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RESEARCH ARTICLE
Abstract
Vaginal lactobacilli offer protection against microbiota imbalance and genitourinary tract infections. We compared
vaginal lactobacilli in 50 Estonian women of child-bearing age applying culture-based methods, quantitative PCR
and next-generation sequencing (NGS). The culture-based methods found three different lactobacilli: Lactobacillus
crispatus, Lactobacillus jensenii and Lactobacillus gasseri. Using NGS revealed the presence of L. crispatus in 76%,
Lactobacillus iners in 52%, L. jensenii in 47% and L. gasseri in 33% of the samples. According to qPCR, L. iners
was present in 67% and L. crispatus in 64% of the samples. The proportions of L. crispatus revealed by qPCR and
NGS were in good correlation (R=0.79, P<0.001), while that of L. iners correlated poorly (R=0.13, P>0.05). Good
concordance for L. crispatus was also found between the results of the culture-based method and qPCR. Finally,
good overlap between the results of the culture-based method and NGS was revealed: in case of a positive NGS
result for L. crispatus, the same species was isolated in 95% of samples. The corresponding percentages were 82%
for L. jensenii and 86% for L. gasseri. Our data indicate fairly general concordance of the three methods for detecting
vaginal lactobacilli, except for L. iners. This points out the importance of standardisation of techniques, and the
respective studies should involve cultures applying a medium suitable for the fastidious L. iners.
Keywords: vaginal lactobacilli, Lactobacillus iners, next generation sequencing, qPCR

1. Introduction
Lactobacilli comprise the most important part of the
indigenous vaginal microbiota. They offer protection
against microbiota imbalance as well as genital and
urinary tract infections by maintaining the low vaginal
pH, producing lactic acid and various other antimicrobial
compounds. Lactobacillus acidophilus was considered as
a predominant species for many years, but more advanced
molecular methods indicated that other species of the
same fermentation group (mostly Lactobacillus iners,
Lactobacillus crispatus, Lactobacillus jensenii, and
Lactobacillus gasseri) prevail in most women. Recently,
the use of next-generation sequencing (NGS) techniques
has provided a high-throughput method to determine
detailed taxonomic and abundance information regarding
to the microbes present in diverse microbial communities

(Liu et al., 2013; Van Oostrum et al., 2013; Verstraelen et
al., 2009; Zhou et al., 2004, 2010).
However, overlap of the results obtained by different
methods may be moderate due to several reasons and
limitations. For example, one of the most frequent species,
L. iners is uncultivable using conventional media, like MRS
and Rogosa agar (Falsen et al., 1999; Vásquez et al., 2002).
On the other hand, molecular methods may give incorrect
results due to different reasons ranging from the DNA
extraction method used or primer selection to software
errors.
We aimed to detect and compare vaginal lactobacilli in
Estonian women of child-bearing age by applying culturebased methods, quantitative PCR and next-generation
sequencing.

ISSN 1876-2833 print, ISSN 1876-2891 online, DOI 10.3920/BM2014.0154747

I. Smidt et al.

2. Material and methods

Quantitative PCR

Study group

Amplification reactions were assayed in a total volume of
10 μl containing Maxima SYBR Green/ROX qPCR Master
Mix (Thermo Fisher Scientific, Inc., Waltham, MA, USA).
The thermocycling conditions used were as follows: 2 min
at 50 °C and 10 min at 95 °C followed by 40 cycles consisting
of denaturation at 95 °C for 15 s, annealing at 58 °C (L.
iners) or 60 °C (L. crispatus) for 30 s and elongation at 72 °C
for 30 s. InersFw (5’-GTCTGCCTTGAAGATCGG-3’)
and InersRev (5’-ACAGTTGATAGGCATCATC-3’)
primers were used for L. iners with a final conc en
tration of 0.8 μM (De Backer et al., 2007). LcrisF
(5’-AGCGAGCGGAACTAACAGATTTAC-3’) and LcrisR
(5’-AGCTGATCATGCGATCTGCTT-3’) primers were
used for L. crispatus with a final concentration of 0.4 μM
(Byun et al., 2004). All the reactions were performed in
triplicate using 7500 Fast Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA).

The study was carried out at the Tartu University Hospital
and Competence Centre on Health Technologies (Tartu,
Estonia) from 2009 to 2013. Fifty women of childbearing
age consulting the physician for couple infertility or
prophylactic reasons were sampled. Exclusion criteria
included anti-microbial therapy within 3 months and
anti-inflammatory medications for at least 2 weeks before
evaluations. Participation in the study was voluntary. All
subjects were at least 18 years old. Written informed
consent was obtained from all study subjects. The study
was approved by the Ethics Review Committee on Human
Research of Tartu University, Estonia.

Specimens
Vaginal secretion was collected using three swabs. The
swabs were inserted 6 to 8 cm into the vagina. The swab
with transport medium was stored at +4 °C until culturing
on the same day and as soon as possible. Dry swabs were
stored at -80 °C until DNA extraction. The third swab was
used to prepare a smear for Gram staining and Nugent
scoring.

Cultures
Vaginal swabs were suspended for 30 seconds in 1 ml of
phosphate-buffered saline (PBS) in an anaerobic glove box
(the gaseous environment consisted of 85% nitrogen, 10%
carbon dioxide and 5% hydrogen). Cultures were made
onto 2 freshly prepared MRS agars (Oxoid, Basingstoke,
UK), one plate was incubated in CO2-thermostate and the
second plate in anaerobic glove box for 48-72 h. Three
colonies from each positive culture plate were isolated and
identified by 16S rDNA fragment sequencing. The PCR
products were obtained using two 16S rDNA primers:
CO1 (5’-AGTTTGATCCTGGCTCAG-3’) and CO2
(5’-TACCTTGTTACGACT-3’) as described by Simpson
et al. (2003). Thereafter, the PCR products were sequenced
and the lactobacilli were identified using the BLAST
program (http://blast.ncbi.nlm.nih.gov).

DNA extraction
Vaginal swabs were suspended in 1 ml of PBS and collected
by centrifugation at 16,000×g for 20 min. The supernatant
was discarded, and the remaining pellet was resolved
in PBS. DNA was extracted with the High Pure PCR
Template Preparation Kit (Roche Molecular Biochemicals,
Indianapolis, IN, USA).
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Illumina sequencing
The samples were characterised by profiling the microbial
community on the basis of the 16S rRNA gene by using
the Illumina HiSeq2000 (Illumina, San Diego, CA, USA)
sequencing combinatorial sequence-tagged PCR products.
Forward (5’-CAACGCGARG AACCTTACC-3’) and reverse
(5’-ACAACACGAG CTGACGAC-3’) primers were used to
amplify the bacterial-specific V6 hypervariable region of the
16S rRNA gene (Gloor et al., 2010). The PCR mixture for
each sample contained a unique primer pair combination
that differed from the rest of the reactions by a 6-base
pair long barcode sequence at the 5’ end (Parameswaran
et al., 2007).
The Phusion Hot Start High Fidelity Polymerase (Thermo
Fisher Scientific) reaction mixture was used to perform
PCRs, according to the manufacturer’s instructions. The
following PCR program was used: 3 min of denaturation
at 98 °C, 6 thermal cycles of denaturation at 98 °C for
5 s, annealing at 62 °C for 30 s with a reduction of 1 °C
each cycle, and extension at 72 °C for 10 s, followed by
19 cycles of denaturation at 98 °C for 5 s, annealing at
57 °C for 30 s, and extension at 72 °C for 10 s. The final
extension step was performed at 72 °C for 5 min. For each
sample, three replicates of PCR products (20 μl each) were
prepared and pooled. The PCR product concentrations of
each composite sample were determined on a 2% agarose
gel using a MassRuler Express DNA Ladder (Fermentas,
Waltham, MA, USA) and Quantity One software (Bio-Rad
Laboratories, Hercules, CA, USA).
Finally, the PCR products of all samples were pooled
in equal proportions, and the mixture was cleaned and
concentrated (4.5 times) with the NucleoSpin Extract II kit
(Macherey-Nagel GmbH & Co., Düren, Germany). The final
Beneficial Microbes 6(5)



Paired-end reads were assembled into composite reads
with SHERA (Rodrigue et al., 2010). Sequences with a
SHERA quality score less than 0.5 were discarded. Custom
Perl scripts were used to sort reads to samples according
to barcodes, while also removing barcodes and primers.
Assembled reads were processed with the program
Mothur v. 1.27 (Schloss et al., 2009), following the standard
operating procedure guidelines.
Sequences were discarded if they met any of the following
criteria: the average sequencing quality score dropped below
35 over a 25-bp sliding window, the sequence was shorter
than 70 bp, had any ambiguous bases, or had homopolymers
longer than 6 bp. Remaining sequences were aligned to
the SILVA-compatible reference alignment (Pruesse et
al., 2007). Only sequences that overlapped in the same
alignment space (in total, 176,358 effective reads) were
analysed. Within the samples, the number of effective reads
was between 268 and 7,177.
The Greengenes reference database (McDonald et al.,
2012) was trimmed to the 16S rRNA V6 region by using
V-Xtractor v. 2.0 (Hartmann et al., 2010). This trimmed
database was used with the 6-nearest neighbour algorithm
for taxonomic assignment. De-noised sequences were
clustered into operational taxonomic units (OTUs) using
CROP v. 1.33 with 95% similarity level (Hao et al., 2011).
OTUs with less than 10 sequences were discarded to reduce
false diversity because of sequencing errors (Werner et
al., 2012).

Culture-based methods were performed in all women
resulting in 135 lactobacilli strains. All the isolated strains
belonged to 3 species: the majority of the strains appeared
Beneficial Microbes 6(5)
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L. crispatus 64%
L. iners 67%

Correlation
between proportions:

L. crispatus R=0.79, P<0.001
L. iners R=0.13, P<0.05

e:

3. Results

Cultures

L. crispatus 64%
L. jensenii 42%
L. gasseri 24%

nc

For statistical analyses, SigmaStat (Systat Software, Chicago,
IL, USA) and MS Excel (Microsoft, Redmond, WA, USA)
software programs were used. The differences between the
groups were calculated with Chi-square test. Spearman
correlation was used to determine correlations between
the parameters. Statistical significance was assumed at
P<0.05 for all parameters.

Good overlap between culture-based method and NGS was
revealed: in case of a positive NGS result for L. crispatus,
the same species was isolated in 95% of samples by cultures.
The corresponding percentages were 82 and 86% for L.
jensenii and L. gasseri, respectively. qPCR was additionally
used to count the two most prevalent species, L. iners and
L. crispatus. According to qPCR, L. iners was detected
in 67% of the samples, and if present, counts tended to
be high (median proportion in positive samples 58%). L.
crispatus was present in 64% of the samples, with a median
proportion of 31% among positive cases. The proportions
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Statistical analysis

The two molecular methods (qPCR and NGS) were
thereafter applied to the vaginal swabs of 21 women, a
proportion 0.1% of total microbial count in sample was
used as a limit to separate positive and negative cases.
Illumina NGS revealed L. iners in 52% of the samples while
L. crispatus was detected in 76%, L. jensenii in 47% and L.
gasseri in 33% of the samples. Most of the women were
colonised by more than one species: 4% of the women
harboured 4 species, 24% of the women 3 species, 43% of
the women 2 species and only 30% of the women had 1
species according to the NGS method. We found significant
negative correlations between L. crispatus and L. gasseri
(R=-0.47, P=0.008) and L. iners and L. gasseri (R=-0.55,
P=0.001), while borderline positive correlation was detected
between L. iners and L. crispatus (R=0.35, P=0.052). We
also found negative correlation between Nugent score and
L. iners (R=-0.38, P=0.039) as well as borderline negative
correlation between Nugent score and L. crispatus (R=0.34, P=0.065).

C

Sequence data preparation, taxonomic assessment and
data analysis

to be L. crispatus (55%), while 27% of the strains were L.
jensenii and 18% L. gasseri. The strains of L. crispatus were
isolated from 64% of the women, L. jensenii from 42% and
L. gasseri from 24% (Figure 1).

o
L. nco
cri
sp rdan
atu
s 8 ce:
8%

concentration of the PCR product mixture was measured
with a Bioanalyzer 2100 (Agilent Technologies, Santa Clara,
CA, USA). Preparation of the paired-end DNA library was
performed with the NEXTflex PCR-Free DNA Sequencing
Kit (BIOO Scientific Corp., Austin, TX, USA). Sequencing
was performed with the Illumina HiSeq2000 system.

Vaginal lactobacilli

NGS

L. crispatus 76%
L. iners 52%
L. jensenii 47%
L. gasseri 33%

Figure 1. Comparison of different methods in detection of
vaginal lactobacilli. Culture-based methods were used with 50
women, while molecular methods were used (qPCR, NGS) on 21
women. Correlations and concordances were calculated using
only on the 21 samples that were tested by all three methods.
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of L. crispatus revealed by qPCR and 16S rRNA sequencing
were in good correlation (R=0,79, P<0.001), while that of
L. iners were poorly correlated (R=0.13, P>0.05). Good
concordance between culture-based methods and qPCR
was revealed for L. crispatus: in case of a positive qPCR
result, the same species was also isolated from 88% of the
samples.

4. Discussion
Our study revealed four Lactobacillus species (L. crispatus,
L. iners, L. jensenii, L. gasseri) from vaginal samples of
Estonian women. Good concordance between cultures and
NGS was found for all three cultivable species (L. crispatus,
L. jensenii, L. gasseri). Good concurrency between cultures
and qPCR, and between NGS and qPCR was found in the
case of L. crispatus.
Under normal conditions, the lower female genital tract
harbours a mutualistic microbiota that primarily consists
of lactobacilli, that confer antimicrobial protection to
the vagina as a critical port of entry for local, ascending
and systemic infectious disease. The lactobacilli-driven
defence of the vaginal niche is in its essence seized as
a principle of colonisation resistance, i.e. the vaginal
lactobacilli prevent colonisation of the vaginal epithelium
by other microorganisms, through a variety of mechanisms
(Verstraelen et al., 2009).
Previous studies have shown that most of the vaginal
lactobacilli tend to be obligately homofermentative species,
mostly L. crispatus and L. iners, but also L. jensenii, L.
gasseri and some other species (Drell et al., 2013; Ravel et
al., 2011; Verstraelen et al., 2009). This was also confirmed
by the results of our study. We could confirm the inverse
relationship between L. iners and L. gasseri as shown earlier
(DeBacker et al., 2007).
Previous studies have mostly used a single method to
detect vaginal lactobacilli, either culture-based or a selected
molecular method. We compared the results obtained by
three different – culture-based and molecular – methods
and achieved some interesting results. Although we
only picked up three colonies from each medium plate,
we revealed good concordance between cultures (a gold
standard) and Illumina sequencing, as well as between
cultures and qPCR. At the same time, concordance
between qPCR and a novel Illumina sequencing was good
for L. crispatus, but not for L. iners. L. iners is the smallest
Lactobacillus discovered to date. Due to special nutrient
requirements it does not grow on common Lactobacillus
media (MRS or Rogosa) and little is known about its
characteristics. Recently, it was found that this species is
able to produce a cytolytic toxin called inerolysin (Petricevic
et al., 2014; Rampersaud et al., 2011). In the present study,
we used carefully designed specific primers described by
750

De Backer et al. (2007) to detect L. iners by qPCR. For
Illumina sequencing, we amplified the V6 region of 16S
rRNA. The same region and/or primers have been used by
other researchers as well (Ghartey et al., 2014; Hummelen
et al., 2011; Xu et al., 2013). A study by Zhang et al. (2012)
has also revealed that different techniques, such as speciesspecific PCR and comparison against a 16S rRNA gene
clone library may result in different findings regarding
Lactobacillus species prevalence in the vagina. In case of
NGS, the broad-spectrum primers may miss whole phyla
or fail to amplify some targets for unknown reasons; and
rare species may be missed entirely in the presence of
overwhelmingly dominant species (Lambert et al., 2013).
In addition, software for high-quality interpretation of
NGS data is still under development (Fournier et al., 2014).
These findings highlight the importance of standardisation
of techniques used for evaluation of vaginal bacterial
communities.
In conclusion, our data indicated fairly general concordance
of the three methods for detecting vaginal lactobacilli.
However, further standardisation of techniques for counting
L. iners is required, and the respective studies should involve
cultures applying a medium suitable for the fastidious L.
iners.
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