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Many strains of Bifidobacterium animalis subsp. lactis are considered health-promoting probiotic microorganisms and are com-
monly formulated into fermented dairy foods. Analyses of previously sequenced genomes of B. animalis subsp. lactis have re-
vealed little genetic diversity, suggesting that it is a monomorphic subspecies. However, during a multilocus sequence typing
survey of Bifidobacterium, it was revealed that B. animalis subsp. lactis ATCC 27673 gave a profile distinct from that of the other
strains of the subspecies. As part of an ongoing study designed to understand the genetic diversity of this subspecies, the genome
of this strain was sequenced and compared to other sequenced genomes of B. animalis subsp. lactis and B. animalis subsp. ani-
malis. The complete genome of ATCC 27673 was 1,963,012 bp, contained 1,616 genes and 4 rRNA operons, and had a G�C con-
tent of 61.55%. Comparative analyses revealed that the genome of ATCC 27673 contained six distinct genomic islands encoding
83 open reading frames not found in other strains of the same subspecies. In four islands, either phage or mobile genetic ele-
ments were identified. In island 6, a novel clustered regularly interspaced short palindromic repeat (CRISPR) locus which con-
tained 81 unique spacers was identified. This type I-E CRISPR-cas system differs from the type I-C systems previously identified
in this subspecies, representing the first identification of a different system in B. animalis subsp. lactis. This study revealed that
ATCC 27673 is a strain of B. animalis subsp. lactis with novel genetic content and suggests that the lack of genetic variability
observed is likely due to the repeated sequencing of a limited number of widely distributed commercial strains.

Many Bifidobacterium animalis subsp. lactis strains are consid-
ered to be probiotic microorganisms and are commonly

added to a variety of fermented and nonfermented foods (1, 2).
Characteristics making strains of this subspecies desirable for use
as probiotics include their perceived health benefits as well as tech-
nological advantages over organisms of the same genus. Health
benefits attributed to this subspecies include modulation of the
immune system (3), increased digestive comfort (4), and reduc-
tion of colonic transit time (5). Technological advantages claimed
for this subspecies include tolerance to oxygen (6), resistance to
acid (7, 8) and bile (9), as well as viability during extended refrig-
erated storage (10). B. animalis subsp. lactis DSM 10140 (origi-
nally identified as B. lactis) was first described in 1997 as a unique
species of Bifidobacterium and was identified as an oxygen-toler-
ant isolate from a fermented milk sample (11).

In previous work, the genome of the type strain of the subspe-
cies DSM 10140 and that of a commercial strain, Bl-04, were com-
pletely sequenced and subjected to comparative analysis (12). This
analysis revealed that the two genomes were highly conserved, as
only 47 single nucleotide polymorphisms (SNPs) and 4 indels
were identified between the two strains. Clustered regularly inter-
spaced short palindromic repeats (CRISPRs) were found to be the
major source of variation in B. animalis subsp. lactis, representing
43.67% of all differential nucleotides between DSM 10140 and
Bl-04 (12).

Sequencing of 8 additional genomes has confirmed the highly
monomorphic nature of the B. animalis subsp. lactis genome (13–
19). A possible reason for the lack of variability observed in the B.
animalis subsp. lactis genomes to date is that only strains of com-
mercial importance have been sequenced, reflecting sampling bias
as opposed to natural genetic diversity. The custom of isolating
strains from competitors’ products for use in new starter systems
has been a common practice in the industry. Even though 10 iso-

lates of B. animalis subsp. lactis have been completely sequenced, it
is not clear that the true genomic diversity within the subspecies
has been explored.

As part of an ongoing effort to understand the diversity within
the B. animalis group, the genome of the type strain of the related
subspecies B. animalis subsp. animalis (20) was sequenced. The
genome of B. animalis subsp. animalis ATCC 25527 exhibited ap-
proximately 96.23% similarity with the genome of B. animalis
subsp. lactis (20). Of note, B. animalis subsp. animalis had a
CRISPR locus that differed in terms of spacer and repeat se-
quences and overall size from the CRISPR locus of B. animalis
subsp. lactis and was classified as a type I-E CRISPR-cas system
(21, 22).

When identifying species within the genus Bifidobacterium,
Delétoile et al. (23) subjected a number of species of bifidobacteria
to a multilocus sequence typing (MLST) scheme based upon the
housekeeping genes clpC, fusA, gyrB, ileS, purF, rplB, and rpoB.
One strain, ATCC 27673, was separated from the other strains of
B. animalis subsp. lactis on the basis of this MLST scheme. This
was interesting, given the lack of diversity previously observed
within the subspecies. Thus, the goal of this work was to sequence
the genome of B. animalis subsp. lactis ATCC 27673 and compare
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it with the genomes of other strains of B. animalis subsp. lactis and
B. animalis subsp. animalis.

MATERIALS AND METHODS
Growth and identification. Bifidobacterium animalis subsp. lactis ATCC
27673 was obtained from the American Type Culture Collection (ATCC;
Manassas, VA) and was grown in de Man, Rogosa, and Sharpe medium
(24) supplemented with 0.05% (wt/vol) cysteine hydrochloride (MRSc).
All cultures were grown anaerobically (85% N, 10% CO2, 5% H2) at 37°C.
Genomic DNA was isolated from 10 ml of an overnight culture using a
Wizard genomic DNA purification kit (Promega, Madison, WI) accord-
ing to the manufacturer’s instructions. Subspecies-specific primers and
conditions developed by Ventura and Zink (25) were used to verify that
the culture was B. animalis subsp. lactis.

Sequencing and assembly. Genomic DNA was shotgun sequenced by
454 pyrosequencing on a GS-FLX sequencer at The Pennsylvania State
University. A total of 551,519 reads and 195,302,731 bp of sequence data
were generated. Sequencing was followed by de novo assembly in the New-
bler software package (Roche, Branford, CT), and the contigs generated
were ordered by alignment with the genome of B. animalis subsp. lactis
DSM 10140 (12) using the pheromone trail-based genetic algorithm (26).
To close gaps remaining in the sequence, PCR primers were designed on
the end of each ordered contig, and PCR was conducted to amplify the
sequence in the gaps. The resulting amplicons were sequenced at The
Pennsylvania State University using 3= BigDye-labeled dideoxynucleotide
triphosphates (version 3.1 dye terminators; Applied Biosystems, Foster
City, CA) and an ABI 3730XL DNA analyzer with ABI sequence analysis
software (version 5.1.1.).

A de novo KpnI optical map of B. animalis subsp. lactis ATCC 27673
DNA was constructed by OpGen (Gaithersburg, MD) and was compared
to a KpnI in silico map of the assembled B. animalis subsp. lactis ATCC
27673 genome created using MapSolver software (OpGen). Following
verification, the genome sequence of B. animalis subsp. lactis ATCC 27673
was submitted for automated annotation at NCBI using the Prokaryotic
Genomes Automatic Annotation Pipeline (PGAAP).

Comparative genomic analysis. Genomic alignments were con-
ducted using the progressiveMauve tool (27) with default settings. Align-
ments for tree construction were conducted using the Sequence Search
and Alignment by Hashing Algorithm (SSAHA) (28), and the tree was
visualized using MEGA (version 5.1) (29). Differential gene content was
defined as called genes having less than 60% amino acid identity over the
length of the gene between B. animalis subsp. lactis ATCC 27673 and Bl-04
(12) and B. animalis subsp. animalis ATCC 25527 (20). Protein sequences

identified as unique genes present in a specific strain were evaluated for
homologs using the BLASTP program in the nonredundant database (30).
CRISPRs were identified using the Dotter (31) and CRISPRFinder (32)
programs. Genomic islands were defined as four consecutive differential
open reading frames (ORFs) with assigned functions or greater than four
consecutive differential ORFs. Candidate regions for horizontal gene
transfer (HGT) events were detected using the Alien Hunter software,
available from the Sanger Institute, with default settings (33).

SNPs were identified from alignments conducted using progressive-
Mauve (27) and the “export SNPs” feature with default settings. Each
genome was aligned pairwise with each other strain, and SNPs were iden-
tified. Synonymous, nonsynonymous, and intergenic SNPs were identi-
fied using a script generated in our laboratory at The Pennsylvania State
University and publically available annotations from NCBI. All compar-
isons were conducted with complete and publically available genome se-
quences.

Nucleotide sequence accession number. The genome sequence of B.
animalis subsp. lactis ATCC 27673 was deposited in GenBank with the
accession number CP003941.

RESULTS
General features. The complete genome sequence of B. animalis
subsp. lactis ATCC 27673 is 1,963,012 bp long, which is 24,529 bp
longer than the genome of the type strain B. animalis subsp. lactis
DSM 10140 and 24,303 bp longer than the genome of commercial
strain Bl-04 (Table 1). Annotation using PGAAP at NCBI revealed
that the ATCC 27673 genome contains 1,616 genes, which is 13
fewer than the number for the type strain and 15 fewer than the
number for Bl-04. The genome also contained 4 rRNA operons
(Table 1). The G�C content was found to be 61.55%, slightly
higher than that of the other sequenced genomes of B. animalis
subsp. lactis. The genome of ATCC 27673 exhibited a coding per-
centage of 83.4%, lower than that of Bl-04, which has a coding
percentage of 90.5%. B. animalis subsp. lactis ATCC 27673 was
verified to the subspecies level using subspecies-specific primers
for B. animalis subsp. lactis and B. animalis subsp. animalis as a
negative control (see Fig. S1 in the supplemental material) (25,
34). BLAST analysis showed 100% identity of the ATCC 27673
16S rRNA gene with the 16S rRNA genes of other B. animalis
subsp. lactis strains. The SNPs in ATCC 27673 identified by the

TABLE 1 General genomic characteristics of sequenced genomes of B. animalis subspecies

Organism
GenBank
accession no. Length (bp)

Coding
%

% G�C
content

No. of
genes

No. of
rRNA
operons

No. of
tRNAs

Reference or
source

B. animalis subsp. lactis
ATCC 27673 CP003941 1,963,012 83.4 61.6 1,616 4 52 This work
DSM 10140 CP001606 1,938,483 90.3 60.5 1,629 4 51 12
Bl-04 CP001515 1,938,709 90.5 60.5 1,631 4 52 12
Bb-12 CP001853 1,942,198 89.9 60.5 1,642 4 52 14
V9 CP001892 1,944,050 86.0 60.5 1,636 4 52 15
AD011a CP001213 1,933,695 84.6 60.5 1,528 2 52 13
CNCM I-2494 CP002915 1,943,113 90.9 60.5 1,724 4 52 16
BLC1 CP003039 1,943,990 86.4 60.5 1,622 4 52 17
Bi-07 CP003498 1,938,822 86.5 60.5 1,661 4 52 18
B420 CP003497 1,938,595 86.1 60.5 1,625 4 52 18
Bl12 CP004053 1,938,605 86.1 60.5 1,607 4 52 19

B. animalis subsp. animalis ATCC 25527 CP002567 1,932,963 85.4 60.5 1,597 4 52 20
a This strain was excluded from bioinformatic analyses because of issues associated with assembly (13).

Loquasto et al.

6904 aem.asm.org Applied and Environmental Microbiology

http://www.ncbi.nlm.nih.gov/nuccore?term=CP003941
http://aem.asm.org


MLST scheme developed by Delétoile et al. (23) were confirmed in
the genome sequence.

Assembly verification. Whole-genome alignments of the fully
sequenced genomes of B. animalis subsp. lactis and B. animalis
subsp. animalis verified the genetic homogeneity and synteny
across strains (Fig. 1). Comparison of in vivo and in silico KpnI
optical maps of ATCC 27673 revealed only minor differences and
confirmed the genome assembly. Additionally, in silico KpnI op-
tical maps of B. animalis subsp. lactis ATCC 27673 and Bl-04 and
B. animalis subsp. animalis ATCC 25527 were also aligned (see
Fig. S2 in the supplemental material). Considerable differences
were observed throughout the length of the genome, indicating a
high degree of difference in the DNA sequence between these
three genomes.

Comparative genomics and unique genes. A maximum-par-
simony tree generated from the SSAHA alignment provided in-
sight into the relationship between strains of B. animalis (Fig. 1).
As expected, B. animalis subsp. animalis ATCC 25527 is the most
distantly related strain from the core group of commercial B. ani-
malis subsp. lactis strains. B. animalis subsp. lactis ATCC 27673 is
more closely related to B. animalis subsp. animalis than to strains
of B. animalis subsp. lactis. Alignment of B. animalis subsp. lactis
strains showed a very high degree of synteny and shared very sim-
ilar genetic content with previously sequenced strains. Alignment
of previously sequenced strains with the sequence of ATCC 27673
showed a high degree of synteny and very similar genetic content,
despite the novel gene content. Whole-genome SNP tree analysis
indicated that strains Bi-07 and Bl-04 are more closely related to
ATCC 27673 than to the other strains of B. animalis subsp. lactis.

Because of the high degree of similarity between the previously
sequenced B. animalis subsp. lactis strains, comparisons were
made using strain Bl-04 as a reference. There were 1,346 genes
shared between ATCC 27673, Bl-04, and ATCC 25527, establish-
ing a core genome for the B. animalis group (Fig. 2). The core
genome included 83.29% of the genes in the genome of ATCC
27673. The genome of ATCC 27673 contained 96 unique genes

compared to the genomes of both Bl-04 and ATCC 25527. These
96 unique genes make up 5.94% of the genes present, and this
number differs significantly from the numbers of unique genes
previously reported within this subspecies. When comparing
strains of B. animalis subsp. lactis, 1,430 shared genes were iden-
tified. Recently, it was determined that the core genome of B.
animalis subsp. lactis was comprised of 1,518 genes (19). As ex-
pected, addition of a new strain with a unique gene content de-
creased the size estimate of the core genome. B. animalis subsp.
lactis ATCC 27673 and Bl-04 were found to share 84 genes not
present in B. animalis subsp. animalis ATCC 25527. Only 29 genes
were found in both B. animalis subsp. lactis ATCC 27673 and B.
animalis subsp. animalis ATCC 25527 but absent in B. animalis
subsp. lactis Bl-04. B. animalis subsp. animalis ATCC 25527 con-
tains 127 unique genes compared to the gene content of two
strains of B. animalis subsp. lactis, thus showing a closer relation-

FIG 1 progressiveMauve alignments of sequenced strains of B. animalis. Pairwise alignments with the genome of B. animalis subsp. lactis ATCC 27673 were made
using progressiveMauve. All strains are B. animalis subsp. lactis, except for ATCC 25527, which is B. animalis subsp. animalis. All sequences used in this analysis
are complete and publicly available. Boxes 1 to 6, genomic islands 1 to 6, respectively.

FIG 2 Shared and unique genes between three groups of B. animalis. Unique
genes were identified as having less than 60% amino acid similarity between
any pair of strains. On the basis of the similarity of the sequenced B. animalis
subsp. lactis genomes, Bl-04 was chosen as a representative of the group.
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ship with Bl-04 on the basis of the number of unique genes iden-
tified.

Compared to B. animalis subsp. lactis Bl-04, the ATCC 27673
genome contained 6 genomic islands ranging in size from 6,747 to
40,966 bp. The gene content of these regions is provided in Table S1 in
the supplemental material. Most of the genes found in the genomic
islands have yet to be assigned functions. Genomic island 3 (Fig. 3A)
contains four genes (Blac_00780, Blac_00785, Blac_00790, and
Blac_00795) predicted to encode proteins related to sugar binding
and transport. Three homologs of these genes were identified in
the genome of Bifidobacterium dentium Bd1 by BLAST analysis of
the nonredundant database (BDP_125, BDP_126, and BDP_127),
as Blac_00780 and Blac_00785 share a high degree of similarity to
BDP_125 (35).

Island 5 (Fig. 3B) contains 12 putative genes (Blac_05725 to
Blac_05780), half with unassigned functions. In addition, island 5
contains the putative genes Blac_05745 (partitioning protein
ParA [36]), Blac_05760, and Blac_05765 (mobilization proteins
MobA [37] and MobC [38]). Interestingly, the best BLAST
matches of Blac_05760 and Blac_05765 were hits against B. bifi-
dum PRL2010 MobA and MobC (E � 0.0), respectively, which are
also located on chromosomal DNA (39).

Island 6 (Fig. 3C), the largest island, is comprised of 29 ORFs.
Eight of these are CRISPR-associated genes that are not found in
other B. animalis subsp. lactis genomes but that have predicted
functions similar to those of CRISPR-associated genes found in B.
animalis subsp. animalis ATCC 25527. This locus contains 81
CRISPR spacers, which exhibit no homology with CRISPR spac-
ers/repeats previously identified in other strains of B. animalis
subsp. lactis. Another potentially interesting ORF is Blac_07085,

which is annotated as an O-antigen polymerase (wzy) (40).
BLASTP analysis showed that the best hit was to an O-antigen
polymerase (wzy) identified in Bacillus cereus ATCC 10987 (E �
1e�14) (41).

Four of the islands, islands 2, 4, 5, and 6, contain either inser-
tion sequence (IS) elements, genes from bacteriophages putatively
assigned functions, or other putative mobile elements. Islands 2 and
4 (see Fig. S3B and C in the supplemental material) contain genes
predicted to encode phage integrase proteins (Blac_00465 and
Blac_03510, respectively). Island 6 (Fig. 3C) contains four trans-
posases (Blac_07020, Blac_07060, Blac_07065, and Blac_07095) as
well as two transposase subunits (Blac_07025 and Blac_07100).
Furthermore, out of the 125 unique genes identified between
ATCC 27673 and Bl-04, 83 (66.4%) were found to be in genomic
islands.

In an effort to better understand gene differences between
ATCC 27673 and other B. animalis subsp. lactis strains, Bl-04 was
chosen as a representative genome for unique gene content anal-
ysis. Six genomic islands were also identified in Bl-04 (see Table S2
in the supplemental material). A total of 134 unique genes were
identified, with 74 genes being observed in genomic islands. This
number represents 55.2% of the total unique genes identified in
Bl-04. This is a lower percentage of genes present in genomic is-
lands than the percentage identified in ATCC 27673. Island 1 is the
largest island, with 25 ORFs, in the genome of Bl-04. This region is
in the same relative location in which genomic islands in B. ani-
malis subsp. lactis ATCC 27673 and B. animalis subsp. animalis
ATCC 25527 have been identified, indicating a region of variabil-
ity across B. animalis genomes. Two islands contained mobile
genetic elements: in island 3, an integrase (Balac_1179) and a

FIG 3 Genomic islands present in B. animalis subsp. lactis ATCC 27673. Genomic islands identified in B. animalis subsp. lactis ATCC 27673 (bottom row in each
section) were compared to those identified in B. animalis subsp. lactis Bl-04 (top row in each section). Red arrows, sugar transport genes; green arrows, mobile
genetic elements; black arrows, CRISPR-associated genes; white arrows, hypothetical genes or genes not specified. Aligned genes from Bl-04 and ATCC 27673
represent the gene homology flanking the genomic islands. Data for other genomic islands are presented in Fig. S3 in the supplemental material.
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putative phage prohead protease (Balac_1191) were identified,
and island 6 contained a putative plasmid transfer protein
(Balac_1443) and a phage integrase (Balac_1448). Island 4 con-
tained the cas genes adjacent to the CRISPR spacer/repeat locus,
representing a distinct CRISPR-cas system from B. animalis subsp.
lactis ATCC 27673.

SNPs. In an effort to further assess the diversity of B. animalis
subsp. lactis, SNPs were identified in a pairwise approach (Table
2). As expected, B. animalis subsp. lactis ATCC 27673 showed the
greatest number of SNPs, clearly differentiating it from strains of
the subspecies. In comparison, B. animalis subsp. animalis ATCC
25527 was reported to contain 73,021 SNPs compared to the se-
quence of DSM 10140 (20), whereas ATCC 27673 contained
12,053 SNPs compared to the sequence of DSM 10140. SNP anal-
ysis among non-ATCC 27673 strains of B. animalis subsp. lactis
revealed Bb-12 to be the most diverse strain. Bb-12 was found to
contain between 340 and 407 SNPs compared to the sequences of
all other previously sequenced B. animalis subsp. lactis strains.
Further analysis of the SNPs identified between the sequences of
Bb-12 and the other sequenced strains revealed that the majority
of SNPs reside in regions of relatively high density, suggesting
regions of hypervariability or regions of imperfect sequence. The
high degree of similarity between strains of B. animalis subsp.
lactis is highlighted by analysis of Bi-07 and Bl-04, which revealed

only 11 SNPs, and B420 and Bl-04, which revealed only 12 SNPs.
The recently sequenced strain Bl12 showed the most similarity
with B420, with only 19 SNPs being exhibited between the two
strains.

SNPs were also evaluated to determine whether they were syn-
onymous or nonsynonymous using the publicly available annota-
tions. The majority of SNPs identified were within open reading
frames and were nonsynonymous. This is in accordance with the
findings of a previous comparison between DSM 10140 and Bl-04
(12), where greater numbers of SNPs were found to be nonsyn-
onymous.

CRISPR-cas system. A novel CRISPR locus was identified in
the genome of B. animalis subsp. lactis ATCC 27673. This locus
contained 81 spacers/82 repeats, 8 CRISPR-associated (cas) genes
belonging to the type I-E CRISPR-cas system, and the signature
type I cas3 gene (22) with repeat sequence 5=-GTGTTCCCCGCA
AGCGCGGGGATGATCCC-3=. Some degeneracy existed in the
repeat sequence, with the alternative repeat sequence 5=-GTGTT
CCCCGCAAGCGCGGGGATGATCCT-3= existing as 26 repeats
toward the terminal end of the locus and an additional 8 distinct
repeats existing once as the last eight repeats of the locus (Fig. 4).
Although B. animalis subsp. animalis ATCC 25527 also contains a
type I-E CRISPR-cas system, the presence of a type I-E system in
ATCC 27673 stands in stark contrast to the system present in all

TABLE 2 Total SNPs identified between strains of B. animalis subsp. lactis

Strain

Total no. of SNPs identifieda

DSM 10140 Bl-04 Bb-12 B420 Bi-07 BLC1 CNCM I-2494 V9 Bl12

ATCC 27673 12,053 12,666 12,679 13,187 12,861 13,160 12,322 12,600 12,558
DSM 10140 47 387 43 58 55 150 56 59
Bl-04 358 12 11 24 123 25 28
Bb-12 340 352 365 407 374 358
B420 19 123 123 21 19
Bi-07 30 139 30 34
BLC1 153 37 32
CNCM I-2494 149 142
V9 31
a Total number of SNPs identified between pairs of genomes identified in the progressiveMauve program.

FIG 4 (Top) CRISPR-cas system of B. animalis subsp. lactis ATCC 27673 and comparison to similar systems. Gene similarity represents the percent amino acid
similarity between genes of the same assigned function. (Bottom) In addition, repeats from the CRISPR array were aligned with matches to ATCC 27673,
highlighted by connecting lines. ATCC 27673, B. animalis subsp. lactis ATCC 27673; ATCC 25527, B. animalis subsp. animalis ATCC 25527; DSM 20098, B.
angulatum DSM 20098.
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other B. animalis subsp. lactis strains, which contain a type I-C
CRISPR-cas system. This is the first report of the presence of a
unique (non-type I-C) CRISPR-cas system in B. animalis subsp.
lactis. To date, three versions of the CRISPR loci have been iden-
tified in B. animalis subsp. lactis. The previously identified
CRISPR loci in B. animalis subsp. lactis were type I-C and con-
tained either 23 repeats, 20 repeats, or 19 repeats (12, 19, 42). The
CRISPR locus in ATCC 27673 contained 82 repeats and 81 spac-
ers, but none of these matched any of the repeat/spacers present in
any other strain of B. animalis subsp. lactis. This locus was inter-
rupted by 280 bp of seemingly random sequence, which is possibly
a degenerative repeat/spacer sequence. BLAST analysis of the
ATCC 27673 cas3 DNA sequence resulted in 263 nucleotides of
perfect homology in an intergenic region present in the other
B. animalis subsp. lactis genomes. Also of note, this region of per-
fect homology was immediately adjacent to a transposase
(Balac_1413) at the same relative position in the genome of Bl-04
(and other B. animalis subsp. lactis) strains, possibly suggesting a
deletion event.

Although there are no known phages that possess the ability to
infect Bifidobacterium, the importance of CRISPR is highlighted
by the general lack of other complete phage resistance mecha-
nisms in bifidobacteria (19, 43). The number of spacers suggests
that either at some time in the past or currently, CRISPR played an
important role as a defense mechanism. Due to the lack of infor-
mation about phages able to interact with bifidobacteria, spacer
sequences were BLAST analyzed for sequence homology. Most
spacer sequences exhibited no significant similarity to known se-
quences in the nonredundant (nr/nt), whole-genome shotgun
contigs (wgs), or genomic survey sequences (gss) databases. One
spacer (S55) with the sequence 5=-GCCCACGCGTGAAATCGA
TGCGTGTGGCCGTG-3= was a perfect hit against a genome se-
quence in B. animalis subsp. animalis ATCC 25527. The spacer
sequence was found in Banan_07350, which is annotated as a hy-
pothetical protein. Interestingly, this spacer was a perfect match
against the genome sequence of a closely related organism and not
that of a bacteriophage or a plasmid, perhaps indicating that in
addition to involvement in immunity against invasive genetic el-
ements, CRISPR-cas systems may also play a role in the horizontal
transfer of DNA, as previously documented (44, 45).

DISCUSSION

The overall architecture of the genome of ATCC 27673 was similar
to that of the genomes of other sequenced strains of B. animalis
subsp. lactis, but significant sequence diversity was also seen across
the genome. The genomes of previously sequenced strains of B.
animalis subsp. lactis exhibited tremendous sequence similarity,
and the subspecies has been termed “monomorphic” or “mono-
phyletic” (19). The monomorphic nature observed in the previ-
ously sequenced genomes may exist for biological or nonbiologi-
cal reasons. One possible nonbiological reason for the high degree
of genome similarity observed is that most strains chosen for ge-
nome sequencing have been of industrial significance as probiot-
ics. Because of this, many industrial strains would have been se-
lected from environmental samples on the basis of similar criteria.
This may have artificially reduced the diversity detected within the
subspecies because of selection bias. It also a possibility that new
strains simply represent existing strains that have been reisolated
and renamed. ATCC 27673 has not been associated with use as a
probiotic food additive, which lends credibility to this suggestion.

Some authors have argued that isolates of B. animalis subsp. lactis
recovered from human subjects represent unique strains (15, 19).
While this is potentially true, the possibility that human isolates
simply represent isolates of widely distributed commercial strains
consumed by these individuals that have been reisolated remains
likely. Isolation of new strains is also complicated by the fact that
the natural habitat of B. animalis subsp. lactis has yet to be estab-
lished.

Biological reasons for genetic monomorphism include the
possibility that B. animalis subsp. lactis is well adapted to its spe-
cific environment. Additionally, there may have been a drastic
alteration in this organism’s ecological niche that allowed the sur-
vival of only a specific lineage. Without knowing the organism’s
natural reservoir, this hypothesis cannot be tested. Perhaps the
simplest explanation for the monomorphism observed is a recent
evolutionary bottleneck that eliminated diversity, as previously
suggested (46).

Monomorphic lineages have previously been defined to “have
such low levels of sequence diversity that only few polymor-
phisms, or even none at all, are found upon sequencing a few
genes” (46). As shown with previously sequenced strains, B. ani-
malis subsp. lactis certainly fits this criterion. Several bacterial lin-
eages have previously been identified as monomorphic pathogens:
Mycobacterium leprae, Burkholderia mallei, Bordetella pertussis,
Yersinia pestis, Salmonella enterica serovar Typhi, Bacillus anthra-
cis, and Mycobacterium tuberculosis (47). SNPs within the core
genomes of each lineage were identified and ranged from 7 to 226
SNPs per 100 kb (47–54). In comparison, across nine full genomes
of B. animalis subsp. lactis (not including the ATCC 27673 ge-
nome), 29 SNPs per 100 kb were identified. The addition of B.
animalis subsp. lactis strain ATCC 27673 to this analysis resulted
in 685 SNPs per 100 kb, highlighting the highly monomorphic
nature of the previously sequenced strains. Even with the addition
of ATCC 27673, the group would still be considered monomor-
phic.

Unique genes have been identified between ATCC 27673,
Bl-04, and ATCC 25527, and the majority of the unique content
was found to be contained in genomic islands. Four of the
genomic islands identified in ATCC 27673 contained either trans-
posases, phage elements, or other mobile genetic elements, sug-
gesting that much of the diversity within this subspecies was ac-
quired via horizontal gene transfer. All six genomic islands
identified by unique gene analysis were selected as strong candi-
dates for HGT by Alien Hunter software. This suggests that much
of the diversity observed in ATCC 27673 has been acquired via
horizontal evolution.

One region identified as a strong candidate for HGT is genome
island 6, which contains the CRISPR-cas system. Because they
share the same CRISPR type, the cas proteins of B. animalis subsp.
lactis ATCC 27673 were compared to those of B. animalis subsp.
animalis ATCC 25527 and B. angulatum DSM 20098. Despite be-
longing to the same CRISPR type, similarity between proteins was
found to be low, reflecting divergent evolution. CRISPR repeat
sequences were also compared between these three strains (ATCC
27673, ATCC 25527, and DSM 20098) as well as to the CRISPR
repeat sequences from Escherichia coli CRISPR1/2 and CRISPR3/4
(55, 56). Alignment of ATCC 27673 CRISPR repeats revealed 4
SNPs compared with the sequence of ATCC 25527 and 8 SNPs
compared with the sequence of DSM 20098, whereas alignment
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with either set of E. coli CRISPR repeat sequences revealed very
little homology.

Recently, strain Bl12 was selected for sequencing in an attempt
to assess diversity in the B. animalis subsp. lactis group (19). This
strain, reportedly isolated from a person who did not consume
probiotics, was chosen for sequencing on the basis of its increased
susceptibility to tetracycline (MIC, 16 �g/ml, half of the MIC ob-
served for Bb-12). Despite selection on the basis of phenotypic
characteristics, the addition of this new genome sequence did not
add to the genetic variability of the subspecies.

Despite the lack of genetic variability, strains of B. animalis
subsp. lactis have been shown to differ in resistance to oxidative
stress (57). This suggests that small differences in phenotypic
characteristics may not be sufficient when selecting strains to as-
sess diversity within this subspecies. In addition, sequenced strains
isolated from various corners of the globe (e.g., Asia, North Amer-
ica, Europe) have not previously yielded genetic variability. The
strain ATCC 27673 was isolated from sewage, most likely in Eu-
rope (58), where strains have been previously isolated, but this
strain has yielded a great amount of additional genetic diversity.
None of the previously sequenced strains were isolated from sew-
age, an environment that may have allowed increased genetic vari-
ation.

Conclusions. We report the complete sequence and analysis of
the genome of B. animalis subsp. lactis ATCC 27673, a genetically
distinct strain within this genetically monomorphic subspecies.
Six genomic islands were identified in comparison to the genome
of Bl-04 (representative of all other sequenced strains of B. anima-
lis subsp. lactis). In most of the genomic islands, transposases,
phage elements, or other mobile genetic elements were identified,
suggesting that HGT is a possible driver of diversity in this sub-
species. A novel CRISPR locus which differs from other B. anima-
lis subsp. lactis loci in terms of CRISPR-cas system type, as well as
spacer number and content, was identified. Analysis of ATCC
27673 provides evidence that the true diversity within this subspe-
cies has yet to be explored and potentially unattributed pheno-
types in this subspecies which may be beneficial for industrial or
human health purposes exist. We propose that the most probable
explanation for the lack of diversity within B. animalis subsp. lactis
is the intense focus on commercially relevant strains and the likely
reisolation of these strains and their assignment as new strains.
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