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ABSTRACT Bifidobacteria are commensals that colonize the orogastrointestinal tract
and rarely cause invasive human infections. However, an increasing number of bifi-
dobacterial blood culture isolates has lately been observed in Norway. In order to in-
vestigate the pathogenicity of the Bifidobacterium species responsible for bactere-
mia, we studied Bifidobacterium isolates from 15 patients for whom cultures of
blood obtained from 2013 to 2015 were positive. We collected clinical data and ana-
lyzed phenotypic and genotypic antibiotic susceptibility. All isolates (11 Bifidobacte-
rium longum, 2 B. breve, and 2 B. animalis isolates) were subjected to whole-genome
sequencing. The 15 patients were predominantly in the extreme lower or upper age
spectrum, many were severely immunocompromised, and 11 of 15 had gastrointesti-
nal tract-related conditions. In two elderly patients, the Bifidobacterium bacteremia
caused a sepsis-like picture, interpreted as the cause of death. Most bifidobacterial
isolates had low MICs (�0.5 mg/liter) to beta-lactam antibiotics, vancomycin, and
clindamycin and relatively high MICs to ciprofloxacin and metronidazole. We per-
formed a pangenomic comparison of invasive and noninvasive B. longum isolates
based on 65 sequences available from GenBank and the sequences of 11 blood cul-
ture isolates from this study. Functional annotation identified unique genes among
both invasive and noninvasive isolates of Bifidobacterium. Phylogenetic clusters of in-
vasive isolates were identified for a subset of the B. longum subsp. longum isolates.
However, there was no difference in the number of putative virulence genes be-
tween invasive and noninvasive isolates. In conclusion, Bifidobacterium has an inva-
sive potential in the immunocompromised host and may cause a sepsis-like picture.
Using comparative genomics, we could not delineate specific pathogenicity traits
characterizing invasive isolates.

KEYWORDS DNA sequencing, antibiotic resistance, bifidobacteria, blood culture,
bloodstream infections, mass spectrometry, pangenome, probiotics, susceptibility
testing, virulence factors

Bifidobacteria are anaerobic, nonsporulating Gram-positive rods representing ubiq-
uitous inhabitants of the human orogastrointestinal tract and vagina. The genus

consists of more than 50 species, with only 10 species being found in humans. In
breast-fed infants, bifidobacteria constitute more than 80% of the intestinal microbiota,
whereas bifidobacteria comprise only 3 to 6% of the adult fecal flora (1, 2). Moreover,
the species distribution is different in infants and adults; Bifidobacterium adolescentis
and Bifidobacterium longum subsp. longum are the major bifidobacterial species in the
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adult intestinal flora, and Bifidobacterium longum subsp. infantis and Bifidobacterium
breve are the predominant species in the intestinal tract of human infants (3–5).
Selected members of the genus Bifidobacterium are believed to exert health benefits to
the host, including competitive exclusion of pathogens (6, 7), modulation of the
immune system (8, 9), and degradation of diet-derived carbohydrates (10). On the basis
of these effects, bifidobacteria are often added to probiotic products in combination
with other lactic acid bacteria to prevent or treat diseases (11, 12), although the
evidence is inadequate. Nevertheless, a growing number of inpatients in U.S. hospitals
often receive probiotics as part of their care (13).

The pathogenic potential of Bifidobacterium remains unclear. Data on the incidence
of invasive infections are very limited, but Bifidobacterium species are estimated to
represent 0.5 to 3% of anaerobic blood culture isolates (14, 15). Among adults, only 15
cases of Bifidobacterium bacteremias had been reported in the literature until 2015 (16),
and these were predominantly among patients with underlying gastrointestinal disease
and/or impaired immunity. There is a paucity of data on the clinical presentations,
prognostic factors, and outcomes of patients with Bifidobacterium bacteremia.

Over the last few years, an increasing number of Bifidobacterium blood culture
isolates have been reported to the Norwegian Organization for Surveillance of Antimi-
crobial Resistance (NORM) (17). The primary objective of this study was to describe the
clinical characteristics, antimicrobial susceptibilities, treatments, and outcomes for 15
patients with Bifidobacterium bacteremia (11 with B. longum bacteremia, 2 with B. breve
bacteremia, and 2 with B. animalis bacteremia). Furthermore, we analyzed the phylog-
eny, the resistome, and putative virulence factors by whole-genome sequencing (WGS).
Finally, we performed a pangenome comparative analysis of all hitherto reported
genome sequences of invasive versus noninvasive B. longum isolates of human origin
in order to search for specific traits characterizing invasive B. longum isolates.

RESULTS
Patient characteristics, treatments, and clinical outcomes. Demographic and

clinical data are listed in Table 1. Six patients were above 80 years of age, and four
patients were born prematurely, before 33 weeks of gestational age. The three ex-
tremely preterm infants (patients 13 to 15) had received a probiotic product containing
B. longum, aiming to prevent necrotizing enterocolitis, as reported in a previous study
(18). There was no information about probiotic supplementation in the medical records
of the other 12 patients. The majority of the 15 patients were either immunocompro-
mised or had signs of a severe underlying condition. Ten patients had gastrointestinal
tract-related diseases, and nine of these patients had a compromised intestinal barrier
or signs of a leaky gut. Four patients died before or during admission. Two patients
(patients 2 and 9), both of whom were severely compromised and elderly, developed
signs of sepsis/septic shock, and the blood culture showed monomicrobial growth of
B. longum. On the basis of their clinical presentation, the blood culture results, and no
other obvious infectious agent identified, we considered the deaths of these two
patients to probably be attributable to B. longum sepsis. One patient (patient 4), an
infant who died before admission to the hospital, had no fever or signs of infection
immediately prior to death, no history of infections, and no signs of infection/inflam-
mation on autopsy. We did not consider that there was enough evidence to define the
death in this patient to be attributable to B. longum sepsis. The last patient who died
(patient 12) was very old and frail. She died 14 h after admission to the hospital and
only 3 h after the blood sample for culture was obtained. Due to her advanced age and
clinical condition, no antibiotic therapy was started. There was polymicrobial growth in
the blood culture (Table 1). On autopsy, there were signs of poor gut circulation (no
perforation), and a dilated cardiomyopathy was confirmed. We did not consider that
there was enough evidence to define the death in this patient to be attributable to B.
longum sepsis. Thirteen patients received antibiotic treatment. Polymicrobial blood-
stream infections, mainly caused by a combination of bifidobacteria and other organ-
isms originating from the gastrointestinal tract, were observed in six patients.
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Species identification and phylogenetic grouping. Using matrix-assisted laser
desorption ionization–time of flight mass spectrometry (MALDI-TOF MS), the isolates
were assigned to the following species: B. longum (n � 11), B. breve (n � 2), and B.
animalis (n � 2). Whole-genome phylogenetics by comparison of the sequences of the
isolate genomes to those of reference genomes further classified the 11 B. longum
isolates to the subspecies level: B. longum subsp. infantis (n � 4) and B. longum subsp.
longum (n � 7). Phylogenetic reconstruction grouped the 15 isolates into four clades
(Fig. 1). B. breve and B. animalis grouped into clade I and clade IV, respectively. Clade
II comprised only B. longum subsp. infantis isolates, while clade III comprised only B.
longum subsp. longum isolates. There was no association between the different clades
and the different hospitals in which the patients had received care.

Phenotypic antimicrobial susceptibility. All isolates showed low MIC values to
vancomycin (0.25 to 1 mg/liter), meropenem (0.016 to 1 mg/liter), and piperacillin-
tazobactam (0.064 to 1 mg/liter) (Table 2). One of the B. breve isolates and both B.
animalis isolates displayed MICs of �16 mg/liter to tetracycline. Nine of 15 isolates
displayed ciprofloxacin MICs of �32 mg/liter. High MIC values (MICs � 256 mg/liter) for
metronidazole were observed in six isolates.

Pangenome analysis and comparative genomics of B. longum species. The
genome sequences of 76 B. longum isolates were used to calculate the total gene
repertoire of the B. longum taxon on the basis of clusters of orthologous groups (COGs).
We identified a B. longum pangenome consisting of 7,876 COGs (Fig. 2). A total of 710
genes (COGs) shared by all 76 B. longum isolates represented the core genome. The
functional classification of the genes in the core as well as the accessory genomes
revealed that a large proportion had yet unknown functions. However, the most
common functional classes represented genes involved in housekeeping functions, like
carbohydrate and amino acid transport and metabolism, translation, ribosomal struc-
ture and biogenesis, transcription, and nucleotide transport and metabolism.

The pangenome analysis of all invasive and noninvasive isolates of B. longum subsp.
longum and B. longum subsp. infantis revealed unique clusters in both subspecies. For
the 34 invasive and noninvasive B. longum subsp. longum isolates, there were 91 and
169 unique clusters, respectively. For the 13 invasive and noninvasive B. longum subsp.

FIG 1 Dendrogram representing the arrangement of clusters between the 15 isolates and the prevalence
of genes encoding resistance to antibiotic groups.
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infantis isolates, there were 48 and 31 unique clusters, respectively. Functional classi-
fication of these clusters identified that unique genes involved in replication, recom-
bination, repair, and transcription were more prevalent in the group of noninvasive
isolates than invasive isolates. In contrast, unique genes involved in carbohydrate
transport and metabolism and defense mechanisms were more prevalent in the group
of invasive isolates than in noninvasive isolates (Fig. 3A and B).

To further discriminate clusters of invasive isolates from noninvasive isolates, phy-
logenetic trees based on the accessory genome were generated for all 34 isolates of B.
longum subsp. longum and all 13 isolates of B. longum subsp. infantis. Interestingly, this
showed that six of seven invasive B. longum subsp. longum isolates were positioned on
subbranches of the same cluster (Fig. 4). However, a similar finding was not shown for
invasive B. longum subsp. infantis isolates.

Bifidobacterium resistome. The complete list of putative antibiotic resistance
genes is reported in Table 2. Genes encoding efflux pumps were found in all isolates.
One B. longum isolate harbored genes encoding antibiotic inactivation enzymes. The
lmrD gene, conferring resistance to lincosamides in Streptomyces and Lactococcus
species, was detected in one B. longum isolate. This isolate was susceptible to clinda-
mycin. Three of the four isolates (two B. animalis isolates and one B. breve isolate) with
decreased susceptibility to tetracycline (MICs, 16 to 32 mg/liter) harbored the tet(T)
gene, known to confer tetracycline resistance. All isolates harbored the mfd gene and
mutations in gyrA. Mutations in gyrB were found only in the two B. animalis isolates.
Mutations in these genes are associated with resistance to fluoroquinolones, and 12 of
15 bifidobacterial isolates had MICs of �4 mg/liter to ciprofloxacin.

Putative virulence factors. The number of putative virulence factors is summarized
in Table 3. A comprehensive list of putative virulence genes is also included in Data Set
S2 in the supplemental material. Ninety-eight putative virulence genes were detected
among the 15 isolates, including genes associated with iron and magnesium transport,
adhesion, stress proteins, proteins with immune-evasive properties, and toxin secretion.
Twenty of the genes (clpC, clpP, bsh, mgtB, ppkA, msbA, phoP, hitC, relA, cylA, cylG, oatA,
farB, pvdH, manB, ybtS, cpsA, bsc1, tagT, and essC) were present or partially present in
the majority (�85%) of all isolates. Putative virulence genes supporting host cell

FIG 2 Pangenome of B. longum showing the functional assignment of the core and accessory (soft core, shell, and cloud)
genomes. The results are based on the analysis of 76 isolates.
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invasion were detected only in the B. animalis isolates and were represented by the
gene iap (cwhA), encoding the extracellular protein p60, a major virulence factor in
Listeria monocytogenes (19). Two unique virulence genes, ureA and ureB, were detected
in the four B. longum subsp. infantis isolates from neonates (clade II). These genes
encode the urease alpha and beta subunits, respectively, which represent enzymes

FIG 3 (A) Functional distribution (%) of unique genes from invasive and noninvasive isolates of B. longum subsp. infantis; (B) functional distribution (%) of unique
genes from invasive and noninvasive isolates of B. longum subsp. longum.
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involved in the hydrolysis of urea to form ammonia and carbamate and increasing
gastric pH, thereby providing a more permissive environment for colonization of the
gastrointestinal tract (20). Forty-six putative virulence genes were shared among the
three Bifidobacterium species, indicating a high level of relatedness (Fig. 5).

Overall, at the subspecies level, there were no differences in the number of putative
virulence genes between invasive and noninvasive isolates. In B. longum subsp. infantis,
72 and 90 unique putative virulence genes were detected among the invasive and
noninvasive isolates, respectively. Of these, 72 were shared among invasive and non-
invasive isolates. In B. longum subsp. longum, 77 and 77 unique putative virulence
genes were detected among the invasive and noninvasive isolates, respectively. Of
these, 69 were shared among invasive and noninvasive isolates. However, among the
B. longum subsp. longum isolates, one invasive isolate (from patient 12) accounted for
most of the difference observed.

FIG 4 Genetic relationship between invasive and noninvasive B. longum subsp. longum isolates based on
accessory genome analysis. Invasive isolates are presented on a gray background.
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DISCUSSION

To our knowledge this is the largest case series of patients with Bifidobacterium
bacteremia for which clinical, microbiological, and genome sequencing data have been
described. There were three main clinical characteristics among patients with bactere-
mia. First, patients were predominantly in the extreme lower or upper age spectrum.
Second, the majority of patients had some degree of immune impairment. Third, most
(11/15) patients had gastrointestinal tract-related conditions or symptoms. Our clinical
findings are in line with previous reports on patients with invasive Bifidobacterium
infections indicating that they seem to be opportunistic infections in immunocompro-
mised patients, probably secondary to bacterial translocation from the gut (16, 21). We
found that in six patients with Bifidobacterium species bacteremia either there was
polymicrobial growth in blood cultures or there were different bacteria isolated from
the patients during the course of their acute disease. This made it difficult to interpret
whether Bifidobacterium was the true cause of their acute infection episode or merely
an innocent bystander in a sick patient (e.g., patients 3 and 7).

Bifidobacterium species are traditionally considered nonpathogenic commensals
that rarely cause human infections. Indeed, a large cohort study focusing on blood-
stream infections caused by probiotic bacteria in 3,500 hematopoietic transplant
recipients did not find any cases of Bifidobacterium bacteremia (15). In Norway, 0 to 2
Bifidobacterium bacteremia cases were reported annually between 2007 and 2012. The
apparent increase seen from 2013 to 2015 may have several reasons. In the recent past,
diagnosis relied mostly on biochemical tests for species identification with known
limitations. Thus, blood cultures with growth of Bifidobacterium may have been iden-
tified only as Gram-positive rods with no further specification of the species. This may
have led to an underestimation of the incidence of Bifidobacterium bacteremia. New
diagnostic tools, such as MALDI-TOF MS, improve detection to the species level. This
technique was introduced between 2011 and 2014 in the hospitals from which the
patients for our study were recruited, and its routine use may be one reason for the
apparently recent increase in the number of cases of bacteremia caused by Bifidobac-
terium species observed in Norway.

B. longum and B. dentium are the species most frequently reported to cause
bifidobacterial infections (16, 21). In our study, we recovered three different species: B.
breve, B. animalis, and B. longum. Bacterial translocation from the gut to the blood-

FIG 5 Area-proportional Venn diagram showing overlapping numbers of putative virulence factors
between the three different species of bifidobacteria, B. longum, B. breve, and B. animalis.
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stream seems to be a likely mechanism since the majority of patients had gastrointes-
tinal tract-related conditions with possible mucosal impairment and a leaky gut.

In Norway, B. animalis subsp. lactis and, to some extent, B. longum are the most
common Bifidobacterium species included in functional food products. Despite their
proposed health-promoting effects (22), antibiotic resistance determinants and viru-
lence factors in commensals are of great concern, as commensals can serve as a
reservoir of resistance genes for intestinal pathogens and have the ability to cause
disease on their own (23). However, there is no experimental evidence for the transfer
of antibiotic resistance genes from bifidobacteria to other pathogens (24). Most pa-
tients in our study had some degree of immune impairment. We did not have
information about probiotic consumption in the adults, but we know that this is
widespread both in Norway and in other countries (25). Although probiotic products
generally are regarded as safe, vigilance regarding their potential virulence, antibacte-
rial resistance, and adverse metabolic activity should be maintained, in particular, in
patients with predisposing or underlying conditions, such as gastrointestinal surgery,
malignancy, or immunodeficiency (26, 27).

The antibiotic susceptibility pattern was similar across all three Bifidobacterium
species in this study, much in line with previous findings (28–30). All isolates had low
MICs to vancomycin (28, 31). High MICs to clindamycin were rare. We detected one B.
longum isolate with an MIC to clindamycin of �256 mg/liter. However, there were
discrepancies between phenotypic and genotypic findings. In the clindamycin-resistant
isolate, no macrolide, lincosamide, and/or streptogramin (MLS) resistance gene was
identified, but other resistance mechanisms may have been involved. All Bifidobacte-
rium isolates in our study harbored mutations in genes associated with resistance to
fluoroquinolones, and in 12 of 15 isolates, the MIC to ciprofloxacin was �4 mg/liter.
Previously, a variable and strain-specific susceptibility to ciprofloxacin among bifido-
bacteria has been described (32, 33). Resistance to tetracyclines is the most common
resistance trait among bifidobacteria (32, 34, 35). We identified the presence of tet(T) in
two B. animalis isolates and one B. breve isolate, which is in good concordance with the
phenotypic findings. The tet genes are the most abundant genetic determinants
responsible for tetracycline resistance among bifidobacteria, but the tet(W) gene has
been the one most commonly found (30, 35, 36). To our knowledge, tet(T) has not
previously been described in Bifidobacterium. MIC values were higher for cefotaxime
than for penicillin G. Cell wall impermeability seems to be the main cause of cephalo-
sporin resistance among the bifidobacteria (29, 37). Our finding suggests intrinsic
resistance to metronidazole, much in line with previous reports (29, 37–39).

There was limited variation in the putative virulence gene content among the 15
Bifidobacterium isolates. In a classical risk assessment approach for pathogens, patho-
genicity is demonstrated to be a consequence of several properties acting in concert,
including colonization and virulence factors (40). We identified several genes playing an
important role in bacterial virulence, including genes encoding proteins involved in
adhesion, antiphagocytosis, immune evasion, iron uptake, and bile resistance, which
presumably pose a risk of infection. However, our findings must be interpreted with
caution, as these virulence factors also are essential features of most commensals. In
fact, most of the mechanisms involved in adhesion of bifidobacteria to host tissue are
similar or even identical to those employed by pathogens to cause disease (41). We
therefore expanded our analysis with a pangenome approach comparing all published
genome sequences from blood culture isolates and commensal strains of B. longum.
Here we detected unique clusters among both invasive and noninvasive isolates.
However, in the virulence prediction, we found limited variation in the putative
virulence gene content, and most genes were present in both invasive and noninvasive
isolates. Among the B. longum subsp. infantis isolates, we actually found a higher
number of putative virulence genes among the noninvasive isolates than among the
isolates causing invasive bacteremia. This was not observed for the B. longum subsp.
longum isolates. However, the phylogenetic tree fr all B. longum subsp. longum isolates
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generated clusters of invasive isolates indicating possible common virulence determi-
nants in their accessory genomes.

This study has limitations. First, the number of blood culture isolates was limited.
Second, we were unable to track probiotic consumption via food or supplementation
in 12 of the patients included. In addition, investigation of potential pathogenicity
using a search for homologous genes in databases might be speculative in relation to
their functional role in Bifidobacterium, as these online resources are based on other
more well characterized bacteria, and sequence homology between different bacteria
does not always predict function.

Conclusion. This study highlights the potential of Bifidobacterium as an opportu-
nistic pathogen causing bacteremia in immunocompromised patients or patients with
a compromised intestinal barrier. Our comparative genomic analysis indicated a pos-
sible phylogenetic separation between invasive and noninvasive B. longum subsp.
longum isolates. Moreover, we found differences in genome content between the
invasive and noninvasive isolates of both B. longum subspecies. However, invasive
isolates were not associated with an increased number of putative virulence genes.
Bifidobacterium bacteremia in infants and children is associated with impaired immu-
nity (16). Our study indicates that similar risk factors apply to adults.

MATERIALS AND METHODS
Bacterial isolates and patients. From 2013 to 2015, all Bifidobacterium bloodstream isolates

identified in Norway (n � 15) were reported to NORM. Patients were eligible for inclusion in this study
if there was one blood culture set with the presence of Bifidobacterium. We collected detailed clinical
data from the medical records, including age, sex, underlying medical conditions, symptoms and signs
prompting blood culture, use of antibiotics, and outcomes from all 15 Bifidobacterium bacteremia
episodes. Patients received written information about this retrospective national study. Participation was
voluntary with an opt-out option provided. The study was approved by the Norwegian Regional Ethical
Committee (approval number 2016/1001).

Species identification and antimicrobial susceptibility testing. The Bifidobacterium isolates were
first isolated and species identification was obtained at nine different Norwegian hospital laboratories.
Subsequently, all Bifidobacterium isolates were reanalyzed at a single laboratory. Species identification
was confirmed by matrix-assisted laser desorption ionization–time of flight mass spectrometry (MALDI-
TOF MS) using a Microflex LT instrument (Bruker Daltonics, Bremen, Germany), Flex Control software, and
MALDI Biotyper (v3.1) software (Bruker Daltonics, Bremen, Germany). Processing of samples was done
according to the user’s manual (42). In brief, one bacterial colony was placed on a target plate and 1 �l
70% formic acid was added for cell wall denaturation. Samples were then mixed with 1 �l matrix solution
prior to mass spectrometry extraction. Samples with a log (score) value of �2 were considered to give
a high probability of identification to the species level. Bifidobacteria were cultured on brucella blood
agar plates supplemented with hemin and vitamin K1 (Becton Dickinson, Heidelberg, Germany). The
plates were incubated in an anaerobic atmosphere (10% H2, 10% CO2, 80% N2) for 24 to 48 h, according
to the instructions of the manufacturer. The quality control strain Bacteroides fragilis ATCC 25285 was
used for growth control. The phenotypic susceptibility to nine antibiotics (penicillin G, metronidazole,
clindamycin, tetracycline, meropenem, cefotaxime, ciprofloxacin, piperacillin-tazobactam, and vancomy-
cin) was determined using MIC gradient strips (Liofilchem, Roseto degli Abbruzzi, Italy).

WGS, assembly, and annotation. Bacterial DNA was extracted and prepared for whole-genome
sequencing (WGS) using a Nextera XT kit (Illumina, San Diego, CA, USA), according to the manufacturer’s
instructions (43). The fragment size distribution (500 to 1,000 bp) was analyzed using an Agilent 2100
bioanalyzer system (Agilent Technologies, Waldbronn, Germany). The samples were multiplexed and
sequenced by the Illumina MiSeq platform using v3 reagents with 2 sets of 300 cycles each according to
the manufacturer’s instructions. This yielded an average of 3.09 million reads per bacterial isolate. Each
of the genomes was assembled de novo using SPAdes (v3.5.0) software with default parameters (44).
Structural and functional annotations were performed using an in-house genome annotation pipeline
(Department of Chemistry, University of Tromsø [https://arxiv.org/abs/1604.04103]).

Pangenome analysis of B. longum. We performed a pangenome analysis of the genomes from 76
B. longum isolates. We included all 65 available B. longum genomes (complete and partial) of both human
and animal origin deposited in GenBank (http://www.ncbi.nlm.nih.gov/GenBank/index.html) and the 11
B. longum genomes sequenced in the framework of this study (see Data Set S1 in the supplemental
material). The genomes of B. animalis and B. breve were omitted from the pangenome analyses due to
the limited number of published genomes of isolates of these species and the presence of only four
isolates in our study. The amino acid sequences of the coding sequences (CDSs) for each of the 76 B.
longum isolates and their subspecies were extracted and used as an input for the GET_HOMOLOGUES
software package (45). Clustering of clusters of orthologous genes (COG) was performed using the
OrthoMCL algorithm with default parameters (46). A gene cluster incorporating at least one represen-
tative from each isolate was defined as being part of the core genome, while gene clusters defying this
definition were part of the accessory genome and could be further subdivided. Gene clusters represented
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in �72 isolates were regarded as the soft core, those represented in �2 isolates were regarded as the
shell, and the rest of the accessory genome was regarded as the cloud. Each cluster was annotated, and
functional grouping was made using the eggNOG (v4.5) database (47). The clusters with a functional
classification within the core and subdivided accessory groups were counted individually.

We then excluded 29 of the B. longum genomes deposited in GenBank (from probiotic isolates,
isolates of animal origin, isolates not further classified to the subspecies level, and isolates from
subspecies other than B. longum subsp. longum and B. longum subsp. infantis) and performed separate
pangenome analyses for B. longum subsp. longum (n � 34) and B. longum subsp. infantis (n � 13)
isolates. In these pangenome analyses we compared invasive isolates of B. longum subsp. longum (n �
7) and B. longum subsp. infantis (n � 6) versus noninvasive isolates of B. longum subsp. longum (n � 27)
and B. longum subsp. infantis (n � 7). Human blood culture isolates were defined as invasive isolates,
whereas isolates from infant or adult feces or gut were defined as noninvasive isolates. Gene content
trees from the binary pangenome cluster matrices (the presence or absence of genes in each isolate
relative to the other isolates) were generated with the GET_HOMOLOGUES software package (45) using
the discrete character parsimony algorithm. Clusters that were unique to the invasive isolates and/or to
the noninvasive isolates from both subspecies were identified and functionally annotated with eggNOG
classifications (47).

In silico analysis. The subtyping of the 11 B. longum isolates compared to the reference strains B.
longum subsp. infantis ATCC 15697, B. longum subsp. longum LMG 13197, and B. longum subsp. suis LMG
21814 was performed using the kSNP3 package (48) to identify single-nucleotide polymorphisms (SNPs)
in the genomes and reconstruct a parsimony phylogenomic tree.

The resistance gene identifier in the comprehensive antibiotic resistance database (CARD; version
1.1.1; Department of Biochemistry and Biomedical Science, McMaster University, Canada [https://card
.mcmaster.ca/home]) (49) was used to predict genes presumed to confer antibiotic resistance, and the
findings were compared with the phenotypic susceptibility test results. The virulence factor database
(VFDB; 2016, Institute of Pathogen Biology, Chinese Academy of Medical Sciences and Peking Union
Medical College, China [http://www.mgc.ac.cn/VFs/]) (50) was downloaded, and the CDSs from each
isolate were searched against the sequences in the formatted database using the BLASTP program.
Sequences that matched with E values of less than 1e�20 and sequence identities above 25% were
considered homologs. The numbers of putative virulence genes in the three different Bifidobacterium
species (B. longum, B. animalis, and B. breve) are presented in a Venn diagram (51). To further elucidate
potential pathogenicity, putative virulence factors were identified in all 34 noninvasive B. longum isolates
of human origin and matched to putative virulence factors in all 13 invasive B. longum isolates of human
origin.

Accession number(s). The sequences of the 15 Bifidobacterium isolates from this study have been
deposited in the European Nucleotide Archive (www.ebi.ac.uk/ena) under study accession number
PRJEB18553.
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