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Comparative Genomics of Bifidobacterium animalis subsp. lactis
Reveals a Strict Monophyletic Bifidobacterial Taxon

Christian Milani, Sabrina Duranti,® Gabriele Andrea Lugli,® Francesca Bottacini,” Francesco Strati,® Stefania Arioli,© Elena Foroni,?

Francesca Turroni,” Douwe van Sinderen,® Marco Ventura®

Laboratory of Probiogenomics, Department of Life Sciences, University of Parma, Parma, Italy®; Alimentary Pharmabiotic Centre and Department of Microbiology,
Bioscience Institute, National University of Ireland, Cork, Ireland®; Department of Food Environmental and Nutritional Sciences, University of Milan, Milan, Italy©

Strains of Bifidobacterium animalis subsp. lactis are extensively exploited by the food industry as health-promoting bacteria,
although the genetic variability of members belonging to this taxon has so far not received much scientific attention. In this arti-
cle, we describe the complete genetic makeup of the B. animalis subsp. lactis B112 genome and discuss the genetic relatedness of
this strain with other sequenced strains belonging to this taxon. Moreover, a detailed comparative genomic analysis of B. anima-
lis subsp. lactis genomes was performed, which revealed a closely related and isogenic nature of all currently available B. anima-
lis subsp. lactis strains, thus strongly suggesting a closed pan-genome structure of this bacterial group.

ifidobacteria are intensively exploited by the food industry

due to the presumed health beneficial effects they exert on the
human host (1-5). However, the molecular mechanisms underly-
ing these proclaimed health-promoting activities are still largely
unknown. Recently, significant efforts have been made to decode
and analyze bifidobacterial genome sequences, which is part of a
novel discipline called probiogenomics, aimed at the discovery of
genetic determinants responsible for the adaptation of these mi-
croorganisms to the gastrointestinal tract of their host (6-11). In
the context of probiogenomics attempts involving bifidobacterial
strains, members of the Bifidobacterium animalis subsp. lactis
taxon are worth mentioning, as they have been the target of several
genome sequencing projects which have resulted in the complete
genomic decoding of nine B. animalis subsp. lactis strains (12-18).
The availability of such a large set of genome sequences of strains
belonging to the same species allows the identification of the pan-
genome structure of this taxon, as well as the determination of the
extent of genetic variability occurring among members of this
species. So far, several attempts have been carried out to delineate
the evolutionary development of B. animalis subsp. lactis, as well
as the genetic relatedness with other bifidobacterial species (14,
19-21). However, these studies drew their conclusions from a lim-
ited set of genomic information, as opposed to the much larger
data set of B. animalis subsp. lactis genomes that is currently avail-
able. Here, we describe the sequence analysis of the B. animalis
subsp. lactis Bl12 genome. Furthermore, we analyzed all complete
and publicly available genome sequences of B. animalis subsp.
lactis strains and highlight the strictly monomorphic nature as
well as the closed pan-genomic structure of this taxon.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains used in this
study and their origins are listed in Table S1 in the supplemental material.
All Bifidobacterium strains were cultivated in an anaerobic atmosphere
(2.99% H,, 17.01% CO,, and 80% N,) in a chamber (Concept 400;
Ruskin) on de Man-Rogosa-Sharpe (MRS) medium (Scharlau Chemie,
Barcelona, Spain) supplemented with 0.05% (wt/vol) L-cysteine hydro-
chloride and incubated at 37°C. Cell growth on semisynthetic MRS me-
dium supplemented with 1% (wt/vol) of a particular sugar was monitored
by optical density at 600 nm using a plate reader (Biotek, VT). The plate
reader was run in discontinuous mode, with absorbance readings per-
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formed at 60-min intervals and preceded by 30 s of shaking at medium
speed. Cultures were grown in biologically independent triplicates, and
the resulting growth data were expressed as the mean of these replicates.
Carbohydrates were purchased from Sigma (Milan, Italy) and Carbosynth
(Berkshire, United Kingdom).

Susceptibility to tetracycline. Susceptibility to antibiotics, in terms of
MIC to tetracycline (Sigma-Aldrich), was determined using the broth
microdilution method. MIC, considered the lowest biocide concentration
that prevents detectable growth of a particular bacterium, was determined
using the standardized bifidobacterium susceptibility test medium (LSM-
Cys) broth formulation as indicated in ISO 10932:2010 for antibiotic sen-
sitivity assessment of bifidobacteria (22), which is expected to ensure ad-
equate growth of the test organism (Bifidobacterium longum ATCC
15707). LSM-Cys consists of a mixture of Iso-Sensitest broth medium
(Ox0id) (90%) and MRS broth medium (10%) added with 0.3 g of L-cys-
teine per liter of LSM, adjusted to pH 6.7. MIC testing was performed in a
5-ml final volume. Each strain included in this study was inoculated in
triplicate for each antibiotic concentration tested at a final inoculum den-
sity of 10° bacteria/ml, starting from cultures incubated for 48 h under
anaerobic conditions. The bacterial cell concentration of the overnight
culture was determined microscopically by use of an improved Neubauer
counting chamber (Marienfeld GmbH, Lauda-Konigshofen, Germany).
Cultures were incubated at 37°C under anaerobic conditions for 48 h.
After incubation, culture cell density was measured spectrophotometri-
cally (optical density [OD] at 600 nm).

Genome sequencing and bioinformatics analyses. The genome se-
quence of Bl12 was determined by GenProbio srl using the Ion Torrent
Personal Genome Machine (Life Technologies, Germany). A genomic
library was generated using 1 g of genomic DNA and an Ion Xpress Plus
fragment library kit and employing the Ion Shear chemistry according to
the user guide. After dilution to 2.66 X 10” molecules/pl, 4.5 X 10® mol-
ecules were used as the templates for clonal amplification on Ion Sphere
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TABLE 1 Alignment to Bl12 and general genome features of the nine publicly available B. animalis subsp. lactis, B. animalis subsp. lactis Bl12, and B.

animalis subsp. animalis complete genome sequences

Alignment GC No. of
Accession against Genome  No.of content No.of rRNA No. of EPS No. of
Organism Strain no. Bl12 (%) size (bp)  ORFs (%) tRNAs  locus® transposases R/M systems” genes  prophages
B. animalis subsp.  Bl12 CP004053 100.000 1,938,605 1,518  60.5 52 4 9 3 (incomplete) 1 1
lactis BLCI CP003039  99.84 1,943,983 1,518  60.5 52 4 9 3 (incomplete) 1 1
DSM10140 CP001606 99.99 1,938,483 1,518 60.5 51 4 9 3 (incomplete) 1 1
\'% CP001892 99.84 1,944,050 1,521 60.5 52 4 10 3 (incomplete) 1 1
Bl-04 CP001515 99.99 1,938,709 1,518 60.5 52 4 9 3 (incomplete) 1 1
Bi-07 NC_017867 99.99 1,938,822 1,518 60.5 52 4 9 3 (incomplete) 1 1
B420 NC_017866  99.99 1,938,595 1,518 60.5 52 4 9 3 (incomplete) 1 1
BBI12 CP001853 99.82 1,942,198 1,521 60.5 52 4 10 3 (incomplete) 1 1
CNCM [-2494  CP002915 99.82 1,943,113 1,521 60.5 52 4 10 3 (incomplete) 1 1
ADO11 CP001213 99.83 1,933,695 1,520  60.5 52 2 + single 58 10 3 (incomplete) 1 1
rRNA
B. animalis subsp. ATCC 25527 CP002567 91.77 1,932,693 1,538 60.5 52 3 + single 16S 8 1 1 1
animalis rRNA and
23S rRNA

@ These numbers refer to a complete locus encompassing 16S rRNA, 23S rRNA, and 5S rRNA genes.

? Determined by REBASE (29).

particles during the emulsion PCR according to the Ion Xpress Template
200 kit manual. The quality of the amplification was estimated, and the
sample was loaded onto an Ion 316 chip and subsequently sequenced
using 125 sequencing cycles according to the Ion Sequencing 200 kit user
guide. This number of sequencing cycles resulted in an average reading
length of approximately 200 nucleotides. The MIRA program (version
3.4.0) was used for de novo assembly of the Bl12 genome sequence (23).
The generated sequencing output consisted of 600 Mb of DNA sequences,
corresponding to about 300X coverage of the Bl12 genome. Quality im-
provement of the genome sequence involved sequencing of more than 50
PCR products across the entire genome to ensure correct assembly, dou-
ble stranding, and the resolution of any remaining base conflicts.

Sequence annotation. The genomes analyzed consisted of nine com-
plete and publicly available B. animalis subsp. lactis genome sequences
plus the B. animalis subsp. lactis Bl12 genome, which was sequenced as
part of this study and is described in Table 1. In order to ensure the
identical sequence quality standards for all investigated genomes, the pub-
licly available nucleotide sequences corresponding to these genomes were
reanalyzed using common software and parameters (see below). Overall
DNA similarity analyses between the B. animalis subsp. lactis genomes
were carried out using BLASTN (24) and Artemis (25).

Protein-encoding open reading frames (ORFs) were predicted using a
combination of Prodigal (26) and BLASTX (24) for comparative analysis.
Results of the gene-finder program were combined manually with data
from BLASTP (27) analysis against a nonredundant protein database pro-
vided by the National Center for Biotechnology Information. The com-
bined results were inspected by Artemis (25), which was used for a manual
editing effort to verify and, if necessary, to redefine the start of each pre-
dicted coding region or to remove or add coding regions.

Assignment of protein function to predicted coding regions of the B. ani-
malis subsp. lactis genomes was performed manually. Moreover, the revised
gene-protein set was searched against the Swiss-Prot (http://www.expasy.ch
/sprot//TrEMBL), PRIAM (http://priam.prabi.fr/), protein family (Pfam;
http://pfam.sanger.ac.uk/), TIGRFAMs (http://www.jcvi.org/cms/research
/projects/tigrtams/overview/), Interpro (INTERPROSCAN; http://www.ebi
.ac.uk/Tools/InterProScan/), Kyoto Encyclopedia of Genes and Genomes
(KEGG; http://www.genome.jp/kegg/), and COGs (http://www.ncbi.nlm
.nih.gov/COG/) databases, in addition to BLASTP (http://blast.ncbi.nlm.nih
.gov/Blast.cgi). Functional assignments were defined by manual processing of
the combined results. Manual corrections to automated functional assign-
ments were completed on an individual gene-by-gene basis as needed.

Additional bioinformatic analyses included tRNA gene identification
using tRNAscan-SE (28) and rRNA gene detection using RNAmmer
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(http://www.cbs.dtu.dk/services/RNAmmer/), followed by manual anno-
tation on the basis of BLASTN searches.

Insertion sequence (IS) families were assigned using ISFinder (http:
/Iwww-is.biotoul.fr/is.html), restriction/modification (R/M) systems
were searched on the basis of the REBASE database (29), transporter clas-
sification was performed according to the Transporter Classification Da-
tabase scheme (30), and ORF attribution to a specific COG family was
made by searching against the COGs database (http://www.ncbinlm.nih
.gov/COG/).

Proteome comparison and extraction of shared and unique genes.
Each predicted proteome of the 10 analyzed B. animalis subsp. lactis
strains (Table 1), B. animalis subsp. animalis ATCC 25527 (31), Bifido-
bacterium longum subsp. longum NCC2705 (32), Bifidobacterium longum
subsp. infantis ATCC 15697 (33), Bifidobacterium bifidum PRL2010 (34),
Bifidobacterium dentium Bd1 (35), Bifidobacterium breve UCC2003 (36),
and Bifidobacterium adolescentis ATCC 15703 (NCBI source) was
searched for orthologues against the total proteome, where orthology be-
tween two proteins was defined as the best bidirectional FASTA hits (37).
Identification of orthologues, paralogues, and unique genes was per-
formed following a preliminary step consisting of the comparison of each
protein against all other proteins using BLAST analysis (27) (cutoff: E
value of 1 X 10~* and 30% identity over at least 80% of both protein
sequences), and then all proteins were clustered into protein families us-
ing MCL (graph theory-based Markov clustering algorithm) (38). Follow-
ing this, the unique protein families for each of the 17 bifidobacterial
genomes were classified. Protein families shared between all genomes,
named core gene families, were defined by selecting the families that con-
tained at least one single protein member for each genome.

Each set of orthologous proteins was aligned using CLUSTAL_W (39),
and phylogenetic trees were constructed using the maximum-likelihood
in PhyML (40). The supertree was built using FigTree (http://tree.bio.ed
.ac.uk/software/figtree/).

Whole-genome alignments, single nucleotide polymorphism (SNP)
or indel detection, and in silico optical map reconstruction. Whole-
genome sequence alignments for similarity and dot plot analysis were
performed at DNA level using LAST (http://last.cbrc.jp/), while Mauve
(41) was used for whole-genome sequence alignments for SNPs and indel
identification and manual editing of genome sequences. Clusters based on
the heat maps of SNPs and indels were constructed using TIGR MultiEx-
periment Viewer (TMeV) software (42). For each B. animalis subsp. lactis
genome, nucleotide sequences corresponding to 20-bp regions spanning
the verified SNPs listed by Barrangou et al. (14) were used to build a
supertree according to the procedure described above. An in silico optical
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1) B. animalis subsp. lactis B112

2) B. animalis subsp. lactis DSM 10140
3) B. animalis subsp. lactis B420

B. animalis subsp. lactis Bi-07

) 5) B. animalis subsp. lactis B1-04
Wy

a) 1900000 0 2

I
N
s s \Wmﬁ}u“

\\\\\\\\\\‘\\\‘\\ \\%IMIII 6) B. animalis subsp. lactis BLC1

“\‘\k\‘%{\\\,\ B i YU, 7) B. animalis subsp. lactis BB12

syt LR 8) B. animalis subsp. lactis CNCM 1-2494
9) B. animalis subsp. lactis V9
10) B. animalis subsp. lactis ADO11

b) P

B. longum subsp. longum NCC2705 B. bifidum PRL2010

B. longum subsp. infantis ATCC 15697

FIG 1 Comparative genomic analysis of B. animalis subsp. lactis BI12 with other fully sequenced B. animalis subsp. lactis strains. Panel a represents a circular
genome atlas of B. animalis subsp. lactis BI12 (circle 1) with mapped orthologues (defined as reciprocal best BLASTp hits with more than 30% identity over at least
80% of both protein lengths) in nine publicly available B. animalis subsp. lactis genomes (circles 2 through 10). Circle 11 illustrates B. animalis subsp. lactis
DSM10140 G+ C% deviation, followed by circle 12, which highlights B. animalis subsp. lactis DSM10140 GC skew (G—C/G+C). Panel b shows a graphical
representation of the COG families of B. animalis subsp. lactis B112 and other Bifidobacterium species. Each COG family is identified by a one-letter abbreviation:
A, RNA processing and modification; B, chromatin structure and dynamics; C, energy production and conversion; D, cell cycle control and mitosis; E, amino acid
metabolism and transport; F, nucleotide metabolism and transport; G, carbohydrate metabolism and transport; H, coenzyme metabolism; I, lipid metabolism;
J, translation; K, transcription; L, replication and repair; M, cell wall/membrane/envelope biogenesis; N, cell motility; O, posttranslational modification, protein
turnover, and chaperone functions; P, inorganic ion transport and metabolism; Q, secondary structure; T, signal transduction; U, intracellular trafficking and
secretion; Y, nuclear structure; V, defense mechanisms; Z, cytoskeleton; R, general functional prediction only; S, function unknown.
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FIG 2 (a) Comparison of the miaA locus in B. animalis subsp. lactis Bl12 with corresponding loci in various other B. animalis subsp. lactis strains. Each arrow
indicates an ORF. The length of the arrow is proportional to the length of the predicted ORF. Corresponding genes are marked with the same color. The putative
function of the protein is indicated above each arrow. The percent amino acid identity is indicated. (b) Nucleotide alignment of the portion of the miaA
encompassing the identified SNP. (c) Amino acid alignment of the portion of the Mia protein around the identified nonsynonymous mutation.

map was constructed by in silico digestion with Notl and visualized
through Geneious software (43).

Pan-genome. For all 10 B. animalis subsp. lactis genomes used in this
study, a pan-genome calculation was performed using the PGAP pipeline
(44); the ORF content of each genome was organized in functional gene
clusters using the gene family (GF) method. A pan-genome profile was
built using all possible BLAST combinations for each genome being se-
quentially added. Finally, the PGAP pipeline (44) performed also a power
law regression in order to extrapolate the best function fitting, according
to the Heaps law pan-genome model (45).

PCR validation of the indels. After identification of putative indels
between the 10 genomes analyzed, primers were designed to amplify re-
gions spanning indels from all these genomes. PCR amplicons were puri-
fied using a Qiaquick kit (Qiagen) and then submitted to DNA sequencing
(Macrogen, South Korea).

Nucleotide sequence accession numbers. The sequence reported in
this article has been deposited in the GenBank database under accession
number CP004053.

RESULTS AND DISCUSSION

Identification of B. animalis subsp. lactis Bl12 strain. Seventy-
six strains belonging to B. animalis subsp. lactis originally identi-
fied from different ecological niches, including fecal as well as

July 2013 Volume 79 Number 14

colonoscopic samples (see Table S1 in the supplemental mate-
rial), were investigated for their resistance to tetracycline using
the MIC assay. It has previously been established that the B.
animalis subsp. lactis genomes sequenced so far encompass a
putative conjugative transposon carrying a fet(W) gene (46—
48), as well as a miaA gene (see below), which confers a high
level (32 pg/ml) of tetracycline resistance. Thus, we decided to
analyze this metabolic feature in order to characterize all 76 B.
animalis subsp. lactis strains and to reveal possible genetic dif-
ferences existing within this bifidobacterial taxon (see Table
S1). Notably, only two B. animalis subsp. lactis strains, named
646 and Bl12, were shown to display MICs of 24 pug/ml and 16
pg/ml, respectively, which are significantly lower than those
identified for several commercially exploited B. animalis subsp.
lactis strains (e.g., BB12 and BLC1 strains possess a MIC of 32
pg/ml). Furthermore, the growth profile of these two B. ani-
malis subsp. lactis strains on different carbohydrates was eval-
uated and compared to those known for other B. animalis
subsp. lactis strains. As displayed in Table S2 in the supplemen-
tal material, no evident differences, except for fucose, were
noticed in carbohydrate utilization profiles between these
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B. animalis subsp. lactis
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LATCC]S(‘:W ATCC15703 B. animalis subsp. lactis DSM 10140
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B. animalis subsp. lactis BB-12
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B. animalis subsp. lactis B. animalis subsp. lactis

B. animalis subsp. animalis ATCC25527

B. dentium Bd1
B. animalis subsp. lactis B. animalis subsp. lactis B. adolescentis ATCC15703
B. bifidum PRL2010
7 B. breve UCC2003
B. animalis subsp. lactis B. animalis subsp. lactis B. longum subsp. infantis ATCC15697
BBI2
B. longum subsp. longum NCC2705
B. animalis subsp. lactis B. animalis subsp. lactis outgroup
CNCM 1-2494 V9
B. animalis subsp. lactis 0.6

ADO11

FIG 3 Genomic diversity of the Bifidobacterium animalis subsp. lactis species. Panel a displays a Venn diagram of homologues shared between type strain B.
animalis subsp. lactis B112 and other fully sequenced bifidobacterial species. Panel b shows a Venn diagram representation of shared homologues between B.
animalis subsp. lactis Bl12 and the nine publicly available B. animalis subsp. lactis genomes. Panel ¢ depicts a phylogenetic supertree based on the sequences of

identified core proteins shared by the analyzed Bifidobacterium genomes.

strains, suggestive of a high level of conservation of the genetic
arsenal of carbohydrate-degrading enzymes and sugar trans-
porters in the B. animalis subsp. lactis taxon.

To further assess the genetic variability of the B. animalis subsp.
lactis taxon, we decided to sequence the genome of strain Bl12
based on its deviating MIC for tetracycline.

General genome features of B. animalis subsp. lactis Bl112
strain. The chromosome of B. animalis subsp. lactis Bl12 was fully
decoded using the Ion Torrent Personal Genome Machine, and
the achieved reads were assembled using MIRA (see Materials and
Methods). The determined genome sequence consists of
1,938,605 bp, with a G+C content of 60.5%, which is (nearly)
identical to that of other sequenced B. animalis subsp. lactis ge-
nomes (Table 1). Furthermore, the genome sequence of B. anima-
lis subsp. lactis Bl12 encompasses a collection of tRNA and rRNA
genes which is highly similar to that identified in other B. animalis
subsp. lactis chromosomes (Table 1).

Analysis of clusters of orthologous groups (COGs) of the Bl12
predicted proteome allowed a functional assignment for 78.9% of
the total number of predicted ORFs. Interestingly, about 9.53%
and 7.89% of the genes identified in the B. animalis subsp. lactis
Bl12 genome encode proteins that are predicted to be involved in
amino acid and carbohydrate transport and metabolism, respec-
tively (Fig. 1). Such an extensive genetic adaptation to amino acid
and carbohydrate metabolism is similar to that identified in the
genomes of other intestinal bifidobacteria (32-35, 49) and thus
appears to represent a key genetic adaptation of members of the
genus Bifidobacterium.

4308 aem.asm.org

Homologues from other bacterial species with known function
were identified for 83% of the B. animalis subsp. lactis B112 ORFs,
while the remaining 17% do not possess a predicted function.

Genetics of the tetracycline susceptibility of B. animalis
subsp. lactis B112. All strains of B. animalis subsp. lactis described
so far display a medium level of resistance to the antibiotic tetra-
cycline. Even though the genetic locus responsible for this tetra-
cycline resistance is not fully characterized in B. animalis subsp.
lactis, it is likely to be linked to the presence of the ter(W) gene in
their genomes (46, 47). The tet(W) gene encodes an alternative
elongation factor that belongs to the GTP-binding elongation fac-
tor family, also referred to as the Tet(M)/Tet(O) subfamily, which
protects ribosomes from the translation inhibition of tetracycline
(50). However, alignment of the relevant DNA sequences of the
tet(W) gene in all of the available B. animalis subsp. lactis ge-
nomes, including that of the B. animalis subsp. lactis 646 strain,
revealed that these are identical to that of the homologue present
in the genome of B112 (data not shown). In contrast, we identified
a genetic difference in the DNA sequence of the miaA gene
(B112_1042). The miaA gene product has been reported to affect
the efficiency of Tet(W) and ultimately the susceptibility to tetra-
cycline (51). The nucleotide alignment of the DNA spanning the
miaA loci of the nine currently available B. animalis subsp. lactis
strains, including B. animalis subsp. lactis 646, displayed identical
sequences, while the miaA gene sequence of B. animalis subsp.
lactis B112 showed a single nucleotide polymorphism (SNP), con-
sisting of a thymine instead of a guanosine, located at nucleotide
position 1154 in the gene sequence (Fig. 2). The identified SNP
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FIG 4 Dot plot comparison based on genomic sequence alignments of B. animalis subsp. lactis Bl12, the nine publicly available B. animalis subsp. lactis strains,

and B. animalis subsp. animalis ATCC 25527.

was further validated experimentally by PCR followed by direct
DNA sequencing of the obtained amplicon. This causes a nonsyn-
onymous mutation (from a glutamine residue to a lysine residue)
in the Mia protein sequence of Bl12 strain at position 52 (Fig. 2).
This finding may thus explain the higher level of sensitivity of the
Bl12 strain to tetracycline than that of other tested B. animalis
subsp. lactis strains (see above).

Phylogenomic analyses of B. animalis subsp. lactis. The
availability of whole-genome sequences allows a more robust re-
construction of the phylogeny occurring within a particular bac-
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terial taxon (52-55). A comparative study was undertaken to de-
termine putative orthology between completed bifidobacterial
genome sequences of strains of B. longum subsp. longum, B.
longum subsp. infantis, B. breve, B. bifidum, B. adolescentis, B. den-
tium, B. animalis subsp. animalis, and B. animalis subsp. lactis,
which resulted in the identification of 886 orthologues that were
shared between all these genomes (Fig. 3). This orthologue collec-
tion represents the most updated, at the time of this writing, of
core genome sequences of the genus Bifidobacterium. A concate-
nated protein sequence that includes the product of each of these
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core genes, as described above, was used to build a Bifidobacterium
supertree (Fig. 3). This phylogenomic analysis produced a highly
reliable evolutionary positioning of B. animalis subsp. lactis within
the genus Bifidobacterium, by placing all strains of B. animalis
subsp. lactis on the same cluster of B. animalis subsp. animalis
(Fig. 3). Remarkably, all investigated B. animalis subsp. lactis
strains were placed on the same branch of the tree, indicating the
absence of substantial amino acid sequence differences between
the individual core proteins of these strains.

Comparative analyses of B. animalis subsp. lactis genomes.
The nine publicly available B. animalis subsp. lactis genomes and
B. animalis subsp. lactis B112 were analyzed so as to identify shared
orthologues. In silico analyses show that 1,518 ORFs are shared
between these strains, while 3 ORFs appear to be present only in
strains BB12, V9, ADO11, and CNCM 1-2494. PCR attempts tar-
geting these ORFs did not provide any experimental evidence for
their existence, thus suggesting that they represent assembly
and/or annotation mistakes of these genomic sequences (Fig. 3).

The genomic structure of B. animalis subsp. lactis is highly
syntenic between the 10 strains investigated here, with a nucleo-
tide identity (using B. animalis subsp. lactis strain Bl12 as a refer-
ence) of more than 99.82%, as obtained from a LAST alignment
(Table 1). Dot plot comparison involving the investigated B. ani-
malis subsp. lactis genomes revealed a perfect alignment of their
chromosomes with the exception of alignments involving B. ani-
malis subsp. lactis AD011 (Fig. 4), which may have been caused by
sequencing and/or assembly mistakes. No major disruption of
gene conservation between the 10 B. animalis subsp. lactis genome
sequences was identified (Fig. 4). In contrast, dot plot analyses
involving B. animalis subsp. animalis ATCC 25527 displayed less
colinearity and highlighted differences, including small rearrange-
ments and insertions or deletions (Fig. 4). The genome sequences
of the 10 B. animalis subsp. lactis strains were further employed to
reconstruct theoretical Notl restriction profiles. The generated
optical maps were shown to be highly similar for the investigated
strain set, thereby substantiating the notion of a high degree of
genome conservation in terms of size, organization, and sequence
(Fig. 5).

To further explore the level of similarity among the different B.
animalis subsp. lactis genomes, we performed a comparative ge-
nome analysis using Mauve software, which highlighted a very
similar genome sequence for all strains analyzed, with the excep-
tion of seven regions where differences were observed (named
indel 1 to indel 7). These include the four previously identified B.
animalis subsp. lactis insertion/deletion sites (indels), named indel
1 to indel 4 (14), and possibly three additional indels (indel 5 to
indel 7) encompassing DNA regions ranging from 22 to 5,422 bp
(Table 2). However, PCR efforts together with direct DNA se-
quencing of the resulting amplicons obtained using PCR primers
spanning these seven indel sequences revealed no differences be-
tween the analyzed strains except for indel 3 (Table 2), which
encompasses the CRISPR locus (see below), and further support
the high isogenic nature of the B. animalis subsp. lactis taxon.
These findings therefore suggest thatindel 1, indel 2, and indel 4 to
indel 7 are a consequence of sequencing or assembly mistakes.

SNP analyses of the B. animalis subsp. lactis genomes. SNP
analysis has recently been developed to compare the genomes of
B. animalis subsp. lactis Bl-04 and B. animalis subsp. lactis
DSM10140 (14), resulting in the identification of 47 validated
SNPs upon comparison of these two complete genome sequences.
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FIG 5 Restriction profiles of B. animalis subsp. lactis strains by in silico pre-
diction. The optical map was generated by in silico digestion with Notl and
visualized through Geneious software. The strains analyzed are Bl12 (lane A),
BB12 (lane B), BLC1 (lane C), CNCM I-2494 (lane D), DSM10140 (lane E),
ADO11 (lane F), and B. animalis subsp. animalis ATCC 25527 (lane G); regions
of variability are highlighted.

These 47 validated SNPs may represent a valid reference database
for analyzing the genomic variability or polymorphism within the
B. animalis subsp. lactis taxon. Thus, we analyzed all genome se-
quences of B. animalis subsp. lactis strains and B. animalis subsp.
animalis ATCC 25527 for the presence or absence of these SNPs.
Furthermore, we decided to infer the phylogeny among these
strains by analyzing the phylogenetic tree based on a 20-bp se-
quence region that surrounds each of these SNPs (Fig. 6). This
analysis highlighted an evolutionary development of B. animalis
subsp. lactis consisting of four phylogenetic clusters encompass-
ing DSM 10140 (group 1); CNCM 1-2494 (group 2); strains Bl12,
BLC1, BB12, V9, ADO011, and B420 (group 3); and strains Bl-04
and Bi-07 (group 4).
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TABLE 2 Indels identified between B. animalis subsp. lactis Bl12 and the nine publicly available B. animalis subsp. lactis genome sequences

Indel positions”

Indel 4°

Indel 5”

Indel 6°

Indel 7°

Strain Indel 1° Indel 2° Indel 3¢

Bl12 881333881454 902870-902924

ADO11 1607778-1607899 1629316—-1629370

B420 881338-881459 902875-902929

BB12 880707-880828 902230-902284

Bi-07 881341-881462 902878-902932 1512259-1512473
BI-04 881340881461 1512204-1512418
BLC1 881311881432 902848-902902

CNCM 1-2494 881074-881195 902611-902665

DSM10140 902759-902813

\ 881343881464 902880-902934

1715409-1715463

1715488-1715541

1715707-17115761

1715408-1715462
1720186-1720219
1715369-1715423
1720938-1720992

1173764-914478

1304338-1309729

1304961-1310351

1305555-1311003

1459078-1459101
1067909-1067932
1459086—1459109

1459092-1459114
1459035-1459058
1459026-1459049
1463854-1463877
1458967-1458990
1464537-1464560

1814984-1815078

1818740-1818832

1814988-1815081

“ Positions refers to the corresponding strain genome.
® The indel was absent from all strains.
¢ The indel was real in all strains, and the PCR validation gave a positive result.

Furthermore, optical mapping was used to analyze the genome
layout of Bl12 as well as of other publicly available B. animalis
subsp. lactis strains, such as the BLC1, BB12, CNCM 1-2494,
ADO11, and DSM10140 strains. The resulting optical maps of
Bl12, BLC1, and DSM10140 showed very similar patterns, thus
suggesting a high degree of genome conservation in terms of size,
organization, and sequence within these strains (Fig. 5). In con-
trast, optical mapping of strains BB12, AD011, and CNCM 1-2494
resulted in different restriction profiles compared to those ob-
tained for strains Bl12, DSM10140, and BLC1. Notably, the dis-
crepancies noticed in the optical maps of BB12 and CNCM 1-2494
compared to those of strains Bl112, BLC1, and DSM 10140 were not
confirmed by the DNA sequences of the amplicons spanning the
five presumed DNA regions of differences (named 1 to 5) as out-
lined in the in silico optical map (Fig. 5). Such findings corroborate
the apparent quality issues of some of the DNA genome sequences
retrieved from public databases, including those of the BB12
strain, which is one of the most intensely commercially exploited
bifidobacterial strains.

Evaluation of B. animalis subsp. lactis intraspecific variable
genome regions. In order to investigate the genetic variability
occurring between B. animalis subsp. lactis strains, we focused our
analyses on those genomic regions that are considered to be highly
variable in bifidobacterial chromosomes, representing the so-
called mobilome of bifidobacterial genomes (55). These include,
for example, (remnants of) prophages, putative pilus biosynthesis
genes, genes encoding restriction/modification (R/M) systems,
and exopolysaccharide (EPS) biosynthesis gene clusters (55).
Some of the regions that specify extracellular structures (e.g., pili
or exopolysaccharides) are believed to be involved in the interac-
tion with the host, which may be a strong selective driver for spe-
cialization in this specific ecological niche (for a review, see refer-
ence 56). In addition, genetic diversity is observed for
bifidobacterial genes encoding R/M systems, which protect bacte-
rial cells against acquisition of alien DNA such as bacteriophages
(36, 57). Thus, the genome sequences of strains Bl12, BLCI,
ADO11, BB12, DSM 10140, Bi-07, B420, Bl-04, CNCM [-2494, and
V9 were analyzed for the presence of these putative mobile or
diversity elements. Notably, alignments between homologous re-
gions displayed a high level of identity, ranging from 99% to 100%
(see Fig. S1 in the supplemental material). Other DNA sequences
considered to represent key components of the bifidobacterial
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mobilome are transposase-encoding genes (55). The dissection of
Bl12 and all publicly available genome sequences of B. animalis
subsp. lactis for transposases revealed an identical data set. An-
other genetic locus, which is known to be highly variable at the
intraspecies level in bifidobacteria, is encompassed by the cluster
of regularly interspersed short palindromic repeats (CRISPR) loci
(55), which includes DNA repeats and the cas genes (CRISPR-
associated genes) (58). CRISPR loci represent the most widely
distributed family of repeats among prokaryotic genomes (59,
60), acting as a defense system against the invasion of foreign
genetic material, in particular phages (58, 61). As previously de-
scribed for B. animalis subsp. lactis Bl-04 and B. animalis subsp.
lactis DSM10140 (14), CRISPR loci represent genetic regions of
the B. animalis subsp. lactis genome where polymorphisms have
been identified. Interestingly, a genetic survey of all 10 B. animalis
subsp. lactis genome sequences revealed the presence of a 36-bp
CRISPR repeat, 5'-ATCTCCGAAGTCTCGGCTTCGGAGCTTC
ATTGAGGG-3'. Furthermore, the CRISPR locus of the Bl12 ge-
nome was shown to encompass 19 repeats instead of the previ-
ously identified 20 copies of this repeat (as present in the genomes
of strains DSM 10140, BB12, V9, B420, V9, CNCM 1-2494, and
BLC1 [13, 14]) or 23 copies (as present in the genomes of strains
Bl-04 and Bi-07 [14, 18]).

The B. animalis subsp. lactis pan-genome. In order to evalu-
ate the total gene repertoire of the B. animalis subsp. lactis taxon,
i.e., the B. animalis subsp. lactis pan-genome, we used a previously
described methodology (45), which calculates both the overall
number of genes discovered and the expected number of new
genes contributed by each additional genomic sequence, using the
same permutation scheme as employed in the analysis of core
genes. The total number of different genes identified when all 10
genomes are compared is 1,518 (Fig. 7). The pan-genome size,
when plotted on a log-log scale versus the number of genomes,
shows a clear asymptotic behavior, and a data regression analysis,
based on the Heaps law pan-genome model (45), found a robust
fit for « = 3.37 = 0.014, in accordance with a closed pan-genome
state, which clearly supports the idea that B. animalis subsp. lactis
has a closed pan-genome.

The number of new genes discovered by sequential addition of
genome sequences of B. animalis subsp. lactis is shown in Fig. 7.
Notably, the number of specific genes added to the pan-genome
dramatically decreases after the addition of the third strain. This
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FIG 6 Putative SNPs in B. animalis subsp. lactis B112 and the nine publicly available B. animalis subsp. lactis genomes. Panel a shows a heat map of the 47 SNPs
listed by Barangou et al. (14) mapped on B. animalis subsp. lactis Bl12 and the nine publicly available B. animalis subsp. lactis genomes. Each color represents a
base as indicated. The dendrogram shows genome clustering produced by hierarchical clustering based on the heat map data. Panel b depicts a phylogenetic
supertree based on B. animalis subsp. lactis Bl12 and the nine publicly available B. animalis subsp. lactis nucleotide sequences corresponding to 20-bp regions
spanning the verified SNPs listed by Barrangou et al. (14). The different B. animalis subsp. lactis groups are highlighted.

result probably reflects the fact that B. animalis subsp. lactis is a
highly clonal, recently evolved taxon of the Bifidobacterium ani-
malis species in which genome variability is associated only with
SNPs or indels (see above). These findings highlight that further
efforts toward genomic sequencing of other B. animalis subsp.
lactis strains are unlikely to result in the discovery of new genes
within this taxon, since all its genetic variability seems to have
been resolved and detected with the currently available genome
sequences.

4312 aem.asm.org

Recently, the analysis of publicly available genomes from bifi-
dobacterial species, including Bifidobacterium longum subsp.
longum, Bifidobacterium longum subsp. infantis, Bifidobacterium
breve, Bifidobacterium adolescentis, Bifidobacterium dentium, Bifi-
dobacterium bifidum, and B. animalis subsp. lactis, showed that
such bifidobacterial genomes display an open pan-genome struc-
ture (55). Mathematical extrapolation of the data indicates that
the genome reservoir available to the bifidobacterial pan-genome
consists of more than 5,000 genes (55). The pan-genomic struc-
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ture of microbial genomes is also influenced by the ecological
niche where bacteria reside. An open pan-genome is commonly
found for those species that colonize multiple habitats and possess
diverse ways of exchanging genetic material. Microorganisms
such as streptococci, meningococci, Helicobacter pylori, Salmo-
nella species, and Escherichia coli possess these features and display
an open-pangenomic structure (62). In contrast, it is known that
bacterial species residing in restricted environments and lacking
mechanisms of gene exchange may have evolved with consider-
ably less genome variation. Bacteria such as Buchnera aphidicola
or Bacillus anthracis possess a closed pan-genome, where no or
very limited chromosome rearrangements or gene acquisitions
have occurred during the course of evolution (63). A closer look at
the structures of the genetic trees of open pan-genomic taxa and
closed pan-genomic species (e.g., Buchnera aphidicola or Bacillus
anthracis) indicates that the latter species resemble a clone orga-
nization rather than being a true independent species. Thus, the
identification of a closed pan-genomic structure of B. animalis
subsp. lactis might provide further genetic evidence of the clonal
origin of this taxon.

In addition, the closed pan-genomic structure of B. animalis
subsp. lactis subspecies might be a consequence of the worldwide
distribution of this taxon as a health-promoting bacterium and to
its limited ability to colonize and persist within the human host.
This might reduce the possibility that alien DNA is acquired by
members of the B. animalis subsp. lactis taxon.

Conclusions. In this report, we describe the complete genome
sequence of the recently identified B. animalis subsp. lactis B112
strain and its use in establishing the genetic variability among
known members of the B. animalis subsp. lactis taxon. Bl12 rep-
resents the first strain of B. animalis subsp. lactis possessing a clear
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human ecological origin (being isolated from a human colono-
scopic sample) and a phenotype (higher susceptibility to tetracy-
cline) which is different from that displayed by other character-
ized strains of this species. This strain was isolated from a healthy
individual that had not consumed probiotic products. In silico
analyses of the Bl12 strain revealed limited genetic diversity which
is restricted to SNPs, one of which corresponds to miaA and which
may be responsible for the reduced tetracycline resistance com-
pared to those of other tested B. animalis subsp. lactis strains.
Overall, the very high genome sequence similarity observed within
members of B. animalis subsp. lactis as well as the close evolution-
ary distances of this investigated strain collection revealed a high
degree of genome conservation in terms of size, organization, and
sequence. This lack of polymorphism is indicative of a genomi-
cally monomorphic subspecies and an isogenic nature of all B.
animalis subsp. lactis strains. These findings are also supported by
the closed pan-genome structure of the B. animalis subsp. lactis
taxon, which clearly suggests that no novel genes will be discov-
ered by further genomic attempts. This result probably reflects the
fact that B. animalis subsp. lactis is a highly clonal, recently evolved
taxon from the B. animalis species. Alternatively, the sequenced
strains may belong to the same evolutionary clade and may not
adequately represent the diversity that exists within strains be-
longing to B. animalis subsp. lactis.

The low level of genetic variability displayed by this taxon of
bacterium as revealed in this study has important implications in
terms of the use of various B. animalis subsp. lactis strains as
health-promoting bacteria. The apparent lack of major genomic
differences among the 10 analyzed B. animalis subsp. lactis strains
suggests that these strains exert similar, if not identical, health-
promoting activities. Furthermore, this study revealed the exis-
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tence of microvariability of the miaA gene within members of the
B. animalis subsp. lactis taxon, while also identifying the first B.
animalis subsp. lactis strain that appears to be an authochtonous
member of the human gut microbiota.
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