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Abstract

Independent studies have indicated that the microbiological composition of several commercial probiotic products does not correspond to the
product label information. The present study set out to investigate to what extent these problems may be due to the use of misidentified cultures at
the onset of production. For this purpose, 213 cultures of lactic acid bacteria (LAB) and propionibacteria intended for probiotic or nutritional use
were collected from 26 manufacturers of probiotic products, three international culture collections and one research institute. The accuracy of the
taxonomic identity provided by the strain depositor was assessed through a polyphasic approach based on validated and standardized identification
methods including fluorescent amplified fragment length polymorphism (FAFLP) and repetitive DNA element (rep)-PCR fingerprinting, protein
profiling and partial 16S rDNA sequencing. The majority of the cultures were received as members of the genera Lactobacillus (57%) and
Bifidobacterium (22%); however, propionibacteria, enterococci, Lactococcus lactis (subsp. lactis), Streptococcus thermophilus and pediococci
were also obtained. Upon reidentification, 46 cases of misidentification at the genus level (n = 19) or species level (n = 27) were recorded,
including 34 commercial probiotic cultures deposited by 10 different companies. The finding that more than 28% of the commercial cultures
intended for human and/or animal probiotic use were misidentified at the genus or species level suggests that many cases of probiotic product
mislabeling originate from the incorporation of incorrectly identified strains. A large number of these discrepancies could be related to the use of
methods with limited taxonomic resolution (e.g., API strips) or that are unsuitable for reliable identification up to species level (e.g., pulsed-field
gel electrophoresis and randomly amplified polymorphic DNA analysis). The current study has again highlighted that reliable identification of
LAB and propionibacteria requires molecular methods with a high taxonomic resolution that are linked to up-to-date identification libraries.
© 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

The application of microorganisms as probiotics for healthy
humans and specific patient groups has gained considerable
interest amongst microbiologists, nutritionists and clinicians
worldwide. In parallel with the growing number of probiotic
applications ranging from food supplements to biotherapeu-
tics, the biodiversity of strains exhibiting potentially probiotic
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functionalities has increased remarkably in recent years. The
large majority of commercial probiotic products contain one
or multiple strains of lactic acid bacteria (LAB) primarily be-
longing to the genera Lactobacillus, Bifidobacterium, Lacto-
coccus, Pediococcus, Enterococcus and Streptococcus. In addi-
tion, other bacterial taxa such as Propionibacterium spp., Bacil-
lus spp. and Escherichia coli and the yeast “Saccharomyces
boulardii” (nom. inval.) have also been used in probiotic prod-
ucts [14,17,21].

The selection and evaluation of potential probiotic candi-
dates is a multistep process focusing on functional, safety and
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technological aspects [30,32]. However, because most LAB are
generally considered to have a long history of safe use, the
safety assessment of probiotics for human use has long been
ignored or considered irrelevant. Fortunately, there is a grow-
ing awareness that the correct identification of a probiotic strain
is one of the first prerequisites documenting its microbiolog-
ical safety. Given the complex and challenging process from
strain selection to product development, taxonomic characteri-
zation of probiotic cultures ideally needs to be conducted be-
fore production (i.e., by analyzing pure cultures) as well as
after production (i.e., by analyzing the products). In practice,
however, studies that have assessed the identity of probiotic
strains mainly relied on isolates recovered from commercial
products and only rarely included the original probiotic cul-
tures. Several of these surveys have revealed deficiencies in
the microbiological quality and labeling of probiotic products
[8,9,15,18,34,35,46]. From the taxonomic point of view, the
reported discrepancies can be categorized according two main
scenarios: (i) the product contains the correct number of species
mentioned on the label but the identity of the detected species
does not match with those indicated; or (ii) the product contains
additional or fewer species than indicated on the label and the
identity of the detected species does not necessarily match with
the species designations mentioned. Clearly, these deficiencies
can have public health implications, e.g., by undermining the
efficacy of probiotic products and by affecting public confi-
dence in functional foods [12,13]. However, at present, little
is known about the possible causes leading to incorrect label-
ing of probiotic products or at which stages of the production
process deficiencies are introduced.

In the framework of the EU-funded project PROSAFE deal-
ing with the biosafety of LAB for human use, we established
a collection of 213 bacterial cultures intended for probiotic or
nutritional use which were deposited by 26 manufacturers of
commercial probiotic products, three international culture col-
lections and one research institute. The present study set out to
assess the accuracy of the taxonomic identity provided by the
depositor of the commercial or research strains by reidentifying
the strains using a polyphasic approach based on validated and
standardized identification methods. In this way, it could be de-
termined in which bacterial taxa and at what taxonomic level
(genus or species) misidentifications primarily occurred. Based
on information provided by strain depositors through question-
naires, certain misidentifications could be correlated with the
identification method used by the depositors.

2. Materials and methods
2.1. Strain collection

A total of 54 companies involved in the worldwide pro-
duction and/or distribution of probiotics were contacted and
requested to submit strains to the PROSAFE project. Among
these, the following 26 companies responded positively and
provided strains: Anidral-Probiotical (Italy), Arla Foods (Swe-
den), BioGaia Biologics (Sweden), Centro Sperimentale del
Latte (Italy), Cerbios Pharma (Switzerland), Chr. Hansen

(Denmark), CSK Food Enrichment (The Netherlands), Cul-
tech Agriculture Limited (currently known as Cultech Ltd;
UK), Danisco (Denmark), Danone Vitapole (France), Degussa
Biosystems (Germany), DSM Food Specialities (Australia),
Essum AB/Norrmejerier (Sweden), Friesland Coberco Re-
search (The Netherlands), Gewiirzmiiller (Germany), Kerry
Bio-Science (The Netherlands), Lallemand-Institut Rosell (Ca-
nada), Morinaga Milk Industry (Japan), Natren Inc. (USA), Nu-
mico Research (The Netherlands), Probi AB (one of the strains
currently owned by Celac Sweden AB; Sweden), Rhodia Food
(currently owned by Danisco; USA), Sacco SRL (Italy), Sym-
bio Herborn Group (Germany), Techno High Technology (Bel-
gium) and Veneto Agricoltura (Italy). In addition, probiotic and
nutritional strains were also obtained from three international
culture collections, i.e., BCCM™/LMG Bacteria Collection,
Belgium (http://bcecm.belspo.be/db/Img_search_form.php), Cul-
ture Collection University of Goteborg, Sweden (http://www.
ccug.se) and German Collection of Microorganisms and Cell
Cultures, Germany (http://www.dsmz.de), and from the VIT
Technical Research Center, Finland (http://www.vtt.fi). De-
scriptive and other relevant information on 213 strains was
collected from the 30 depositors via a questionnaire [38]. This
information enabled us to classify the strains included into
three categories: probiotic strains (i.e., those that are effectively
used in probiotic products; n = 121), research strains (i.e.,
under investigation as probiotic candidates; n = 57); and nutri-
tional strains (i.e., used in food products as functional and/or
starter cultures without a specific probiotic claim; n = 35)
categories. Most strains were originally isolated in Italy, The
Netherlands, the USA, France, Canada, Germany and Swe-
den [38].

Depending on the genus designation received from the de-
positor, cultures were recovered on MRS agar or in MRS broth
(Oxoid CM361) and incubated aerobically or anaerobically at
28 or 37 °C for 1-4 days. Following purity check, cultures were
stored on cryobeads at —80 °C using the Microbank (Pro-lab)
system.

2.2. Polyphasic identification strategy

Based on taxonomic resolution at the species level, speed
of performance and availability of an identification library, one
specific method was chosen as the identification technique of
first choice for each of the genera included in this study (Ta-
ble 1). Taxonomic frameworks on which identification libraries
for LAB are based were previously constructed for AFLP [10],
(GTG)5-PCR [11] and BOX-PCR [19] fingerprinting and for
protein profiling [28].

Fluorescent amplified fragment length polymorphism
(FAFLP) analysis was used as the first choice method for iden-
tification of enterococci, lactobacilli and lactococci, whereas
repetitive DNA element (rep)-PCR fingerprinting was used as
the first identification method for cultures received as mem-
bers of Bifidobacterium and Pediococcus. For both methods,
microscale DNA extraction was based on the method of Gevers
and co-workers [11] or Pitcher and co-workers [27] with slight
modifications [19]. FAFLP analysis was carried out essentially
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Table 1
Identification methods used in this study

Genus or species

Identification method used

First choice

Optional

Bifidobacterium BOX-PCR
Enterococcus FAFLP
Lactobacillus FAFLP

Lc. lactis FAFLP
Pediococcus (GTG)5-PCR

Propionibacterium

Streptococcus thermophilus Protein profiling

Partial 16S rDNA sequencing

Genus-specific PCR, protein profiling
Protein profiling, (GTG)5-PCR
Protein profiling, (GTG)5-PCR
Protein profiling, (GTG)5-PCR
Protein profiling

(GTG)5-PCR

(GTG)5-PCR

as previously described [36] with slight modifications [20]. rep-
PCR fingerprinting using the (GTG)s primer (5'-GTGGTG-
GTGGTGGTG-3") ((GTG)s-PCR) and/or the BOXAIR primer
(5’-CTACGGCAAGGCGACGCTGACG-3") (BOX-PCR) was
performed as described previously [43] with modifications [11,
19]. Numerical analysis of rep-PCR and FAFLP data, including
comparison with laboratory-based identification libraries, was
performed with BioNumerics V4.1 software (Applied Maths).
Similarities among digitized profiles were calculated using the
Pearson product-moment correlation coefficient and the band-
based Dice coefficient, respectively, and an average linkage
(UPGMA) dendrogram was derived from the profiles.

Partial 16S rDNA sequence analysis was used as the first
choice method for the identification of propionibacteria. Ge-
nomic DNA was prepared as previously described [25]. 16S
rRNA genes were amplified by PCR using the primers 16F27
(5-AGAGTTTGATCCTGGCTCAG-3) and 16R1522 (5'-AA-
GGAGGTGATCCAGCCGCA-3') targeting positions 8—27 and
1541-1522 according to Escherichia coli 16S rRNA gene
sequence numbering, respectively. PCR amplified 16S rD-
NAs were purified using the NucleoFast® 96 PCR Clean-up
Kit (Macherey-Nagel, Diiren, Germany). Sequencing reactions
were performed using the BigDye® Terminator Cycle Sequenc-
ing Kit (Applied Biosystems, Foster City, CA, USA) and puri-
fied using the Montage™ SEQgg Sequencing Reaction Cleanup
Kit (Millipore, Bedford, MA, USA). The following sequencing
primers were used: 16F358 (5'-CTCCTACGGGAGGCAGC-
AGT-3’; position 339-358), 16R339 (5'-ACTGCTGCCTCCC-
GTAGGAG-3’; position 358-339) and 16R519 (5'-GTATTAC-
CGCGGCTGCTG-3’; 536-519). Sequencing was performed
using an ABI Prism® 3100 Genetic Analyzer (Applied Biosys-
tems, Foster City, CA, USA). Sequences were assembled using
the program AutoAssembler™ (Applied Biosystems, Foster
City, CA, USA) and blasted into the international nucleotide
sequence library EMBL. For identification of streptococci,
one-dimensional sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS—PAGE) of whole-cell proteins was cho-
sen as the method of first choice. Preparation of cell extracts
and protein gel electrophoresis were carried out as previously
described [28]. Normalized and digitized protein patterns were
numerically analyzed and clustered with reference profiles of
LAB type and reference strains stored in a user-generated labo-
ratory database.

In cases in which the identification result obtained with the
first choice method was difficult to interpret or where there

was no agreement with the original species identity provided
by the depositor, one or more additional methods were ap-
plied (Table 1). Cultures received as Bifidobacterium that could
not be readily identified by BOX-PCR were first subjected to
a genus-specific PCR assay with primers Im26 (5'-GATTCT-
GGCTCAGGATGAACG-3') and Im3 (5-CGGGTGCTICCC-
ACTTTCATG-3') as previously described [16]. Cultures that
were excluded from this genus based on a negative PCR re-
sult were then analyzed by protein profiling. Likewise, cultures
deposited as members of Enterococcus, Lactococcus, Propioni-
bacterium and Streptococcus that appeared to be misidentified
at the genus level were subsequently subjected to (GTG);5-PCR
and/or protein profiling.

3. Results

3.1. Species diversity of commercial and research
cultures with confirmed identities

Most of the 213 bacterial cultures received in this study was
deposited as members of the genera Lactobacillus (n = 122;
57%) and Bifidobacterium (n = 48; 22%) (Table 2). The
remaining consisted of strains received as propionibacteria
(n = 12), enterococci (n = 11), Lactococcus lactis (subsp. lac-
tis) (n = 10), Streptococcus thermophilus (n = 6) and pedio-
cocci (n = 4). Based on results of polyphasic identification
strategy, Table 3 provides an overview of the taxonomic di-
versity of the 159 probiotic, nutritional and research cultures of
which the original species identity was confirmed. The species
that were by far most frequently deposited included Lacto-
bacillus paracasei (15 depositors), Lactobacillus acidophilus
(11 depositors), Lactobacillus rhamnosus (10 depositors) and
Lactobacillus plantarum (9 depositors).

3.2. Identity confirmation at the genus level

Upon reidentification of the 213 cultures, it was found that
194 strains (91%) belonged to the correct genus. Proportionally,
the accuracy of the original genus designations of the nutri-
tional (100%) and research (95%) strains was somewhat higher
in comparison with the probiotic category, in which 87 % were
correctly identified at the genus level (Table 2). The 19 strains
that were misidentified at the genus level originated from five
different depositors. Remarkably, most of these strains (n = 12)
were received from a single company and all belonged to the
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Table 2

Identity confirmation rates at genus and species level for 213 probiotic, nutritional or research cultures

Confirmation at the species level

(%)°

Confirmed at the genus level and

species name supplied

(%)°

Confirmation at the genus level

(%)*

Number of strains investigated

Genus/species

(number of different depositors)

(as received from

depositor)

Total

P

Total
36
10

Total

P

Total

29 (80)
9 (90)

19 10

14
10
72
1

2

1

4

43 (90)
10 91)

26

14
10
72
1

3
1

19(10) 33 26 (3) 48 (14)
11 (6)
4

72 (19)
4

Bifidobacterium

11 (6)

Enterococcus

103 (84)
7 (100)
3(100)
4 (100)
4 (100)

24 122 59 23 21
159

26

122 (100)
7 (70)

24(5) 122 (25) 26 24
10 4)
4(2)

26 (11)

6(2)

Lactobacillus
Lec. lactis

4 (100)
4(33)
4(67)
194

1)
6 (1)

3(1)
6 (1)

6 (6)

Pediococcus

3

122)
6 (6)
213

Propionibacterium
S. thermophilus

Total
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35(100) 47(87) 186(96) 86(83) 31(88) 42(89)

104 (99)

57 105 (87)  35(100) 54 (95)
4

35

121

(85)

oD

(30)

an

(24)
N, nutritional strains; P, probiotic strains; R, research strains.

4 Percentage of investigated strains of which the genus name supplied by the depositor was confirmed.

b Percentage of strains with confirmed genus name of which also the species name was supplied by the depositor.

¢ Percentage of strains with confirmed genus name and specified species name of which the species name was confirmed.

probiotic strain category. None of the 126 strains originally
received as members of Lactobacillus or Pediococcus were
misidentified at the genus level. Strikingly, eight of the 12 pre-
sumptive Propionibacterium strains representing both probiotic
and research categories were in fact identified as Lb. plantarum
(n = 5) or Pediococcus acidilactici (n = 3) (Table 4). Five
probiotic strains previously assigned to the genus Bifidobac-
terium but that scored negative in the genus-specific PCR test
were reidentified as lactobacilli (n = 4) or as Enterococcus fae-
cium (n = 1) using protein profiling. Three other strains of
the probiotic category received as Lc. lactis subsp. lactis were
misidentified and in fact belonged to Pc. acidilactici based on
FAFLP fingerprinting and protein profiling, whereas two probi-
otic S. thermophilus strains were reassigned to Pc. acidilactici
or Lb. rhamnosus on the basis of protein profiling and (GTG)s-
PCR results.

3.3. Identity confirmation at the species level

Of the 194 cultures with confirmed genus identity, 186
(96%) were received with a species designation from the depos-
itor (Table 2). For 159 out of the 186 strains (85%), the species
name as supplied by the depositor was confirmed. Taking all
strain categories into consideration, confirmation levels of the
species identity varied from 83% (probiotic strains) to 89% (re-
search strains). The 27 strains with confirmed genus identity
but unconfirmed species identity originated from 13 different
depositors. Most of these depositors accounted for 1-3 cases of
misidentification at the species level except for one company,
of which eight of the 16 deposited strains (including six pro-
biotic cultures) were incorrectly identified at the species level.
All cases of misidentification at the species level were situated
in the genera Lactobacillus (n = 19), Bifidobacterium (n =7)
and Enterococcus (n = 1) (Table 4).

4. Discussion

To our knowledge, this is the first systematic survey that
aimed to assess the accuracy of the species identity of com-
mercial bacterial cultures intended for probiotic or nutritional
use collected directly from the producer or distributor. Using
a polyphasic identification approach, a total of 46 cases of
misidentification were revealed at the genus level (n = 19) or at
the species level (n = 27). Proportionally, the probiotic strain
category included more strains with incorrect species desig-
nations (28.1%) than did the nutritional (11.4%) and research
(14.0%) strains. The fact that the 34 misidentified strains in the
probiotic category were deposited by 10 out of the 26 partici-
pating companies illustrates that inaccurate species identity of
commercial bacterial cultures is a widespread problem in pro-
biotic production. It is noteworthy that 18 of the 34 probiotic
cultures with inaccurate species designations (52.9%) were de-
posited by only two companies.

Several lines of evidence suggest that most cases of misiden-
tification stem from the use of inappropriate methods. Five
depositors reported that species identification of a total of 27
strains was solely based on the use of API 50 CH and/or API 20
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Table 3
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Taxonomic diversity of 159 deposited probiotic, nutritional and research cultures with confirmed species identity

Identification obtained Number

Distribution per strain category

Number of

in this study? of strains

Probiotic?

depositors

Nutritional Research

P PH

PA

PHA nq

—

DDA I WRAEURDNDII -~

B. animalis subsp. lactis 4
B. bifidum

B. breve

B. longum biotype infantis

B. longum biotype longum

E. faecalis

E. faecium

Lb. acidophilus

Lb. casei (zeae)

Lb. curvatus

Lb. delbrueckii subsp. bulgaricus
Lb. fermentum

Lb. helveticus

Lb. johnsonii

Lb. paracasei

Lb. plantarum

Lb. reuteri

w BN 00 W A —= NN

)
[\S}
(NS}
—_
Q. N )

Lb. rhamnosus

Lb. sakei

Lb. salivarius

Lc. lactis subsp. lactis
Pc. acidilactici

Pb. avidum

S. thermophilus

— —
O S N NN AR BN SN |
[

(3]

3

~

w

[\
(9]
—_
N O NN = NN W= W= NN W=

N = =
W
—_
[e=]

—_
—_
R NG I U I Ny

1

B., Bifidobacterium, E., Enterococcus; Lb., Lactobacillus; Lc., Lactococcus; Pb., Propionibacterium, Pc., Pediococcus; S., Streptococcus.
4 In addition to the species mentioned in the table, single strains with confirmed identity were deposited of the following species: Lb. brevis, Lb. buchneri,
Lb. gasseri, Pc. pentosaceus, Pc. freudenreichii (all categorized as probiotic strains), Lb. crispatus (categorized as a research strain) and Lb. paraplantarum (cate-

gorized as a nutritional strain).

b Based on questionnaires received from the original depositors, probiotic strains were further categorized in the following subgroups: P, probiotic strain without
specified use; PH, probiotic strain for human use; PA, probiotic strain for animal use; PHA, probiotic strain for human and animal use; nq, probiotic strain for which

no questionnaire was received.

STREP carbohydrate fermentation strips. Among these, eight
strains were incorrectly identified at the genus or species level
(Table 4). In line with the recent study of Boyd and co-workers
[2], these findings suggest that the use of API strips can lead
to major misidentifications of LAB and Propionibacterium iso-
lates up to the genus level. Molecular methods such as protein
profiling, DNA fingerprinting and 16S rDNA sequencing are
generally regarded as more powerful for reliably identifying
LAB [17,33,41] and can be used in combination with bio-
chemical characterization, but also here the choice of method
is crucial. For instance, one of the depositors combined the use
of API systems with pulsed-field gel electrophoresis (PFGE)
of macrorestriction fragments and/or randomly amplified poly-
morphic DNA (RAPD) fingerprinting. Using this approach, six
strains of the probiotic category were assigned to an incorrect
genus (Table 4). While PFGE is a highly suited typing method
for the differentiation of probiotic LAB at the strain level [45],
its discriminatory potential generally is considered too high
for species identification [17]. RAPD analysis, on the other
hand, has mainly been used for typing and characterization of
probiotic LAB strains [4,29] but holds only limited potential
for long-term identification purposes due to low interassay re-
producibility and standardization [22,26]. The combination of
biochemical systems with molecular typing techniques such as

PFGE and RAPD may thus be particularly useful for identifica-
tion of probiotic LAB at the strain level, but not at the genus
or species level. The DNA fingerprinting methods that were
employed in this study, i.e., AFLP and rep-PCR, have been thor-
oughly validated for reproducible species identification of even
closely related LAB [10,11,19]. The success of these methods
strongly depends on the composition of their databases and, as
in the case of non-LAB such as propionibacteria, they may need
to be combined with universal 16S rDNA sequencing analysis
which enables positioning any given probiotic strain in a spe-
cific genus or species. On the other hand, the use of 16S rDNA
sequences does not reveal relationships at the intraspecific level
and fails to reliably separate certain pairs of closely related taxa
of bifidobacteria and lactobacilli [23,37].

At the species level, misidentifications were mostly situ-
ated in the taxonomically complex genera Lactobacillus and
Bifidobacterium. The 19 strains of Lactobacillus that were de-
posited with an incorrect species designation mainly belonged
to the Lb. acidophilus group, the Lb. casei group and the
Lb. plantarum group (Table 4). Within the Lb. acidophilus
group, strains of Lb. acidophilus sensu strictu, Lb. johnsonii,
Lb. gasseri, Lb. crispatus and the phylogenetically related
Lb. helveticus are being used as probiotics (Table 3). Some of
these species are difficult to separate using phenotypic methods



Table 4

Detailed description of misidentification cases at the genus and species level among probiotic, nutritional or research cultures

Taxon name as received Identification techniques Taxon name obtained Identification methods Distribution over Number of

from depositor used by depositor? in this study used in this study? strain categories depositors

P N

Misidentifications at genus level
B. adolescentis S-S PCR Lb. plantarum BOX-PCR, G-S PCR, SDS-PAGE 1 1
B. animalis ns Lb. plantarum BOX-PCR, G-S PCR, SDS-PAGE 1 1
B. bifidum PHENO, DNA FP Lb. plantarum BOX-PCR, G-S PCR, SDS-PAGE 1 1
B. breve SS PCR Lb. rhamnosus BOX-PCR, G-S PCR, SDS-PAGE 1 1
B. infantis PHENO, DNA FP E. faecium BOX-PCR, G-S PCR, SDS-PAGE 1 1
E. faecium DNA FP Lb. plantarum FAFLP, SDS-PAGE, (GTG);5-PCR 1 1
Lc. lactis subsp. lactis PHENO, DNA FP Pc. acidilactici FAFLP, SDS-PAGE 3 1
Pb. acidipropionici PHENO Pc. acidilactici 16S rDNA, (GTG)5-PCR 2 1
Pb. acidipropionici PHENO, DNA FP Lb. plantarum 16S rDNA, (GTG)5-PCR 1 2
Pb. freudenreichii PHENO Pc. acidilactici 16S rDNA, (GTG)5-PCR 1 1
Pb. freudenreichii ns Lb. plantarum 16S rDNA, (GTG)5-PCR 1
Pb. jensenii ns Lb. plantarum 16S rDNA, (GTG)5-PCR 1
Propionibacterium sp. ns Lb. plantarum 16S rDNA, (GTG)5-PCR 1 1
S. thermophilus PHENO, DNA FP Pc. acidilactici SDS-PAGE, (GTG)s5-PCR 1 1
S. thermophilus PHENO Lb. rhamnosus SDS-PAGE, (GTG)5-PCR 1 1

Misidentifications at species level
B. bifidum PHENO, 16S rDNA B. animalis subsp. lactis BOX-PCR, AFLP 2 3
B. breve S-S PCR B. animalis subsp. lactis BOX-PCR 1 1
B. infantis S-S PCR B. animalis subsp. lactis BOX-PCR 1 1
B. infantis 16S rDNA B. longum bt. longumb BOX-PCR 1
B. longum PHENO B. animalis subsp. lactis BOX-PCR 1 1
E. faecium PHENO, 16S rDNA E. faecalis FAFLP, SDS-PAGE, (GTG)s5-PCR 1 1
Lb. acidophilus PHENO, DNA FP Lb. delbrueckii subsp. bulgaricus FAFLP, (GTG);5-PCR 1 1
Lb. acidophilus PHENO Lb. gasseri FAFLP, SDS-PAGE, (GTG)5-PCR 2 2
Lb. acidophilus PHENO, DNA FP, 16S rDNA Lb. helveticus FAFLP, (GTG);5-PCR 2 2
Lb. acidophilus PHENO Lb. johnsonii FAFLP, (GTG)5-PCR 1 1
Lb. acidophilus ARDRA Lb. paracasei FAFLP, (GTG)5-PCR 1 1
Lb. bulgaricus® 16S rDNA Lb. helveticus FAFLP, SDS-PAGE, (GTG)5-PCR 1 1
Lb. casei subsp. rhamnosusd ns Lb. plantarum FAFLP, SDS-PAGE 1 1
Lb. delbrueckii subsp. bulgaricus PHENO, DNA FP, ARDRA Lb. plantarum FAFLP, SDS-PAGE, (GTG)s-PCR 1 1
Lb. paracasei PHENO Lb. rhamnosus FAFLP, SDS-PAGE 1
Lb. plantarum DNA FP, S-S PCR Lb. crispatus FAFLP, SDS-PAGE 1
Lb. plantarum DNA FP, S-S PCR Lb. pentosus FAFLP, (GTG)5-PCR 4 1
Lb. rhamnosus 16S rDNA Lb. paracasei FAFLP, (GTG)5-PCR 1 1 2

B., Bifidobacterium; E., Enterococcus; Lb., Lactobacillus; Lc., Lactococcus; Pb., Propionibacterium; Pc., Pediococcus; S., Streptococcus. N, nutritional strains; P, probiotic strains; R, research strains.

4 16S rDNA, partial or complete 16S rDNA sequencing; ARDRA, amplified ribosomal DNA restriction analysis; BOX-PCR, rep-PCR method targeting the BOX element; DNA FP, DNA fingerprinting methods
including RAPD (randomly amplified polymorphic DNA), ITS (internally transcribed spacer)-PCR, PFGE (pulsed-field gel electrophoresis), REP (repetitive extragenic palindromic)-PCR; FAFLP, fluorescent
amplified fragment length polymorphism analysis; G-S PCR, genus-specific PCR assay for bifidobacteria [16]; (GTG)5-PCR, rep-PCR method targetting the (GTG)5 element; ns, identification method was not
specified by depositor; PHENO, phenotypic characterization including API 50 CH and API 20 STREP systems and conventional biochemical tests; SDS—-PAGE, protein profiling using sodium dodecyl sulfate—
polyacrylamide gel electrophoresis; S-S PCR, species-specific PCR assay.

b Based on the proposal of Sakata and co-workers [31] to classify Lb. infantis as a biotype (bt.) of Lb. longum, this should be considered as a case of misidentification beyond species level.

€ Lb. bulgaricus is a basonym of Lb. delbrueckii subsp. bulgaricus [44].
4 Lb. casei subsp. rhamnosus is a basonym of Lb. rhamnosus [5].
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alone [10,17], and a reliable differentiation among members
of this group only seems possible with genomic fingerprinting
methods such as AFLP and RAPD [10], ARDRA [40], (GTG)5-
PCR [11] and tDNA intergenic spacer PCR [1] or on the basis
of partial 16S rDNA sequence analysis [46]. In the Lb. ca-
sei group, the controversial nomenclatural status of the species
Lb. casei and Lb. paracasei and their affiliation with other mem-
bers Lb. rhamnosus and Lb. zeae largely complicate the correct
identification of probiotic strains belonging to this group [17].
Depending on conflicting taxonomic opinions about whether to
reject [7] or to retain [6] the species name Lb. paracasei, it
is thus possible that the same probiotic strain is named either
Lb. casei or Lb. paracasei. On the other hand, the finding that
some Lb. rhamnosus strains were referred to as Lb. paracasei
or vice-versa (Table 4) are genuine cases of misidentification
based on a previous nomenclatural change [5]. Likewise, dif-
ferentiation of Lb. plantarum, Lb. pentosus and Lb. paraplan-
tarum has proven to be problematic with phenotypic methods
and on the basis of 16S rDNA sequences [37]. Along with
FAFLP and (GTG)5-PCR fingerprinting, partial recA sequenc-
ing has also been recommended for unambiguous identification
of these taxa [37]. Most of the seven bifidobacterial strains as-
signed to an incorrect species were reidentified as B. animalis
subsp. lactis (Table 4), which cannot be reliably differentiated
from B. animalis subsp. animalis on the basis of 16S rDNA
sequences [3]. Instead, other methods such as BOX-PCR and
AFLP fingerprinting, SDS-PAGE of whole-cell proteins and
partial sequencing of the housekeeping genes fuf, recA, atpD
and groEL are recommended to discriminate between the two
taxa [20,42]. The taxonomic positioning of probiotic B. longum
strains has recently changed due to the definition of three bio-
types in the latter species [31]. Reliable separation of biotypes
longum and infantis is not possible based on 16S rDNA se-
quencing [23], which may explain why one probiotic research
strain of B. longum biotype longum was initially identified as B.
infantis (now B. longum biotype infantis) based on 16S rDNA
sequencing (Table 4). However, there are several other molec-
ular methods that enable discrimination between the three bio-
types in B. longum including ribotyping, RAPD, BOX-PCR and
partial fuf sequencing [19,31,39].

Based on the finding that more than 28% of commercial cul-
tures intended for probiotic use were misidentified at the genus
or species level, it is reasonable to assume that deficiencies
in the microbiological quality and label correctness of probi-
otic products reported by several authors [8,9,15,18,34,35,46]
may be largely due to the incorporation of incorrectly identi-
fied bacterial cultures. The present study has highlighted the
fact that many of the observed discrepancies result from the
use of methods with limited taxonomic resolution (e.g., API
strips) or which are unsuitable for reliable identification up to
the species level (e.g., PFGE and RAPD analysis). In our hands,
species identities of LAB and propionibacterial cultures are best
obtained by the use of pattern- and/or sequence-based mole-
cular methods, provided that reproducibility, taxonomic reso-
Iution and availability of validated and updated identification
databases are guaranteed. Based on these criteria, 16S rDNA
sequencing analysis may be universally regarded as the best

tool for the taxonomic positioning of probiotic cultures. How-
ever, it should be kept in mind that 16S rDNA sequences have
a limited resolution for the discrimination of several closely
related LAB species used in probiotic production. In this re-
gard, first results obtained with partial sequencing of alterna-
tive taxonomic marker genes with a higher resolving capacity,
such as fuf and pheS, show great promise for rapid and reli-
able sequence-dependent identification of probiotic bifidobac-
teria and lactobacilli [24,39].
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