Arch Microbiol (2017) 199:683-690
DOI 10.1007/s00203-017-1346-5

@ CrossMark

ORIGINAL PAPER

The Lactobacillus rhamnosus and Lactobacillus fermentum strains
from human biotopes characterized with MLST and toxin-

antitoxin gene polymorphism

E. U. Poluektova' - R. A. Yunes'? - M. V. Epiphanova’ - V. S. Orlova? -

V. N. Danilenko!

Received: 28 May 2016 / Revised: 17 January 2017 / Accepted: 20 January 2017 / Published online: 17 February 2017

© Springer-Verlag Berlin Heidelberg 2017

Abstract The diversity of Lb. rhamnosus and Lb. fer-
mentum strains isolated from feces, saliva, and the vaginal
cavity of 18-22-year-old healthy women residing in central
regions of the Russian Federation has been characterized.
The results obtained using multilocus sequence typing were
identical to those obtained with the analysis of genetic and
genomic polymorphism in TA systems. Different as well as
identical Lb. rhamnosus and Lb. fermentum sequence types
(ST) were isolated from various parts of the body of the
same person. Identical ST were also isolated from different
women, suggesting that such strains belong to a common
pool of strains circulating among the population members.
Our results demonstrate that TAs are suitable for charac-
terizing intra-specific diversity of Lb. rhamnosus and Lb.
fermentum strains. The advantage of using polymorphisms
in TA systems for genotyping is based on the weak number
of genes used, and consequently, less time is required for
the analysis.
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Introduction

Many cavities of the human body are inhabited (to various
extent) by bacteria (Faust et al. 2012). The most densely
populated and well studied are the gut, oral, and vaginal
microbiota. The number of microbial cells living on and
inside the human body is approximately 10'%-10'° belong-
ing to thousands of bacterial species; the overwhelming
majority of bacteria cannot be cultivated (Qin et al. 2010).
Lactobacilli are cultured bacteria that play a crucial role
in human health. Despite the fact that they constitute only
a small proportion of the overall human microbiota, they
are found in almost all parts of the body and are often the
dominant species in the vagina (Turroni et al. 2013; Kas-
saa et al. 2015). More than 50 out of 217 known species
of lactobacilli were isolated from the human body (Wall
et al. 2007; Rossi et al. 2016). The diversity of strains colo-
nizing different biotopes of the same individual is poorly
studied. For species identification of lactobacilli, nucleotide
sequence of 16S rRNA gene is usually analyzed (Janda and
Abbott 2007). A number of methods are used for deter-
mining the intra-species diversity of bacteria (Gosiewski
et al. 2012; Herbel et al. 2013); nevertheless, no universal
approach is employed today.

Multilocus sequence typing (MLST) based on sequenc-
ing of a small number (>7) of housekeeping genes that are
under control of stabilizing selection is the most standard-
ized method for intra-species strains typing. The method is
easy and inexpensive, and provides the ability to compare
and exchange data between laboratories (Maiden 2006).
MLST was used in many studies for typing lactic acid bac-
teria, including lactobacilli (De las Rivas et al. 2006; Cai
et al. 2007; Dan et al. 2015).

Type 1I toxin—antitoxin (TA) systems are found in the
genomes of almost all bacteria and constitute a part of
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bacterial cells’ regulatory networks. They are typically
organized in two-component operons encoding a stable
toxin and an unstable antitoxin. When transcription or
translation is inhibited as a result of stress, the toxin (usu-
ally a ribonuclease) degrades the antitoxin leading to bacte-
rial persistence or cell death. TA systems are involved in
essential cellular processes like replication, gene expres-
sion, cell wall synthesis, maintenance of chromosomal sta-
bility, programmed cell death, biofilm formation, quorum
sensing, pathogenicity, tolerance, and persistence (Wen
et al. 2014). We have previously shown that polymorphism
in TA systems is strain-specific and can be used for geno-
typing various microorganisms (Alekseeva et al. 2011;
Zaychikova et al. 2015).

The aim of this study was to characterize the diversity
of Lactobacillus strains isolated from feces, saliva, and
vaginal cavity of 18-22-year-old healthy women, residents
of the central regions of the Russian Federation. A com-
bination of MLST and a method based on the genetic and
genomic polymorphism in TA systems was used for strain
differentiation.

Materials and methods
Bacterial strains and growth conditions

Lactobacillus strains were isolated at the Department of
Microbiology, Virology and Immunology of Tver State
Medical Academy (Supplementary Table S1) from feces,
saliva, and vaginal mucus of 13 healthy women residing
in the central region of the Russian Federation; a written
informed consent of volunteers was obtained prior to study.
The volunteers took no probiotic treatment or antibiotic
treatment for at least 3 months before examination. Bac-
teria were cultured in Man—Rogosa—Sharp broth and agar
(MRS, HiMedia, India) (De Man et al. 1960) at 37 °C in
anaerobic conditions (HiAnaerobic System Mark II, HiMe-
dia) for 24-48 h.

DNA techniques

Genomic DNA was extracted from Lactobacillus cells
with DNeasy Blood and Tissue Kit (Qiagen, Germany).
DNA amplification was performed with Tersus PCR kit
(Evrogen, Russia). Information about primers used for
MLST and TA analyses is listed in Tables 2, 3, 4, and 6.
16S rRNA genes were amplified and sequenced using uni-
versal primers 27F and 1492R (Lane 1991). PCR products
were resolved by electrophoresis in 1% agarose gel in TBE
buffer, and purified using QIAquick PCR kit (Qiagen).
Both DNA strands were Sanger-sequenced on a 3730xl
DNA analyzer (Applied Biosystems, USA) at the Scientific
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Research Institute of Physical-Chemical Medicine (Mos-
cow, Russian Federation). Species identification of strains
was determined by aligning 16S rRNA gene sequence of
a particular strain using BLASTn with corresponding
sequences from GenBank.

Multilocus sequence typing

Nucleotide sequences of housekeeping genes parB, ychF,
leus, ileS, recG, pyrG, and recA were used for typing Lb.
rhamnosus strains; nucleotide sequences of genes parB,
ychF, pyrG, atpF, recA, ileS, recG, and leuS were used for
typing Lb. fermentum strains. Housekeeping genes were
selected according to the following criteria: they code for
proteins involved in basic metabolic processes, the genes
were represented as a single copy in all genomes, and their
nucleotide sequence was not less than 1 kb long (Cai et al.
2007). Primers were designed using sequenced genomes of
Lb. rhamnosus and Lb. fermentum (http://www.ncbi.nlm.
nih.gov/genbank/) (Tables 2, 3), and used to amplify the
DNA of the analyzed strains. PCR fragments were detected
by agarose gel electrophoresis, purified, Sanger-sequenced,
and aligned using ClustalW (Thompson et al. 1994). The
length of analyzed fragments was 307—716 bp. Each unique
nucleotide sequence was considered an allele of a particu-
lar gene and assigned a number. The combination of alleles
for each strain determined its sequence type (ST). The total
nucleotide sequence of gene fragments arranged in the
above-mentioned order (4151 bp for Lb. rhamnosus and
3560 bp for Lb. fermentum), was used for the construction
of phylogenetic trees of strains using MEGA v.5.2 (Tamura
et al. 2011) program. Nucleotide sequences of MLST
alleles are listed in Supplementary material S4-S5.

TA systems analysis

Primers (Table 4, 6) were designed to bind the flanking
regions of TA systems RelBE and MazEF (four in Lb.
rhamnosus and two in Lb. fermentum). PCR products were
electrophoresed, purified, and Sanger-sequenced. Alleles of
genes and combinations of alleles (TA types) were identi-
fied for each strain. Nucleotide sequences of TA alleles are
listed in Supplementary material S6-S7.

Results and discussion

Lactobacillus strains’ identification

Thirty-one Lactobacillus strains were isolated from feces,
saliva, and vaginal cavities of 13 women, and their bac-

terial species were identified (Table 1). The dominant
species in all three biotopes were Lb. rhamnosus and Lb.
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Table 1 General characteristics of Lactobacillus strains isolated
from three biotopes of the human body

fermentum. Moreover, Lb. salivarius and Lb. crispatus
were present in the vagina, Lb. casei, Lb. buchneri, Lb.

Lactobacillus species Source of isolation Total  johnsonii and Lb. gasseri in feces, and Lb. casei and Lb.
- - plantarum in the saliva. Lb. rhamnosus and Lb. fermen-
Vagina Feces Saliva . . ;

tum strains were often isolated from feces, saliva, and

Lb. rhamnosus 1 4 6 11 vagina upon cultivation on appropriate growth media

Lb. fermentum 3 3 4 10 (Pavlova et al. 2002; Alvarez-Olmos et al. 2004; Walter

Lb. casei 0 1 1 2 2008). In a review on the prevalence of fecal Lactobacil-

Lb. plantarum 0 0 1 1 lus populations in humans using 16S RNA method, the

Lb. buchneri 0 3 0 3 authors concluded that these strains are allochthonous

Lb. salivarius 1 0 0 1 members of the human microbiota (Walter 2008). How-

Lb. crispatus 2 0 0 2 ever, in a different study, where whole-genome sequenc-

Lb. johnsonii- 0 1 0 1 ing method of fecal samples was used, Lb. rhamnosus

Lb. gasseri and Lb. fermentum strains were classified as a stable
Total 7 12 13 31

Table 2 Genes and primers used for MLST of Lb. fermentum strains

community within the gut (Rossi et al. 2016).

Locus tag in the Genes Protein function Primers Primer sequences ~ Fragment Position on the Number Number of
genome of Lb. fer- size (bp) genome of Lb. fer- of alleles polymorphic
mentum IFO 3956 mentum IFO 3956 sites
LAF_RS00415 parB  Chromosome parti- Lf77_F ACCCCAATTTGA 519 101,727-102,245 3 10
tioning protein Lf77_R ACCGCTAC
TTGGCCTGA
AAGCTGACC
TT
LAF_RS00425 ychF  GTP-binding Lf79_F AGCTTAAGC 402 103,101-103,502 4 8
protein Lf79_R CGGTCTTAGAG
AAGTCGGAG
TGGATAATCCC
LAF_RS01150 pyrG  CTP synthetase Lf202_F CGCAGACAA 522 247,163-247,684 3 6
Lf202_R CGTCTTGTACA
CGGCACTAA
GATCCCATCAT
LAF_RS02505 atpF F1F0-ATPase B Lf437_F TGGTGACATGCT 382 518,903-519,284 4 6
subunit Lf437_R CTTCTACC
GGTCATCCGCAT
TCAATTGC
LAF_RS02960 recA  Recombinase A Lf5S11_F  TTGCTCTTGTCC 463 605,274-605,736 3 5
Lf5S11_R CAACCAGA
TTTTCGACGGCC
ATATCGAG
LAF_RS03435 ileS  Isoleucyl-tRNA Lf582_F  TTTGGTGCCTTT 357 684,892-685,248 3 2
synthase Lf582_R GCTAAGCG
TTGGTGGTCATC
CCTTCCAT
LAF_RS07070 recG  ATP-dependent Lf1241_F CCACTGATTTAA 307 1,429,363— 4 8
DNA helicase Lf1241 R CCGTGGCT 1,429,057
GTCGCGATCACG
TTTTGGTA
LAF_RS07645 leuS  Leucyl-tRNA Lf1354_ F TCACCGGTTGAC 589 1,532,147- 4 30
synthase Lf1354 R CTTTACGT 1,531,559
CACGGTTGGTAA
GTGATGGT
Total 3560 75
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Table 3 Genes and primers used for MLST of Lb. rhamnosus strains

Locus tag in the Genes Protein function Primers Primer sequences ~ Fragment Position on the Number Number of
genome of Lb. size (bp) genome of Lb. of alleles polymorphic
rhamnosus GG rhamnosus GG sites
LGG_RS01195 parB  ParB-like partition ~LrParB_LF  GTTGGATGA 333 248,110-248,442 5 18
protein LrParB_R AGCACAGGC
AT
GAAGCGCTC
ACCTAACTGAT
LGG_RS01210 ychF  GTP-binding LrYchF F GATGGTTGA 716 249,002-249,717 6 14
protein LrYchF_R AGTGCCGGA
TA
CACGCTCGA
AGTCTGAAT
GA
LGG_RS04085 leuS  Leucine-tRNALIi- LrLeuS_F ATAAGTTGCGTG 684 857,956-858,639 6 39
gase LrLeuS_R ACTGGGTC
CGACCGTCATTA
ATGGTGGT
LGG_RS06200 ileS  Isoleucine-tRNA LrlleS_.F  CGATTGTGCCGT 651 1,290,529- 5 22
ligase LrlleS_R CAACCATT 1,291,179
TAAACTGTTACC
GCTGCCTC
LGG_RS07975 recG  ATP-dependent LrRecG_F CAGGTAGGA 514 1,685,584~ 5 22
DNA helicase LrRecG_R  CAGGTTTATCG 1,685,071
ACCGGATCG
GCCACTTTA
AA
LGG_RS12185 pyrG  CTP synthase LrPyrG_F GTACAGCAATGT 667 2,614,086— 3 20
LrPyrG_R  CACAACCG 2,613,420
CCAGTAGTAACC
AGCATGCT
LGG_RS12625 recA  RecA recombinase LrRecA_F GCAGCTTATATT 586 2,702,656— 3 22
LrRecA_R  GACGCGGA 2,702,071
CCATAGTTGTAC
CATGAGCC
Total 4151 156

MLST of Lactobacillus rhamnosus and Lactobacillus
fermentum

MLST was performed to reveal intra-specific differences
for both dominant species—Lb. rhamnosus and Lb. fermen-
tum. Seven and eight housekeeping genes were selected
for Lb. rhamnosus and Lb. fermentum, respectively. The
number of alleles was 3—4 and 3-6. The total number of
polymorphic sites was 156 (Lb. rhamnosus) and 75 (Lb.
fermentum). The characteristics of genes are shown in
Tables 2 and 3. Lb. rhamnosus strains were divided into 7
ST and Lb. fermentum strains were divided into 5 ST (Sup-
plementary Tables S2-S3). The phylogenetic relationship
of strains based on MLST data is shown in Fig. 1.

Strains isolated from the same woman belonged, in most
cases, to different species. However, in six women, the
same Lactobacillus species were isolated from different
biotopes (Lb. rhamnosus in four women and Lb. fermentum
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in two women). In five cases, strains belonged to the same
ST (Lb. rhamnosus strains 76-77, 236-237, 316-360; Lb.
fermentum strains 277-279, 309-311). In four cases, the
strains of the same ST were isolated from feces and saliva,
and in one case, two strains were isolated from saliva and
the vagina (Lb. rhamnosus 316-360). Consequently, Lb.
rhamnosus and Lb. fermentum strains of the same ST can
be isolated from different biotopes of one organism. Strains
of the same ST were also isolated from different individu-
als. Identification of identical STs suggests that a pool of
closely related strains is interchangeable between local resi-
dents. Similar results were obtained by a group that used
whole-genome sequencing to differentiate clinical isolates
(Roach et al. 2015) as well as in another study where the
authors studied the diversity of Staphylococcus haemolyti-
cus strains using MLST (Kornienko et al. 2016).

Strains isolated from saliva and feces in most cases
belonged to the same ST. Only one Lb. rhamnosus and
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Fig. 1 Phylogenetic trees of Lb. rhamnosus (A) and Lb. fermentum (B) strains generated on the basis of whole nucleotide sequence of MLST
loci. The letter F indicates the number of the volunteer. Strains isolated from the same organism are highlighted with same pattern

Table 4 Genes and primers used for the analysis of polymorphism in TA genes of Lb. fermentum strains

TA system Locus tag in the Fragment Position on the Primers Primer sequences Presence in Number Number of
genome of Lb. size (bp) genome of Lb. genomes of labo-  of alleles polymorphic
Sfermentum F-6 fermentum F-6 ratory strains sites
MazE LBFF_RS01180 295 257,319-257,338 LfMazE_F TCGGGGCGA 10/10 4 3
257,634-257,655 LfMazE_R TGTCTATTA
CG
TTATTTCTC
AACGGCTAA
GCTT
RelB/RelE LBFF_RS08045 450 1,618,863— LfReIBE_F ATGGACCAA 10/10 4 5
LBFF_RS08040 1,618,884 LfReIBE_R  ATTGTAACC
1,618,381- CCAA GTG
1,618,401 ACCACGCAG
AATAGATGA

Total 745

three Lb. fermentum strains were vaginal; MLST of Lb.
fermentum vaginal strains revealed differences in ST com-
pared with strains isolated from the gut and the oral cavity.
Due to a low number of strains used, the obtained results
show preliminary and approximate data concerning the dis-
tribution of strains across different biotopes of the human
body.

Differentiation of Lactobacillus strains based on TA
system polymorphism

Previously, we have demonstrated that polymorphism in
TA systems can be used for genotyping lactobacilli (Alek-
seeva et al. 2011; Klimina et al. 2013). In this study, we
used polymorphisms in RelBE and MazEF chromosomal
TA systems for typing Lb. rhamnosus and Lb. fermentum
strains.

Most Lb. fermentum strains contained the TA system
RelBE,, and a single toxin gene mazF, . Both of these loci
were present in all investigated Lb. fermentum strains and
had four alleles containing three and five polymorphic sites,
respectively (Table 4). Differentiation of Lb. fermentum
strains based on TA system polymorphism classified them
in five TA types, which confirms the MLST data (Table 5).

We identified six TA systems belonging to RelBE and
MazEF families in the genome of Lb. rhamnosus (Klimina
et al. 2013). Three TA systems consisting of a toxin and
an antitioxin (PemK1-Al,,,, PemK2-A2,,, and YefM-
YoeB, ;) and a single toxin gene relE1l,,, were selected for
determining intra-species polymorphism. Only two TA sys-
tems were present in all strains, whereas the other two were
present only in some strains. The strains demonstrated a
high level of genetic polymorphism that was manifested in
single-nucleotide polymorphisms, deletions, and insertions,
including a mobile element of the IS3 family (Table 6).
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Table 5 Typing of Lb. fermentum strains by TA polymorphism

TA type Gene allele Strains
relBE;; mazE;,

1 1 1 253

2 1 2 309, 311

3 2 2 339

4 3 3 369

5 4 4 271,279,
322,347,
439

The latter has been identified earlier in certain Lb. rhamno-
sus strains (Klimina et al. 2013). Genomic polymorphism
(presence or absence of genes) was also considered. The

differentiation of strains based on polymorphism in TA sys-
tems is shown in Table 7. Both methods allowed to classify
Lb. rhamnosus strains into the same seven STs.

MLST allows assessing the diversity of strains on the
genetic rather than genomic level. This method is relatively
inexpensive and simple; its main advantage is that it pro-
vides the ability to compare and exchange data between
laboratories. MLST is used for studying genetic diversity,
population structure of species, and phylogeny of strains;
it was widely employed in studies of pathogenic bacteria
(Maiden 2006); databases contain information on tens of
thousands of strains (for example, EnteroBase http://enter-
obase.warwick.ac.uk/). It was also used for typing lacto-
bacilli, such as Lb. casei (Cai et al. 2007; Diancourt et al.
2007), Lb. delbrueckii (Tanigawa and Watanabe 2011), Lb.
sanfranciscensis (Picozzi et al. 2010), Lb. fermentum (Dan

Table 6 Genes and primers used for the analysis of polymorphism in TA genes of Lb. rhamnosus strains

TA system Locus tagin  Fragment Position on the Primers Primer Presencein  Number Number of
the genome size (bp) genome of Lb. rham- sequences the genomes  of alleles polymorphic
of Lb. rham- nosus Lc 705 5'-3' of laboratory sites
nosus Lc 705 strains

PemK1-Al,,, LC705_ 652 2,581,784 -2,581,763 LrhPemK1_F ATGAAG 11/11 3 17

RS12025 2,581,133-2,581,157 LrhPemK1_R  AAGGAA
LC705_ ACGTCA
RS12030 GTAA
TTAGTTTTT
ATTATA
TGTTTT
CGGC
PemK?2-A2,,, LC705_ 563-543 2,484,787 —-2,484,765 LrhPemK2 F ATGGAT 6/11 3 8+ A 20 bp
RS11560 2,484,225-2,484,251  LrhPemK2_R GTGAAA
LC705_ GTTGTA
RS11555 AAACG
CTAAAA
TTTAAA
ATCAAA
ATTCAT
TTT
RelEl ;,, LC705_ 273% 486,765 —486,746 LrhRelE_F ATGCCC 11/11 5 134 IS inser-
RS02290 486,493-486,513 LrhRelE-R ACCTCC tion
CTGCCC
CT
TTAAAT
CTCGCC
ATGGCG
GCC
YefM-YoeB  LC705_ 523 2,764,329 -2,764,309 LrhYefM_F TTAACT 6/11 2 1
RS12925 2,763,807-2,763,830  LrhYefm_R GTAGTG
LC705_ AGTGCG
RS12920 GCA
ATGGAA
GCAACG
AATTAT
AGTGAT
Total 2011-2031 13 39

*One TA type contains IS3 with two transposase genes 1471 bp long

@ Springer


http://enterobase.warwick.ac.uk/
http://enterobase.warwick.ac.uk/

Arch Microbiol (2017) 199:683-690

689

Table 7 Typing of Lb. rhamnosus strains by TA polymorphism

TA type Gene allele Strains
pemK- pemK- relEl;,, yefM-yoe-
Al A2ppm Bry
1 1 1 1 1 76,77
2 2 3 2 0 116
3 3 0 3 2 236, 237
4 3 0 4 2 254
5 1 2 1 1 308
6 3 0 5 0 313,471
7 2 3 2 0 316, 360

et al. 2015), Lb. plantarum (De las Rivas et al. 2006; Xu
et al. 2015), Lb. salivarius (Raftis et al. 2011), Lb. helveti-
cus (Sun et al. 2015), Lb. ruminis (O’ Donnell et al. 2015),
Lb. sakei (Chaillou et al. 2013), and Lb. reuteri (Su et al.
2012). Unfortunately, when it comes to lactobacilli, MLST
has not become a universal method yet. Available data are
restricted to a small number of papers, and the main web-
sites (http://www.pasteur.fr/mlst and http://pubmlst.org) are
not updated. Different genes are used in different laborato-
ries to analyze the same species (De las Rivas et al. 2006;
Xu et al. 2015), which makes it impossible to compare the
data. Another drawback of this method compared with var-
ious amplified-fragment length polymorphism methods is
its duration due to the necessity of DNA sequencing.

TA systems were only recently considered as intra-spe-
cies markers. In Escherichia coli, TA systems have been
used to characterize intra-species phylogenetic differences
(Fiedoruk et al. 2015). A strong correlation was found
between TA types, clonal complexes, and sequence types
in 48 Streptococcus pneumoniae strains (Chan et al. 2014).
Polymorphism in TA systems was used for typing Myco-
bacterium tuberculosis strains, allowing their clusterization
into basic genotypes and subtypes (Zaychikova et al. 2015).
We demonstrated that TAs are suitable for characterizing
intra-specific diversity of Lb. rhamnosus and Lb. fermen-
tum strains. The advantage of using polymorphisms in
genes of TA systems for genotyping lies in the fewer num-
ber of genes, and as a consequence, less time required for
the analysis. Since TA systems are involved in many cel-
lular processes in bacteria, we believe that TA markers can
also help perform functional intra-specific differentiation.
However, since TA systems are not a stable component of
all genomes, it would be wrong to say, at this point, that
they are suitable for typing any species. Perhaps, it makes
sense combining both MLST and TA methods, using sev-
eral housekeeping genes and TA systerm(s), like in some
pathogenic bacteria where housekeeping genes and viru-
lence factors were used together for typing (Achtman et al.
1999).
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