed a very
high level of genetic relatedness, which does not support their
classification into separate species (Table 2). Furthermore, the
MUMIi value for the bifidobacterial pair B. thermophilum JCM
1207 and B. bourmn LMG 10736 (0.37) confirms the ANT value that
is close to the recognized threshold of 95%, thus raising questions
around the validity of their previous assignment into two separate
species. In contrast, the MUMi value for the subspecies pair B.
pseudolongum subsp. pseudolongum LMG 11571 and B. pseudo-
longum subsp. globosum LMG 11569 (0.4) confirms the results of
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FIG 4 Average K /K, ratio between bifidobacterial pairs represented by a fan-shaped chart. The diagram was built on the bifidobacterial core gene supertree
presented in Fig. 2, and the numbers placed at the supertree leaves represent the related bifidobacterial taxa presented in Table 1. The columns indicate the average
K, /K, ratios of the flanking bifidobacterial taxa. For bifidobacterial taxa pairs having high K_/K, ratios, the corresponding values are indicated above the columns.

the ANI analysis; i.e., both support limited nucleotide identity
between the genomes of these particular taxa.

The Bifidobacterium supertree. The availability of genome se-
quences for each of the 48 currently recognized members of the
genus Bifidobacterium also allows a more robust reconstruction of
the phylogeny of members of this genus. A comparative study was
undertaken to determine putative orthology between the 48 bifi-
dobacterial genome sequences, which resulted in the identifica-
tion of 18,435 BifCOGs (bifidobacterium-specific clusters of or-
thologous genes). Analysis of the predicted BifCOGs allowed the
identification of 534 COGs that were shared among all these ge-
nomes, representing the core of bifidobacterial genome coding
sequences (core BifCOGs). This core BifCOG collection repre-
sents, at the time of writing, the most updated core genome se-
quences of the genus Bifidobacterium. Conserved genes, which
represented paralogs within bifidobacterial genomes, were not
taken into account further. A concatenated protein sequence that
represents the protein products of the thus identified 411 core
genes was used to build a Bifidobacterium supertree (Fig. 3). This
Bifidobacterium supertree analysis produced an evolutionary po-
sitioning of all 48 bifidobacterial taxa of the genus Bifidobacterium
by placing the type strains of B. adolescentis ATCC 15703 and B.
stercoris DSM 24849 in the same cluster. In a similar way, the
concatenated sequences of the type strains of B. indicurn LMG
11587 and B. coryneforme LMG 18911 are located on the same
branch of the tree as well as those of the B. pullorum LMG
21816-B. saeculare LMG 14934-B. gallinarum LMG 11586 set and
the B. catenulatum LMG 11043-B. kashiwanohense DSM 21854
pair (Fig. 3). Furthermore, all validated bifidobacterial subspecies
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cluster in the same branches of the core gene-based tree, as well as
the B. thermophilum JCM 1207-B. boum LMG 10736 pair. This
finding indicates the absence of any substantial amino acid se-
quence differences between the individual core proteins of these
strains.

Comparison between bifidobacterial supertree and ribo-
somal gene trees. The bifidobacterial core genome-based tree al-
lowed the identification of seven phylogenetic clusters, named B.
longum, B. adolescentis, B. pseudolongum, B. boum, B. asteroides, B.
pullorum, and B. bifidum, which largely overlap the phylogenetic
rRNA-based groups so far recognized within the genus Bifidobac-
terium (see above). In this context, we identified a novel phyloge-
netic cluster named B. bifidum, consisting of Bifidobacterium bifi-
dum LMG 11041, Bifidobacterium scardovii LMG 21589, and
Bifidobacterium biavatii DSM 23969 (Fig. 3).

A comparison between the supertree and the single-marker
tree based on 16S rRNA gene sequences involving the same set of
bifidobacterial strains was also performed. Such analysis showed
that 24 nodes and 45 (to 46) total nodes were supported by boot-
strap values greater than 70 for the 16S rRNA gene-based tree and
the core gene-based tree, respectively (Fig. 1). The discriminatory
power of the tree based on the concatenated core genes, as based
on the analysis of pairwise distances, is significantly higher than
that observed for the 16S rRNA gene-based tree: the mean pair-
wise distance of the concatenated core gene-based protein se-
quences was determined to be 0.25, versus a mean 16S rRNA gene
sequence-based distance of 0.051 (see Table S4 in the supplemen-
tal material). In addition, the increase in sequence length as well as
the use of protein-based sequences allowed a considerable in-

aem.asm.org 6389


http://aem.asm.org

Lugli et al.

a)

s wn3uol q

fur -dsan’

B
- longuy, Subsp, longum,

B

B. longum subsp. suis
Sy

2 a04d d
N
. re,
U, .
ey

Z

P
Ped
iz,

pon®*
B bohe’"icum
B. boum

B. merycicyy,

B. angulatum B. thermophilum

B. choerynu"

2 .’ldlcu,”
B. asteroides

PCoA - PC3 vs PC2
T T T

0.20 T T T T 0.20 T T v T 0.20 T T
oSy 1 0151 @ | 015k J
# L . 2 2 - "
2 o010k 4 & a 2 o0k .
© [ © 010k 4 < a®
3 . 3 . 0O 3 .
5 oosh - H g 3 5 005k - - -
° o S () [ S ™ .
3 | | 3 005- = s 1 3 o
< < c
£ o000 L_LW n s ! £ o000 oF
- £ 2
s v s 000 = 3 *
g -0.05- - » g H L ] g -0.05- - - g
E ™ 2]
E - * E -0.05F " 4 E .ﬁo -
& —0.10k . - 3 . L g ~ooF . 4
& g 4
L °
-015F 4 -ow0r (@) @ @ 1 -0asf 4
o2ob—1 4 N —o1s L N —020 A . A . .
=-0.25 -0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20 =-0.25 -0.20 -0.15 -0.10 -0.05 0.00 005 010 015 0.20 -0.15 =-0.10 -0.05 0.00 0.05 0.10 0.15 0.20
PC1 - Percent variation explained 8.29% PC1 - Percent variation explained 8.29% PC3 - Percent variation explained 6.57%
B B indicum-B. coryneforme & B. thermophilum-B. boum
@ B. adolescentis-B. stercoris » B thermacidophilum subsp. thermacidophilum-B. thermacidophilum subsp. porcinum
‘ B. catenulatum-B. kashiwanohense A B longum subsp. longum-B. longum subsp. longum-B. longum subsp. suis
W B. pullorum-B. saeculare-B. gallinarum <1 B. animalis subsp. animalis-B. animalis subsp. lactis
Pl Other bifidobacterial species ‘ B. pseudolongum subsp. pseudolongum-B. pseudolongum subsp. globosum

6390 aem.asm.org Applied and Environmental Microbiology


http://aem.asm.org

crease in tree robustness. In this context, the concatenation
showed an increase in deep-node bootstrap values. For example,
the conserved cluster B. adolescentis, which is supported by a boot-
strap value of 29 for the single 16S rRNA tree, is supported by a
bootstrap value of 100 in the concatenated tree. Data concatena-
tion therefore provides a powerful means of increasing the robust-
ness of the final tree (Fig. 3). The observed substantial increase in
bootstrap values demonstrates that the phylogenetic tree calcu-
lated from the concatenation of the bifidobacterial core proteins
identified here as alternative molecular markers to the 16S rRNA
gene may considerably improve the phylogenetic relevance. In a
similar way, a comparison with the phylogenetic tree based on 23S
rRNA gene sequences was also performed, showing lower boot-
strap and pairwise distance values (0.108) than the core protein-
based tree (Fig. 1) (see Table S4). However, it is interesting that the
distribution of the bifidobacterial 23S rRNA clusters largely re-
flects the bifidobacterial core protein clusters, showing more af-
finity to the core protein tree than the 16S rRNA gene-based tree.
As displayed in Fig. 3, a comparison with the 23S rRNA gene-
based tree highlights differences in two clusters represented in Fig.
1 as the B. pullorum group and B. minimum group. In both cases,
we noticed a different distribution of the bifidobacterial taxa,
which might be the consequence of a high level of genetic adapta-
tion to a specific ecological niche. The bifidobacterial supertree
displays in this case two separate clusters (designated the B. pullo-
rum and B. bifidum clusters) instead of the extended B. pullorum
group, as exhibited by the 23S rRNA gene-based tree, which may
reflect speciation in accordance with their ecological origins (rab-
bit and chicken feces for B. pullorum LMG 21816, B. saeculare
LMG 14934, and B. gallinarum LMG 11586 and human-derived
samples for B. bifidum LMG 11041 and B. scardovii LMG 21589)
(Table 1). Furthermore, the B. minimum group identified in the
23S rRNA gene-based tree is displayed as separated branches in
the core protein-based tree. A large part of bifidobacterial taxa that
did not fall in any core protein cluster are represented by Bifido-
bacterium species isolated from milk and sewage, except for Bifi-
dobacterium bohemicum DSM 22767 and Bifidobacterium bombi
DSM 19703, which represent isolates from the digestive tract of a
bumblebee. Therefore, it is possible that the observed inconsisten-
cies between the supertree and the rRNA-based trees are linked to
genetic adaptations of these bifidobacterial taxa to specific niches.
Thus, based on the higher level of robustness (higher number
of nodes with bootstrap values greater than 70) as well as the level
of pairwise distance, we can argue that the bifidobacterial core
genome-based tree provides a more reliable phylogenetic image
than the 23S rRNA gene-based- or 16S rRNA gene-based tree.
Bifidobacterium genus evolution rate. The strength of purify-
ing selection acting on a given Bifidobacterium species can be es-
timated by evaluating synonymous substitution (K;) and nonsyn-
onymous substitution (K,) from coding sequence alignments of
the orthologous genes shared by bifidobacterial pairs. Such calcu-
lated substitution rates are of substantial significance in recon-
structing phylogeny and understanding evolutionary dynamics of
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protein-coding sequences across closely related yet diverged spe-
cies (44). The K, /K, ratio (ratio of the number of nonsynonymous
substitutions per nonsynonymous site to the number of synony-
mous substitutions per synonymous site) for every bifidobacterial
pair was evaluated using KaKs_Calculator (45). In this study, we
considered all orthologous genes between bifidobacterial pairs
that are not assigned to the Bifidobacterium core gene pool. Gen-
erally, between members harboring two distinct species, the K,
value is much less than the K| value (i.e., K,/K, < 1) because a
mutation that changes a protein is much less probable than one
which is silent (46). The average K, /K values for all gene pairs
obtained for every bifidobacterial genome pair are shown in Fig. 4,
and these values indicate purifying selection for the validated sep-
arated species pair. Notably, the B. indicurn LMG 11587-B. coryne-
forme LMG 18911 pair, the B. adolescentis ATCC 15703-B. stercoris
DSM 24849 pair, the B. pullorum LMG 21816-B. saeculare LMG
14934-B. gallinarum LMG 11586 set, and the B. catenulatum LMG
11043-B. kashiwanohense DSM 21854 and B. thermophilum JCM
1207-B. boum LMG 10736 pairs have average K, /K, distances of
>0.1, revealing a higher average of K, substitutions than other
bifidobacterial pairs. Furthermore, the subspecies pair B. pseudo-
longum subsp. pseudolongum LMG 11571 and B. pseudolongum
subsp. globosum LMG 11569 shows an average K, /K distance of
<0.1, which suggests a purifying selection similar to the other
separated species pair. In contrast, two exceptions are represented
by B. longum subsp. infantis ATCC 15697 and B. adolescentis
ATCC 15703 that have an average K /K, distance of >0.2 with the
bifidobacterial strains Bifidobacterium breve LMG 13208 and Bifi-
dobacterium ruminantium LMG 21811, respectively (Fig. 4). With
the exception of the B. longum subsp. infantis ATCC 15697 and B.
adolescentis ATCC 15703, all bifidobacterial pairs that belong to
the same species have clearly different K /K, rates than the remain-
ing recognized species.

Evaluation of the bifidobacterial taxon relatedness based on
a polyphasic approach. In order to reliably infer phylogeny
within the genus Bifidobacterium, we decided to implement a con-
sensus bifidobacterial clustering approach based on previously de-
scribed analyses. Such a consensus clustering method includes the
phylogenetic data presented above in the form of distance matri-
ces, as well as the level of nucleotide identity between genomes and
the genome distance index detected between the 48 bifidobacterial
taxa. As displayed in Fig. 5, all bifidobacterial pairs that we pro-
pose here as being members of the same species fell in the same
cluster, showing a substantiated correlation between the analyses
described above. Furthermore, in order to visualize the correla-
tion between these collected data, a principal coordinate analysis
(PCoA) was performed (Fig. 5), which highlights the very close
genetic relatedness of the B. indicum LMG 11587-B. coryneforme
LMG 18911, B. adolescentis ATCC 15703-B. stercoris DSM 24849,
B. catenulatum LMG 11043-B. kashiwanohense DSM 21854, and
B. thermophilum JCM 1207-B. bourn LMG 10736 pairs and the set
of B. pullorum LMG 21816, B. saeculare LMG 14934, and B. galli-
narum LMG 11586, as well as all bifidobacterial subspecies pairs.

FIG 5 Consensus clustering based on the inclusion of results from the phylogenetic distance matrix, the level of nucleotide identity between genomes, and the
genome distance index detected between all 48 bifidobacterial taxa. (a) Polar cluster where all bifidobacterial taxa proposed here as members of the same species
fall in the same cluster, highlighted by different colors. (b) Principal coordinate analysis (PCoA) of the same data set used to generate the polar cluster. In the
central PCoA image, recognized bifidobacterial subspecies and related species discussed in the main text are circled in red to separate them from the remaining

bifidobacterial species, which are represented by orange squares.
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Thus, these observations suggest that a serious revision of the tax-
onomy of the genus Bifidobacterium needs to be considered.

Conclusions. Genome sequencing has revolutionized the mi-
crobial taxonomy by providing large genetic data sets that are
particularly useful for bacterial phylogeny analyses. Thanks to ge-
nome sequencing efforts involving all currently recognized bifi-
dobacterial species, we were able to identify a set of 411 genes
representing the core bifidobacterial genome sequences that act as
alternative molecular markers to the 16S rRNA gene sequences.
The multisequence approach applied here is in line with recom-
mendations of the ad hoc committee for reevaluation of the defi-
nition of bacterial species (11). This approach has been used suc-
cessfully also for the delineation of other bacterial genera such as
Lactobacillus and Streptococcus (47, 48). The concatenation of
these 411 proteins provides a reliable phylogenetic tree that is
discriminatory and robust compared to the 16S rRNA gene-based
tree.

In addition, investigation of ANI values based on bifidobacte-
rial genomes identified inconsistencies in the current taxonomy of
bifidobacteria. In fact, the high ANI values obtained from genome
pairs representing the type strains of B. adolescentis ATCC 15703
and B. stercoris DSM 24849, B. indicum LMG 11587 and B. coryne-
forme LMG 18911, and B. catenulatum LMG 11043 and B. kashi-
wanohense DSM 21854, and from the set of B. pullorum LMG
21816, B. saeculare LMG 14934, and B. gallinarum LMG 11586 did
not support the assignment of the bacteria as different species.
Such a high level of genetic relatedness between the above-men-
tioned bifidobacterial taxa was also confirmed by the investigation
of MUMi and genome-to-genome distance calculator (GGDC)
values. Furthermore, a lower ANI value detected between the type
strains of B. pseudolongum subsp. pseudolongum LMG 11571 and
B. pseudolongum subsp. globosum LMG 11569 did not support the
assignment of subspecies due to an ANI value lower than 94%, as
supported by MUMi and GGDC analysis. Moreover, as shown in
many different analyses carried out, borderline bifidobacterial
pairs emerge, represented by B. boum LMG 10736 and B. thermo-
philum JCM 1207. Thus, altogether our analyses clearly suggest
that the taxonomy of the genus Bifidobacterium should be rede-
fined with the recognition of only 34, as opposed to the currently
39, described species, while we furthermore propose to consider B.
pseudolongum subsp. globosum LMG 11569 and B. pseudolongum
subsp. pseudolongum LMG 11571 to be two separate species. Fur-
thermore, in contrast to what is currently known, we have dem-
onstrated the existence of seven phylogenetic group within the
genus Bifidobacterium instead of six (15), including the new B.
bifidum phylogenetic cluster encompassing bifidobacterial species
isolated from human. Even though this study revised the evolu-
tionary development represented by the current taxonomy of the
genus Bifidobacterium, it should also affect approaches followed in
the future for species assignment within this genus. In fact, it is
desirable that bifidobacterial taxonomy in the near future give
more consideration to multigene or whole-genomic features of
one hypothetical new taxon rather than focus on a single molec-
ular marker, as in the current practice.
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