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Abstract 

Exact species/subspecies identification is essential in understanding human-associated microbiota and the practical application 

of a particular bacterial isolate. With the fast evolution of DNA sequencing technology, however, there is a transition in molecular 

identification methods from single gene sequence- to whole genome sequence analysis, resulting in subtle changes in bacterial 

taxonomy. Here we report the application of three different species identification molecular methods and species delineation 

concepts to identify a human breast milk isolate Bifidobacterium sp. 2450 - classical 16S-rDNA sequence analysis, multilocus 

sequence typing (MLST) and digital DNA:DNA hybridization (dDDH). Comparison of the partial 16S-rDNA sequence of 

Bifidobacterium sp. 2450 and type strains of the Bifidobacterium genus positioned the new isolate in the B. longum cluster. At 

subspecies level, including the four subspecies of B. longum (longum, infantis, suis and suillum), the partial 16S-rDNA sequence 

derived from Bifidobacterium sp. 2450 was >99.5% (1490 bp) identical to B. longum ssp. infantis. MLST was based on the 

concatenated partial sequences of the clpC, dnaG, dnaJ1, hsp60, purF, rpoC and xfp genes. Unlike16S-rDNA sequence analysis, MLST 

situated Bifidobacterium sp. 2450 closer to the B. longum ssp. longum cluster, separately from B. longum ssp. infantis. Next, dDDH 

was performed to compare the draft genome of Bifidobacterium sp. 2450 to complete genomes of type strains. Hybridization values 

with the type strain of B. longum ssp. longum DSM 20219 were 75.8 against only 62.4 for B. longum ssp. infantis DSM 20088. With 

a species delineation threshold for dDDH of 70, this method identified Bifidobacterium sp. 2450 as B. longum ssp. longum. Although 

the results from the three methods disagreed at intraspecies level, they all confirmed the new isolate to belong to the B. longum 

species, an identification level that is satisfactory for practical purposes. 
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INTRODUCTION 

Human breast-milk (HM) microbiota and bifidobacteria in particular became a focus of research 

due to their potential role in preserving the infant’s health. Bradyrhizobium, Corynebacterium, 

Propionibacterium, Pseudomonas, Ralstonia, Serratia, Sphingomonas, Staphylococcus and 

Streptococcus were found to be the core genera in HM (Notarbartolo et al., 2022). On a bacterial species 

level bifidobacteria are of particular interest because of their health-beneficial properties (Arboleya et 

al., 2011; Selma-Royo et al., 2021), abundance in HM and the gastrointestinal tract of healthy infants 

(Zuo et al., 2016; Kordy et al., 2020) and evidence that bifidobacterial communities are inherited by the 

infant from their mother by a vertical transfer (Duranti et al., 2017). The health effect of HM microbiota 

is related to establishment of immune homeostasis in the infant, enhancing digestive processes or 

prevention or correction of dysbiosis (Dogra et al., 2020; Selma-Royo et al., 2021). Consequently, 

supplementation of breast milk or the mother’s or infant’s diet in general with bifidobacteria is regarded 

as potential means of positively influencing and protecting the health of infants (Oshiro et al., 2020). 

However, precise identification of a new isolate intended for functional food development is required in 

order to relate it to the safety- or health-beneficial record of a particular species. In the case of 

bifidobacteria, Bifidobacterium breve and B. longum are the most common species found in HM (Solís 

et al., 2010; Arboleya et al., 2011). 

Exact taxonomic identification is complicated by the fast evolution of molecular methods and 

species delineation concepts. The first species identification methods based on genotyping were DNA-

DNA hybridization and 16S-rDNA gene sequencing. For DNA-DNA hybridization it was postulated 

that 70% or more relatedness is required to assign a new isolate to a particular bacterial species (Wayne 

et al., 1987), while more than 97% identity in 16S-rDNA sequences will be recognized for cultures 

within a single species (Janda & Abbott, 2007). A myriad of other genotyping methods such as 

ribotyping, RAPD-PCR (Sakata et al, 2002), BOX-PCR (Masco et al., 2003) and multi-locus sequence 

typing (MLST) (Yanokura et al., 2015) permit further clustering at intraspecies level, yielding different 

results. And finally comes the digital DNA:DNA hybridization (dDDH), relying on comparison of 

whole genome sequences of unknown bacterium to that of a particular type strain, adopting the 70% 

threshold for species delineation from the classical DNA-DNA hybridization and suggesting a 79% 

similarity dDDH cut-off value for the subspecies (Meier-Kolthoff, 2014).  All these methods offer 

different resolution and may not necessarily align perfectly in the process of species/subspecies 

identification. 

The aim of the presented study was the identification of a human breast milk isolate 

Bifidobacterium sp. 2450 using 1) a classical 16S-rDNA sequence analysis; 2) multilocus sequence 

typing (MLST) for seven house-keeping genes (clpC, dnaG, dnaJ1, hsp60, purF, rpoC and xfp) and 3) 

digital DNA:DNA hybridization (dDDH). 
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MATERIALS and METHODS 

Bacterial strain 

Isolate Bifidobacterium sp. 2450 was obtained and purified from a human breast milk sample in 

2020 (Michaylova et al., 2022) and further maintained at the LBB Culture Collection (LB Bulgaricum 

PLC, Sofia, Bulgaria).  

Whole-genome sequencing  

Total DNA from Bifidobacterium sp. 2450 was extracted with the E.Z.N.A. Bacterial DNA Kit 

(Omega Bio-tek Inc, Norcross, Georgia, USA) according to the producer’s instructions. Sequencing was 

performed on an Illumina NovaSeq6000, reads were assembled with the SOAPdenovo assembler (Li et 

al., 2010), SPAdes (Bankevich et al., 2012), AbySS (Simpson et al., 2009) followed by CISA (Lin & 

Liao, 2013) for a final integration of contigs. Identification of coding genes was performed with 

GeneMarkS (Besemer et al., 2001). The Whole Genome Shotgun project has been deposited at 

DDBJ/ENA/GenBank under the accession JBHEEA000000000. The version described in this paper is 

version JBHEEA010000000. 

16S-rDNA sequence analysis  

For the purpose of identification by 16S-rDNA sequence analysis, the gene sequence of 

Bifidobacterium sp. 2450 was extracted from the draft genome sequence and clustered against type 

strains of the Bifidobacterium genus as described by Ventura et al. (2006) or against a selection of 25 B. 

longum strains (Yanokura et al., 2015). The clustering and the resulting tree were generated by the CLC 

Sequence Viewer software ver. 6.6.1 (www.clcbio.com, CLC bio A/S) by the unweighted pair group 

method with arithmetic mean (UPGMA) algorithm.  

Multilocus sequence typing 

Multilocus sequence typing (MLST) was based on concatenated partial sequences of the clpC, 

dnaG, dnaJ1, hsp60, purF, rpoC and xfp genes. The sequences of the genes in Bifidobacterium sp. 2450 

were extracted from the draft genome sequence, while sequences for a selection of 25 B. longum strains 

were derived from the work of Yanokura et al. (2015). The clustering and the resulting tree were 

generated by the CLC Sequence Viewer and the UPGMA algorithm. 

Digital DNA:DNA hybridization  

Digital DNA:DNA hybridization (dDDH) was performed based on the draft genome of 

Bifidobacterium sp. 2450 with the TYGS platform (Meier-Kolthoff & Göker, 2019), which performs 

comparison with a large number of type strain genomes and retrieves the closest match. dDDH values 

along with their confidence intervals (C.I.) were calculated following formula 2 of the Genome-to-
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Genome Distance Calculator (Meier-Kolthoff et al., 2013). Additionally, a phylogenetic tree of the best 

matches and the query strain was generated with FastME 2.1.6.1 (Lefort et al., 2015). 

RESULTS  

Whole-genome sequencing 

The sequencing of Bifidobacterium sp. 2450 resulted in the assembly of 37 contigs, covering over 

2,43 Mbp, containing 2151 genes (84 % of the genome) with the number of protein coding sequences, 

tRNA genes and rRNA operons being 1982, 55 and 5, respectively. The GC-content of the genome was 

59.8%. 

Identification by 16S-rDNA sequence analysis  

As a first step in the identification the partial 16S-rDNA sequence of Bifidobacterium sp. 2450 

was aligned and clustered with the respective sequences in the genomes of type strains of the 

Bifidobacterium genus. The resulting tree clearly demonstrated the power of 16S-rDNA sequence 

discrimination of bifidobacterial species and clustered Bifidobacterium sp. 2450 unequivocally in the B. 

longum cluster (Figure 1). This cluster currently contains four subspecies, that of B. longum ssp. longum, 

B. longum ssp. infantis, B. longum ssp. suis and B. longum ssp. suillum and therefore to zoom in the 

identification at intraspecies level, partial 16S-rDNA sequence of Bifidobacterium sp. 2450 was further 

compared to a selection of strains from these subspecies. With this analysis the new isolate clearly 

clustered into the B. longum ssp. infantis cluster (Figure 2) with a sequence >99.5% (1490 bp) identical 

to that of other B. longum ssp. infantis strains. 

Identification by Multilocus sequence typing 

Unlike 16S-rDNA sequence analysis, MLST offers higher discriminatory power as it relies on 

sequence diversity within multiple loci in the genome. Clustering of the concatenated sequences of the 

clpC, dnaG, dnaJ1, hsp60, purF, rpoC and xfp genes identified in Bifidobacterium sp. 2450 with 25 

strains from the B. longum ssp. longum, B. longum ssp. infantis, B. longum ssp. suis and B. longum ssp. 

suillum subspecies positioned the new isolate closer to B. longum ssp. longum cluster (Figure 3). MLST 

placed Bifidobacterium sp. 2450 separate from the B. longum ssp. infantis strains in contradiction with 

the result obtained form 16S-rDNA sequence analysis. Meanwhile, the selection of the 25 strains derived 

from Yanokura et al. (2015) clustered in the expected longum, infantis and suis/suillum clusters in good 

correlation between 16S-rDNA sequence analysis and MLST (Figures 2 and 3). 
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Figure 1. Clustering of Bifidobacterium sp. 2450 against different type strains within the genus 
Bifidobacterium. Clustering was based on a partial sequence of their 16S-rDNA gene (1285 nt). The tree 
was generated by the CLC Sequence Viewer software ver. 6.6.1 (www.clcbio.com, CLC bio A/S) by 
the UPGMA algorithm. Bootstrap values displayed at nodes were obtained based on 100 replicates. 
Sequences for type strains (GenBank accession numbers shown in parentheses) were selected according 
to Ventura et al. (2006).   
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Figure 2. Clustering of Bifidobacterium sp. 2450 against a set of 25 B. longum strains. Clustering was 
based on a partial sequence of their 16S-rDNA gene (1490 nt).   The tree was generated by the CLC 
Sequence Viewer software ver. 6.6.1 (www.clcbio.com, CLC bio A/S) by the UPGMA algorithm. 
Bootstrap values displayed at nodes were obtained based on 100 replicates. Sequences for the B. longum 
strains (GenBank accession numbers shown in parentheses) were selected according to Yanokura et al. 
(2015).  
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Figure 3. Clustering (MLST) of Bifidobacterium sp. 2450 against a set of 25 B. longum strains. 
Clustering was based on the concatenated partial sequences of seven house-keeping genes (4360 nt). 
The tree was generated by the CLC Sequence Viewer software ver. 6.6.1 (www.clcbio.com, CLC bio 
A/S) by the UPGMA algorithm. Bootstrap values displayed at nodes were obtained based on 100 
replicates. Sequences for the B. longum strains (GenBank accession numbers shown in parentheses) 
derived from Yanokura et al. (2015).  
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Identification by Digital DNA:DNA hybridization  

Next, after one- (16S-rDNA) and seven- gene (MLST) sequence analysis, dDDH permitted 

comparison of draft genome data of Bifidobacterium sp. 2450 to complete genomes of type strains. The 

hybridization values obtained for the draft genome of Bifidobacterium sp. 2450 with the type strain of 

B. longum ssp. longum DSM 20219T were 75.8 against only 62.4 for B. longum ssp. infantis DSM 

20088T (Table 1). Moreover, the dDDH values of Bifidobacterium sp. 2450 against the type strains of 

B. longum ssp. suis and B. longum ssp. suillum were still higher (68.1-68.2) than those obtained for the 

type strain of B. longum ssp. infantis (62.4). Considering a species delineation threshold value for dDDH 

of 70, this method identified Bifidobacterium sp. 2450 strictly as B. longum ssp. longum supporting the 

identification results of MLST but not that of 16S-rDNA analysis. Furthermore, a phylogenetic tree, 

based on the distances, calculated from the sequence similarities in the genome sequences of 

Bifidobacterium sp. 2450 and B. longum ssp. longum, B. longum ssp. infantis, B. longum ssp. suis and 

B. longum ssp. suillum type strains clustered the new isolate at the least distance from B. longum ssp. 

longum away from the type strain of B. longum ssp. infantis (Figure 4). Clustering based on whole 

genome sequence similarities in the case of Bifidobacterium sp. 2450 produced very similar results to 

those, obtained by MLST (compare Figures 3 and 4), but contradicted the classical 16S-rDNA sequence 

analysis at intraspecies level. 

Table 1. Pairwise comparison of Bifidobacterium sp. 2450 draft genome vs. type strain genomes 

Type strain of Strain dDDH value  C.I. 

B. longum ssp. longum  JCM 1217T 75.8 72.7-78.5 

 DSM 20219T 75.8 72.8-78.6 

 LMG 13197T 75.7 72.7-78.4 
  NCTC 11818T 75.7 72.7-78.5 

B. longum ssp. suis DSM 20211T 68.2 65.2-71.1 
  LMG 21814T 68.2 65.2-71.1 

B. longum ssp. suillum DSM 28597T 68.1 65.2-71.0 

B. longum ssp. infantis DSM 20088T 62.4 59.5-65.2 

 JCM 1222T 62.4 59.5-65.2 

 NCTC 11817T 62.4 59.5-65.2 

  ATCC 15697T 62.4 59.5-65.2 
 

Note. dDDH values along with their confidence intervals (C.I.) are calculated following formula 

2 of the Genome-to-Genome Distance Calculator (Meier-Kolthoff et al., 2013) 
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Figure 4. Phylogenetic tree, representing Bifidobacterium sp. 2450 and type strains of B. longum ssp. - 
B. longum ssp. longum, B. longum ssp. infantis, B. longum ssp. suis and B. longum ssp. suillum. Tree 
inferred with FastME 2.1.6.1 (Lefort et al., 2015) from the Genome BLAST Distance Phylogeny method 
(GBDP) distances, calculated from whole genome sequences. The numbers above branches are lengths 
scaled in terms of GBDP distance formula d5. The average branch support was 33.3 %. The tree was 
rooted at the midpoint (Farris, 1972). GenBank assembly accession numbers are given in parentheses. 

 

Discussion 

The evolution of molecular methods and species delineation concepts have an especially good 

example with the taxonomy of B. longum and its related species/subspecies. Currently the B. longum 

species is divided into four subspecies B. longum ssp. longum, B. longum ssp. infantis, B. longum ssp. 

suis and B. longum ssp. suillum. The first three subspecies have been initially outlined as separate species 

based on phenotypic criteria (Scardovi et al., 1971). However, the high level of DNA-DNA relatedness 

between the B. longum, B. infantis and B. suis species was found to be in the range of 63-85%, what 

prompted Sakata et al. (2002) to propose the unification of these three species into one species – that of 

B. longum. On the opposite side, after extensive review of molecular typing methods such as amplified 

rDNA restriction analysis (ARDRA), randomly amplified polymorphic DNA (RAPD), BOX-PCR, 

comparison of the recA, tuf and ldh gene, etc., Mattarelli et al (2008) proposed to reclassify these three 

biotypes of B. longum into separate subspecies. The authors suggest that as these three taxonomic 

entities share greater than 97% 16S-rDNA sequence similarity (Sakata et al, 2006), the analysis of this 

sequence itself may not allow clear separation between them at species level (Mattarelli et al, 2008). A 

firm confirmation of such an observation is the fact that it was only after applying MLST of seven house-

keeping genes that a new cluster, that of B. longum ssp. suillum, was introduced as a fourth subspecies 

in the B. longum species (Yanokura et al., 2015). With the wider availability of whole genome 

sequencing, digital DNA-DNA hybridization (dDDH) emerged as alternative and more precise method 

allowing the comparison of newly sequenced cultures to deposited type strains (Meier-Kolthoff & 
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Göker, 2019). An extensive study, reviewing the whole phylum of Actinobacteria, found that the 

intergenomic dDDH value of the type strain of B. longum ssp. longum DSM 20219T against the type 

strain of B. longum ssp. infantis ATCC 15697T was only 62.4 (Nouioui et al., 2018). With a species cut-

off value of 70% (Wayne et al., 1987) and subspecies dDDH cut-off value of 79% (Meier-Kolthoff, 

2014), Nouioui et al. (2018), proposed to reinstate the B. infantis species and separate it from B. longum.  

In the present study, regardless of the applied molecular method for species identification, isolate 

Bifidobacterium sp. 2450 proved to belong to the B. longum species. From practical point of view, 

identification of bifidobacteria at this taxonomic level is sufficient to decide on further evaluation of the 

applicability of a new strain. Beyond species identification, WGS data is mandatory for testing and 

supporting any safety or probiotic claims, related to a strain. Once sequenced, genome data should 

undergo thorough search for the potential presence of antibiotic resistance and virulence factors genes 

(EFSA, 2018) as well as genetic content, related to biogenic amines synthesis (Elsanhoty & Ramadan, 

2016). Furthermore, whole genome data may facilitate and confirm the selection of a bifidobacterial 

probiotic candidate by identifying genes, responsible for its probiotic properties or strain robustness in 

an industrial production process (Sundararaman et al., 2021). 

Conclusion 

The simultaneous existence of several species identification methods may result in different 

outcomes of the analysis. Comparison of the partial 16S-rDNA sequence of Bifidobacterium sp. 2450 

clustered it with B. longum ssp. infantis while dDDH of its draft genome identified it as B. longum ssp. 

longum. 

Analysis of the 16S-rDNA sequence can give satisfactory results for practical purposes at species 

level (here B. longum), however further intraspecies identification may require clustering based on 

multiple sequences (MLST) or whole genomes (dDDH). 
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