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The Lactobacillus plantarum and Lactobacillus pentosus genotypes existing in industrial-scale cucumber fermen-
tations were defined using rep-PCR-(GTG)5. The ability of each genotype to ferment cucumbers under various
conditions was evaluated. Rep-PCR-(GTG)5 was the technique capable of illustrating the most intraspecies
discrimination compared to the sequencing of housekeeping genes (recA, dnak, pheS and rpoA), MLST and RAPD
with primers LP1, OPL5, M14 and COC. Ten genotypic clusters were defined for the 199 L. pentosus tested and
three for the 17 L. plantarum clones. The ability of the 216 clones genotyped and 37 additional cucumber
fermentation isolates, of the same species, to rapidly decrease the pH of cucumber juice medium under various
combinations of sodium chloride (0 or 6%), initial pH (4.0 or 5.2) and temperatures (15 or 30 °C) was deter-
mined using a fractional factorial screening design. A reduced fermentation ability was observed for the
L. plantarum strains as compared to L. pentosus, except for clone 3.2.8, which had a ropy phenotype and aligned to
genotypic cluster A. L. pentosus strains belonging to three genotypic clusters (B, D and J) were more efficient in
cucumber juice fermentation as compared to most L. plantarum strains. This research identified three genetically
diverse L. pentosus strains and one L. plantarum as candidates for starter cultures for commercial cucumber
fermentations.

1. Introduction

The development of starter cultures for commercial cucumber
fermentation becomes imperative with the inception of technologies for
low-salt pickle processing in the U.S (Fleming et al., 2002; McFeeters
and Pérez-Diaz, 2010). While starter cultures are widely used by the
dairy industry worldwide, this practice is less common in the

commercial production of fermented vegetables. The majority of pickle
processors currently rely on the indigenous microbiota and the appli-
cation of cover brines with at least 0.96 M (5.6%) sodium chloride
(NaCl) to achieve high quality, stable and safe fermentations. Hyper-
tonic cover brines aid in the inhibition of unwanted pathogenic and
spoilage associated microbes naturally present in the fruits at the
initiation of a cucumber fermentation, thus creating a competitive
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advantage for the indigenous and desired lactic acid bacteria (LAB)
(Davidson, 2001; Shelef and Seiter, 2005). The use of starter cultures in
low-salt cucumber fermentations is expected to induce a rapid lactic
acid production that results in a quick significant reduction of pH, which
in turn propels the early exclusion of undesired microbes (McMurtrie
et al., 2019; Pérez-Diaz et al., 2020). Utilization of selected starter
culture has resulted in consistently accelerated food fermentations (Di
Cagno et al., 2008, 2009; Ivey et al., 2013; Leroy and De Vuyst, 2004;
Panagou et al., 2008; Tufariello et al., 2015). Moreover, it has been
demonstrated that food fermentations with autochthonous starter cul-
tures are more efficient as compared to allochthonous starter cultures or
spontaneous fermentation (Di Cagno et al., 2008, 2009; Panagou et al.,
2008; Tufariello et al., 2015). When autochthonous starter cultures are
used, the organoleptic properties and nutritional attributes of fer-
mented vegetables are favorably impacted and retained (Di Cagno et al.,
2008, 2009; 2013; Panagou et al., 2008; Tufariello et al., 2015).
Autochthonous bacteria have been observed to possess an intrinsic
ability to produce metabolites such as bacteriocins and exopoly-
saccharides, that are tailored specifically for their establishment during
fermentation (Di Cagno et al., 2013). Some of the metabolites specif-
ically produced by autochthonous starter cultures in their native food
matrix are also often considered to add value to the final product (Di
Cagno et al., 2009).

Utilization of autochthonous starter cultures of Pediococcus cerevisiae
(currently reclassified as P. pentosaceus), Lactobacillus plantarum and
Lactobacillus brevis has been shown to result in high acidity, cell densities
and lower pH in pure cucumber fermentations with 0.92-0.96 M
(5.4-5.6% wt/vol) NaCl, conducted with fruits subjected to gamma ra-
diation and blanching (Etchells et al., 1964) and used for controlled
fermentations of vegetables in 0-1.1 M (0-6.5% wt/vol) NaCl (Etchells
et al., 1976; Fleming et al., 1978, 1988). At the time, L. plantarum was
considered the most prevalent bacterial species in commercial cucumber
fermentations (Etchells and Jones, 1946; Pederson and Albury, 1956).
Conversely, a recent study applying high throughput sequencing tech-
nology and culture based microbial classification methods found that
L. pentosus, L. brevis and P. pentosaceus prevail in cucumber fermenta-
tions brined with 1.06 M NaCl (Pérez-Diaz et al., 2016). Discrepancies
among the LAB species found in the two studies mentioned above are
mostly due to the progress made in the identification and classification
of this group of microbes between 1964 and the present time (Zanoni
et al., 1987). An ideal autochthonous starter culture for cucumber
fermentation would grow rapidly and vigorously by converting glucose
and fructose, sugars naturally present in the fruit juice, to lactic acid
exclusively (Etchells et al., 1973). Homofermentative metabolism ex-
cludes the formation of carbon dioxide from sugars, and consequently
reduces the incidence of the formation of hollow cavities inside the
fermented fruits, a processing defect known as bloated cucumber
(Daeschel et al., 1984). The ability of the aforementioned species to
efficiently ferment cucumbers under the various conditions of temper-
ature, initial fermentation pH and salt content representative of the
commercial process is unknown.

Cucumber fermentations worldwide are often performed in open-top
tanks using either fresh or recycled cover brine solutions. Such tanks are
located in the field and exposed to outdoor temperatures. The active
fermentation period proceeds during the late spring to early fall when
outdoor temperatures range from 10 to 32 °C (50-90 °F) in the United
States. The need to reduce the chloride content in waste waters gener-
ated in selected tank yards has forced the continuous recycling of cover
brine solutions (McFeeters, 1977), which mildly acidify the fermenta-
tion at its start. Commercially, cucumbers in fresh cover brines would
typically equilibrate to an initial pH between 6.5 and 4.5 (personal
communication with pickle processors) depending on the buffering ca-
pacity of the fruits and the vinegar content of the full strength cover
brine. The use of recycled cover brines may reduce the initial cover brine
pH given its acidic content (personal communication with pickle pro-
cessors). Therefore, the ideal starter culture for low salt cucumber
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fermentations should conduct a rapid fermentation under a variety of
temperatures and varied initial pH. It is the objective of this study to
screen a collection of L. plantarum and L. pentosus isolated from
industrial-scale-cucumber fermentations (Pérez-Diaz et al., 2016) for
genotypic diversity and the ability to rapidly initiate fermentation in
cucumber juice medium (CJM). The L. pentosus and L. plantarum strains
used in this study were obtained from two commercial fermentations
that were geographically distant and performed with either fresh or
recycled cover brine solutions (Pérez-Diaz et al., 2016). Four methods
were considered to scrutinize genotypic diversity including the
sequencing of housekeeping genes (recA, dnakK, pheS and rpoA), Multi
Locus Sequence Typing (MLST), Random Amplified Polymorphic DNA
(RAPD) with primers LP1, OPL5, M14 and COC and rep-PCR-(GTG)5. A
fractional factorial screening design was used to evaluate the ability of
the strains to ferment in a CJM with variable initial pH and salt con-
centration incubated at either 30 or 15 °C.

2. Materials and methods
2.1. Culture collection

A group of 243 L. plantarum and L. pentosus cultures isolated from the
cover brine solutions of two commercial cucumber fermentation tanks
were selected for this study. All of the cultures used in this study were
streaked for purification on Lactobacilli deMan Rogosa and Sharpe
(MRS; Cat No. 288130, Difco™ Laboratories, Detroit, MI, USA) agar
from the MRS agar plates inoculated with the fermentation cover brine.
Pure colonies were used for the preparation of frozen stocks in MRS
broth containing 15% glycerol (Cat No. G5516, Sigma, St. Louis, MO,
USA). The 243 isolates were identified by the sequencing of the 16S
rDNA and recA amplification as described by Pérez-Diaz et al. (2016).
This group of bacteria represents the most abundant species isolated
during the peak of commercial fermentations (days 1, 3 and 7)
(Pérez-Diaz et al., 2016). Fresh cultures were prepared in MRS broth
from frozen stocks to perform all the analysis described below.

2.2. L. plantarum and L. pentosus genotyping and analysis

DNA extractions were successfully completed for a group of 216
isolates of which 199 had been identified as L. pentosus and 17 as
L. plantarum (Pérez-Diaz et al. (2016). DNA extractions were attempted
for an additional group of 37 isolates that had been identified as
L. pentosus. Out of the 37 additional DNA extractions, 17 generated low
quality DNA, 9 generated DNA preparations of low concentration and 11
were initiated with insufficient cells. All DNA extractions were initiated
from pure cultures in MRS broth using the MasterPure™ DNA purifi-
cation kit (Cat No.: MCD85201, Epicentre, Madison, WI, USA) following
the manufacturer’s instructions. The DNA extracted from the 216 iso-
lates was stored at —20 °C until further use.

Seven L. pentosus and L. plantarum strains out of the 216 in the
collection were used to evaluate the application of housekeeping gene
sequencing (Ghotbi et al., 2011; Huang et al., 2010; Naser et al., 2007;
Yu et al., 2012) for the discriminative identification to the strain level.
The housekeeping genes used to discriminate members of the L. plan-
tarum cluster (L. plantarum, L. pentosus and L. paraplantarum) were recA,
dnakK, pheS and rpoA which were amplified as described in Table 1
(Huang et al., 2010; Naser et al., 2007; Torriani et al., 2001). Amplicon
sequences were obtained using Sanger sequencing (Eton Biosciences,
Research Triangle Park, NC, USA). The nucleotide sequences obtained
were deposited in Genbank. Sequence data was formatted and analyzed
using the BioEdit 7 software (www.mbio.ncsu.edu/bioedit). The se-
quences obtained were subjected to the basic local alignment search tool
(BLAST) (Altschul et al., 1990; Benson et al., 2002; Pruitt et al., 2002)
using the non-redundant nucleotide database (http://blast.ncbi.nlm.nih
.gov/Blast.cgi) to confirm the identity of the strains (data not shown).
Phylograms and similarity coefficients for the amplicon sequences
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Table 1
Primer concentrations and PCR conditions used for genotyping Lactobacillus plantarum and Lactobacillus pentosus strains using housekeeping genes.
Target Genes Primers Concentrations PCR Conditions
(uM)
16S rRNA (Amann and others, 0.4 94 °C for 3 min, 25 cycles of 94 °C for 1 min, 57 °C for 2 min and 72 °C for 2 min and a final extension at 72 °C for
1995) 5 min
Housekeeping Genes of Interest
recA (Torriani et al., 2001) 0.25 94 °C for 3 min, 30 cycles of 94 °C for 30 s, 56 °C for 10 s and 72 °C for 30 s and a final extension at 72 °C for 5 min
dnaK (Huang et al., 2010) 0.25 94 °C for 5 min, 35 cycles of 94 °C for 1 min, 58 °C for 1 min and 72 °C for 1.5 min and a final extension at 72 °C for
7 min
pheS (Naser et al., 2007) 0.5 95 °C for 5 min, 30 cycles of 95 °C for 35 s, 60 °C for 1.15 min and 72 °C for 1.15 min and a final extension at 72 °C
for 7 min
rpoA (Naser et al., 2007) 0.5 95 °C for 5 min, 30 cycles of 95 °C for 355, 56 °C for 1.15 min and 72 °C for 1.15 min and a final extension at 72 °C

for 7 min

obtained for recA, pheS, rpoA and dnaK were constructed using the
Maximum Likelihood method based on the Tamura-Nei model with a
bootstrap value of 1000 (Tamura and Nei, 1993). All positions con-
taining gaps and missing data were eliminated. Evolutionary analyses
were conducted in MEGA6 (Tamura et al., 2013).

MLST, RAPD with primers LP1, OPL-05, M14 and COC and rep-PCR-
(GTG)5 were also tested, with the subset of the seven strains used for the
testing of the housekeeping genes, for their efficiency to discriminate
intra-species diversity. L. pentosus ATCC 8041, L. plantarum WCSF1 and
L. plantarum ATCC 14917 were used as reference strains (Table 2). MLST
based on six L. plantarum housekeeping genes was performed as
described by de las Rivas et al. (2006). MLST data was processed as
described above for the housekeeping genes. Nucleotide sequences
obtained were deposited in Genbank (Table 4). Results of the cultures
identification based on the nucleotide sequence matches using the
NCBI-BLAST (Altschul et al., 1990) and corresponding percentage
similarity to the housekeeping genes in the database are presented in
Table 5. RAPD was conducted using primers LP1 (Johansson etal., 1995;
Plengvidhya et al., 2004), OPL-05 (Torriani et al., 1996), M14 (Zap-
paroli etal., 2000) and COC (Cocconcelli et al., 1995; Spano et al., 2002)
applying the thermocycler conditions previously described (Cocconcelli
et al., 1995; Johansson et al., 1995; Plengvidhya et al., 2004; Spano
et al., 2002; Torriani et al., 1996; Zapparoli et al., 2000). Magnesium
chloride was added to the RAPD-PCR reaction mixtures from a 10 mM
stock solution (Genesee Scientific, San Diego, CA, USA) to 2.15 pM for
COC, 2.2 pM for LP1, 2.05 pM for OPL-05 and 2.2 pM for M14.
RAPD-PCR reactions had a total volume of 25 pL. A BioRad PCR Master
Mix (BioRad, Hercules, CA, USA) was used together with 10 mM rehy-
drated primer stocks synthesized by IDT Inc. (San Jose, CA, USA) and 1
pL of whole genomic DNA suspended in nuclease free water (Ambion®,
Life Technologies, Grand Island, NY, USA). Rep-PCR-(GTG)5 was con-
ducted as described by Versalovic et al. (1994) with some modifications
on the PCR cycles and time. The conditions used for the Rep-PCR-(GTG)
5 were: initial denaturation at 95 °C for 3 min, followed by 29 cycles that
consist of denaturation (95 °C for 60 s), annealing (40 °C for 60 s),
extension (65 °C for 4 min), and final extension at 65 °C for 16 min.
Rep-PCR reactions were performed in 20 pl total volumes with the same
components used for RAPD as described. Rep-PCR-(GTG)5 was addi-
tionally conducted for the remaining 209 clones out of the 216 destined
for phenotyping that had been subjected to DNA extraction.

Amplicons were run in a 1% agarose gel electrophoresis supple-
mented with 0.1% SYBR® safe (Invitrogen™, Life Technologies, Carls-
bad, CA, USA) for 75 min at 85V using a 0.5X Tris, boric acid and EDTA
buffer. Amplifications were performed in duplicate. The DNA markers
used was a 1 kb ladder from Promega (Madison, WI, USA). The gel
images obtained from the gel electrophoresis runs were digitized,
normalized, and analyzed using the BioNumerics 7.6.3 software
(Applied Maths, Belgium). Similarity matrices of the densitometric
curves from each sample were calculated using the Pearson or DICE
correlation coefficients, as indicated in the text, and clustered by un-
weighted pair group method with arithmetic averages (UPGMA).

2.3. Preparation of the inocula and CJM for the fermentation ability
assay

The pure cultures were transferred from frozen stocks to CJM
containing 2% NaCl (Morton Salt Inc., Chicago, IL, USA) and incubated
under aerobic, static conditions for 4 d at 30 °C prior to the inoculation
of the experimental media. At the time of transfer to CJM containing
2% NaCl, each isolate was concomitantly streaked onto MRS agar to
verify purity. The CJM was composed of 60% (v/v) cucumber juice
(CJ) and 40% (v/v) distilled water. CJ was prepared using fresh pick-
ling cucumbers procured locally and a commercial juice maker (War-
ring Commercial, Madison, CT, USA). The CJ was strained through
cheesecloth to remove large particulates prior to adding NaCl (Morton
Pickling Salt) and diluting with distilled water. The pH of the CJM with
2% salt was not adjusted (pH 5.6-5.8). CJM was spun at 4000 rpm for
60 min at ambient temperature using a bucket rotor on an Eppendorf
Centrifuge, Model 5810 (Hamburg, Germany), and filter-sterilized
using 0.22 pm filtration units (Nalgene®-Rapid Flow™, Thermo Sci-
entific, Santa Clara, CA, USA). Aliquots of 1.2 mL of the filter-sterilized
CJM containing 2% pickling salt were aseptically transferred to sterile
microcentrifuge tubes to serve as the medium for the proliferation of
the individual cultures. Cultures were calibrated for inoculation into
the experimental CJM by measuring optical density at 600 nm using a
spectrophotometer (ODgog, Thermo Spectronic Genesys20 Model
4001/4, Chelmsford, MA, USA). An initial ODggg of 0.05 was targeted
during inoculation, which was estimated to be equivalent to 10* CFU/
mL. Cultures were diluted 10X prior to measuring ODggg, unless
turbidity corresponded to an ODgq of less than 0.60.

Table 2
Description of the LAB used as reference in this study.
Genus Species ID Number(s) Sources References
Lactobacillus  plantarum  LA1196; ATCC BAA-793; Saliva Hols et al. (1997)
NCIMB 8826; WCFS1
Lactobacillus  plantarum  LA0070; ATCC 14917T Pickle Cabbage ATCC < PA Hansen < Roy Techn. Coll., Copenhagen < S. Orla-Jensen (Streptobacterium
plantarum) https://www.atcc.org/products/all/14917.aspx#history
Lactobacillus  pentosus LA0233; ATCC 8041T Sauerkraut Fred et al. (1921)
Lactobacillus  plantarum LA0445; BI0007, MOP3 Commercial cucumber Fleming et al. (1988)

fermentation
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Accession numbers for the 16S rRNA, recA, dnaK, pheS, and rpoA sequences obtained from seven lactobacilli clones and the reference cultures used in this study.

Isolate ID Accession Numbers for the Partial Gene Sequences Obtained
16S rRNA recA dnaK pheS rpoA
1.2.11 KT025927 KT027550 KT124106 KT124117 KT124128
1.2.13 KT025928 KT027551 KT124107 KT124118 KT124129
1.8.6 KT025929 KT027552 KT124108 KT124119 KT124130
1.8.9 KT025930 KT027553 KT124109 KT124120 KT124131
3.8.24 KT025931 KT027554 KT124110 KT124121 KT124132
3.2.37 KT025932 KT027555 KT124111 KT124122 KT124133
LA0445 (Reference Strain) KT025933 KT027556 KT124112 KT124123 KT124134
L. pentosus ATCC 8041 KT025934 KT027557 KT124113 KT124125 KT124135
3.2.8 KT025935 KT027558 KT124114 KT124126 KT124136
L. plantarum WCFS1 KT025936 KT027560 KT124115 KT124124 KT124137
L. plantarum ATCC 14917 KT025937 KT027559 KT124116 KT124127 KT124138
Table 4
Accession numbers for the MLST amplicon-sequences obtained from seven lactobacilli clones and reference strains.
Isolates Accession Numbers for the Partial Gene Sequences Obtained
mutS purkl ddl gdh B pgm
1.2.11 KT185461 KT185452 KT185479 KT185471 NA® NA
1.2.13 KT185462 KT185453 KT185480 KT185472
1.8.6 KT185463 KT185454 KT185481 KT185473
1.8.9 KT185464 KT185455 KT185482 KT185474
3.8.24 KT185465 KT185456 KT185483 KT185475
3.2.37 KT185466 KT185457 KT185484 KT185476
LA0445 (Reference Strain) KT185467 KT185458 KT185485 KT185477
3.2.8 KT185468 KT185459 KT185486 KT185478 KT185488 KT185490
L. plantarum WCFS1 KT185469 KT185460 KT185487 KT185479 KT185489 KT185491
2 No Amplicon.
Table 5
Identification of lactobacilli clones based on the partial sequence for the 16S rRNA and the MLST amplicon-sequences.
Isolated Culture ID Best Match/Sequence Similarity (%)
16S rRNA mutS purkl ddl gdh Q7B pgm
1.2.11 L. plantarum L. pentosus L. pentosus L. pentosus L. pentosus NA" NA
/100 /99 /99 /98 /98
1.2.13 L. plantarum L. pentosus L. pentosus L. pentosus L. pentosus NA NA
/100 /99 /99 /98 /94
1.8.6 L. plantarum L. pentosus L. pentosus L. pentosus L. pentosus NA NA
/100 /99 /99 /98 /98
1.8.9 L. plantarum L. pentosus L. pentosus L. pentosus L. pentosus NA NA
/100 /99 /99 /93 /98
3.8.24 L. plantarum L. pentosus L. pentosus L. pentosus L. pentosus NA NA
/100 /99 /99 /99 /98
3.2.37 L. plantarum L. pentosus L. pentosus L. pentosus L. pentosus NA NA
/100 /99 /99 /98 /98
LA0445 L. plantarum L. pentosus L. pentosus L. pentosus L. pentosus NA NA
/100 /99 /99 /99 /86
3.2.8 L. plantarum L. plantarum L. plantarum L. plantarum L. plantarum L. plantarum L. plantarum
/100 /99 /99 /98 /99 /99 /100
L. plantarum WCFS1 L. plantarum L. plantarum L. plantarum L. plantarum L. plantarum L. plantarum L. plantarum
/100 /100 /99 /100 /100 /100 /100

4 No Amplicon.

2.4. Screening design for the fermentation ability assay and CJM
modifications

A group of 243 pure cultures, composed of the 216 cultures used for
genotyping and 37 additional isolates from commercial cucumber fer-
mentations, was tested for their ability to ferment cucumbers under
various pH, NaCl, and temperature conditions using CJM as a model
system. A fractional factorial screening design (JMP version 10.0, SAS,
Cary, NC, USA) was used to define various treatment combinations to be
evaluated as follows: Treatment 1 (T1)- (pH 5.4; 0% NaCl; 15 °C incu-
bation), Treatment 2 (T2)- (pH 4.0; 6% NaCl; 15 °C incubation),
Treatment 3 (T3)- (pH 5.4; 6% NaCl; 30 °C incubation) and Treatment 4

(T4)- (pH 4.0; 0% NaCl; 30 °C incubation).

CJ and CJM were prepared as described above. The pH of the
experimental CJM was adjusted using an Accumet® Research 25 pH
meter (Fisher Scientific, Carlsbad, CA, USA) equipped with a Gel-Filled
Pencil-Thin pH Combination Electrode (Accumet, Fisher Scientific) and
minimal volumes of 3N HCI (Spectrum Chemicals, New Brunswick, NJ,
USA). The unadjusted pH of the experimental CJM without salt was 5.4
=+ 0.1. Lowering the pH to 4.0 in treatments 2 and 4 formed precipitates
which were eliminated subsequently in the pellet after the centrifuga-
tion step. The CJM were spun at 4000 rpm for 30 min at ambient tem-
perature (Eppendorf Centrifuge Model 5810). The CJM were filtered-
sterilized using 0.22 pm filtration units (Nalgene®-Rapid Flow™,
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Thermo Scientific). Aliquots of 1 mL of the experimental CJM were
aseptically dispensed into sterile microcentrifuge tubes and incubated at
the corresponding treatment temperatures 48 h prior to inoculation. The
experimental CJ media was inoculated with the pre-calibrated cultures
prepared as described above and incubated for 48 h at either 15 or 30 °C
under static aerobic conditions.

The ability of each isolate to rapidly initiate fermentation under each
of the four treatment conditions was assessed by measuring the
fermentation pH (Denver Instruments, model UB-5, Bohemia, NY, USA)
after 48 h incubation time. pH meters were combined with Gel-Filled
Pencil-Thin pH Combination Electrodes (Accumet Fisher Scientific,
Pittsburgh, PA, USA) so that pH measurements could be made directly
from the CJM cultures in microcentrifuge tubes. This experiment was
performed in duplicate using different lots of cucumbers for the growth
and experimental media and independent pre-calibrated inocula. The
pH upper threshold values for selection of rapid fermenters for T1, T2,
T3 and T4 were 4.8, 3.9, 3.4 and 3.5 respectively. A manual selection of
the isolates that were able to reduce the pH below experimentally
determined threshold values for any combination of three treatments
was made. Hierarchical two-way Cluster Analysis (HCA) of the
L. plantarum and the L. pentosus clones was performed based on their
average 48 h fermentation pH in each of the four treatments (JMP
version 10.0 SAS Institute). A screening analysis was conducted to
determine the independent variables that most significantly impacted
the ability of each culture to rapidly initiate fermentation (JMP version
10.0, SAS), and the number of isolates significantly impacted by each
variable (P < 0.05) was presented in a Venn diagram and used to
calculate the percentage of cultures impacted by each variable.

recA
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3. Results and discussion

The genotypic characterization of a subgroup of clones using
housekeeping genes, MLST, RAPD or rep-PCR-(GTG)S5 illustrated, to the
extent possible, the magnitude of the genetic differences existing within
the species of interest. Rep-PCR-(GTG)5 generated the finer discrimi-
nation power for intra-species biodiversity. The genotypic clustering
diverged from the phenotypic clustering using fermentation ability
profile as an indicator. Nevertheless, three distinct L. pentosus strains and
one L. plantarum were identified as candidates for starter cultures in
commercial cucumber fermentations based on the results obtained from
the rep-PCR-(GTG)5 and the fermentation ability assay.

3.1. Definition of phenotypic biodiversity among L. plantarum and
L. pentosus clones isolated from commercial cucumber fermentations

Members of the L. plantarum phylogenetic group, composed of L.
plantarum, L. pentosus and L. paraplantarum, are indistinguishable from
their 16S rRNA gene sequences given that they share 99% similarity
(Bringel et al., 2001; Collins et al., 1991; Ghotbi et al., 2011; Singh et al.,
2009; Torriani et al., 2001; Yu et al., 2012). Amplification and
sequencing of ubiquitous and conserved protein coding genes such as
recA, pheS, rpoA and dnaK have been proposed and used for the
discrimination of L. plantarum, L. pentosus and L. paraplantarum (Anu-
kam et al., 2013; Ghotbi et al., 2011; Huang et al., 2010; Kotik-Kogan
etal., 2005; Park et al., 2010; Torriani et al., 2001). The amplification of
recA, coding for the enzyme recombinase A (Bianco and Kowalczy-
kowski, 1998), generates amplicons of 318, 218 and 107 bp from L.

dnaK
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Fig. 1. Dendrograms and similarity coefficients for the amplicons obtained for recA, pheS, rpoA and dnaK from the subgroup of seven isolates were constructed using
the Maximum Likelihood method based on the Tamura-Nei model with a bootstrap value of 1000. All positions containing gaps and missing data were eliminated.

L. pentosus clusters are identified by letters.
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plantarum, L. pentosus and L. paraplantarum genomic DNA, respectively
(Anukam et al., 2013; Ghotbi et al., 2011; Torriani et al., 2001). Six
clones and the L. pentosus reference strains generated amplicon sizes
representative of L. pentosus (218 bp) among the subgroup of seven
clones and three reference strains tested. The sequencing of the ampli-
cons confirmed that those six strains belong to L. pentosus and that the
L. plantarum reference strain LA0045 had to be reclassified as L. pentosus.
One clone out of the seven in the subgroup, 3.2.8, and the reference
strain L. plantarum WCFS1 generated amplicons of 318 bp representative
of the L. plantarum species. The sequences from the amplicons derived
from clone 3.2.8 DNA and the reference strain L. plantarum WCFS1 had
100% similarity to the L. plantarum recA upon alignment. A phylogram
constructed based on the recA sequence homology showed that 6 cul-
tures and LA0445 are 100% similar to the recA sequence derived from
the reference strain L. pentosus ATCC8041 (Fig. 1). Similarly, clone 3.2.8
clustered with the L. plantarum reference cultures WCFS1 and
ATCC14917 (Fig. 1). As expected, the amplification of recA and
sequencing allowed the discrimination of the clones to the species level
and enabled the intraspecies segregation of strains (Fig. 1).

As expected, pheS produced a finer differentiation with respect to
percentage similarity among various clones as compared to recA, dnak,
coding for a heat shock protein 70 (Huang et al., 2010), and rpoA, coding
for a DNA-directed RNA polymerase o-subunit (Park et al., 2010)
(Fig. 1). pheS codes for the phenylalanine t-RNA synthetases involved in
translation of phenylalanine (Kotik-Kogan et al., 2005). pheS and rpoA
are exceptionally conserved and widely used for evolutionary based
identification purposes of various organisms (Kotik-Kogan et al., 2005;
Naser et al., 2007; Park et al., 2010). pheS and rpoA sequences have an
interspecies gap of only 10% and 5%, respectively, and thus considered
an effective tool for identification and discrimination of closely related
lactobacilli (Naser et al., 2007). Alignment of amplicon sequences for
the housekeeping genes pheS, rpoA and dnaK derived from the subgroup
of seven clones confirmed the species identity, rpoA and dnaK discrim-
inated among strains and pheS presented a finer strain level discrimi-
nation (Table 3 and Fig. 1). Sequences of the amplicons obtained for
pheS, rpoA, and dnaK from six clones, excluding 3.2.8, presented at least
99% similarity to the L. pentosus homolog (alignments not shown;
Table 3). Once again, the characteristics of clone 3.2.8 derived ampli-
cons were in line with those expected for L. plantarum. Three phyloge-
netic clusters were defined based on the maximum likelihood method
from the more polymorphic pheS amplicon-sequences distinguishing
among clones isolated from a single habitat (Fig. 1).

MLST is an extension of the multilocus enzyme electrophoresis
method but targets alleles of different housekeeping gene loci (Farfan
et al., 2002). Instead of using electrophoretic mobility to distinguish
strain level differences, MLST targets differences in housekeeping gene
sequences. MLST has been used to determine strains of multiple bacteria
of public health significance (Dingle et al., 2001; Farfan et al., 2002;
Helgason et al., 2004) as well as some LAB such as L. plantarum (de las
Rivas et al., 2006) and Oenococcus oeni (de las Rivas et al., 2004). In this
study we followed the MLST method described by de las Rivas et al.
(2006) for L. plantarum given that the design of universal primers for the
homologous genes in L. pentosus would have been limited by the number
of genome sequences available for such species to date. The MLST
analysis conducted included the amplification of mutS (mismatch repair
protein), purK1 (ATPase subunit of phosphoribosylaminoimidazole
carboxylase, ddl (p-alanine-p-alanine Ligase), gyrB (B subunit of DNA
gyrase), gdh (glutamate dehydrogenase) and pgm (phosphoglucomu-
tase). The majority of the strains (6) subjected to the analysis shared
93-99% similarity to homologous genes in previously identified L.
pentosus (Tables 4 and 5). Only the 3.2.8 clone presented gene similar-
ities to those reported for previously characterized L. plantarum (Ta-
bles 4 and 5). Interestingly, primers designed for the amplification of
gyrB and pgm from L. plantarum by de las Rivas et al. (2006) did not
successfully function for the amplification of the L. pentosus counter-
parts. Thus, utilization of the MLST approach designed for L. plantarum
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of seven isolates. Percent similarity were calculated using the Pearson corre-
lation coefficient. The clustering was performed using the Unweighted Pair
Group Method with the Arithmetic Mean (UPGMA; Bionumerics 6.6, Applied
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Fig. 3. Phylogenetic dendogram and rep-PCR-(GTG)5 band pattern for the
subgroup of seven isolates. Percent similarity were calculated using the Pearson
correlation coefficient. The clustering was performed using the Unweighted
Pair Group Method with the Arithmetic Mean (UPGMA; Bionumerics 6.6,
Applied Maths, Sint-Martens-Latem, Belgium).

could not be tested for the strain level differentiation of L. pentosus given
the lack of amplification of certain genes. Primers specifically targeting
the L. pentosus gyrB and pgm would have to be designed and tested to
determine if this technique can effectively discriminate L. pentosus
strains. A new reference database for L. pentosus MLST patterns would be
needed.

The LA0445 strain isolated from cucumber fermentations in 1988
and originally classified as L. plantarum based on the partial sequence of
the 16S rRNA gene (Fleming et al., 1988; McDonald et al., 1993) showed
similarity to the L. pentosus reference cultures more so than to the L.
plantarum reference strain. LA0445 clustered with the L. pentosus strains
isolated from cucumber fermentations based on the sequences for recA,
pheS, rpoA and dnaK (Fig. 1). Although the LA0445 16S rRNA gene
sequence shares 100% similarity with the L. plantarum in the NCBI
BLAST database (Table 5), its MLST profile obtained using primers
designed for L. plantarum, represented that of L. pentosus strains
(Table 5). The LA0445 mutS, purK1, ddl and gdh genes are 99, 99, 99, and
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Fig. 4. Rep-PCR-GTGs phylogram for L. plantarum. UPGMA dendogram
obtained for the L. plantarum clones included in this study using the DICE
coefficient. L. plantarum clusters are identified by the greek letters: =, T, y. The
color legend to the right describes the phenotypes for each clone in the geno-
typic clusters and follows the same color assignment shown in Fig. 7. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 5. Rep-PCR-GTGs dendogram for L. pentosus. UPGMA dendogram
using DICE coefficient. L. pentosus clusters are showed by the greek letters: a, B,
Y, 8, € 1, 6, A, 1, p. The color legend to the right describes the phenotypes for
each clone in the genotypic clusters and follows the same color assignment
shown in Fig. 7. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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86% similar to the homologous genes in the L. pentosus reference strain
ATCC8041 isolated from sauerkraut by Fred et al., in 1921. Thus, we
proposed that this strain be re-classified as L. pentosus LA0445.

RAPD was originally proposed by Williams et al. (1990) as a DNA
polymorphism assay for eukaryotic organisms based on the amplifica-
tion of random DNA segments with single primers of arbitrary nucleo-
tide sequences. The method was adapted to LAB using a 10-mer primer
(Cocconcelli et al., 1995). RAPD with primers P1, P2 and P3 was pro-
posed by Bringel et al. (2001) for the discrimination of L. plantarum
strains into two subgroups and the segregation of such species from L.
pentosus and L. paraplantarum. Thus, genomic variability among the
selected cultures was characterized using RAPD (Spano et al., 2002).
Utilization of primers M14 and OPL5 (Torriani et al., 1996; Zapparoli
et al., 2000) for RAPD did not yield band patterns for the seven clones
tested under the conditions of the assay (data not shown). PCR ampli-
fication using primer LP1 (Plengvidhya et al., 2004) was useful for the
generation of band patterns that differentiated a few L. pentosus clones
(data not shown). RAPD using the COC primer (Cocconcelli et al., 1995)
yielded defined band patterns illustrating the heterogeneity among the
L. pentosus isolated from distant habitats and commercial cucumber
fermentations (Fig. 2).

Rep-PCR-(GTG)5 amplifies regions between interspersed repetitive
elements and was introduced to differentiate microbes using PCR and
gel electrophoresis fractionation (Versalovic et al., 1994). Application of
rep-PCR-(GTG)5 for the discrimination of the clones of interest yielded
defined band patterns showing the heterogeneity among the L. pentosus
and L. plantarum clones (Fig. 3). Similarity coefficients from 22 to 99 and
80 to 99 were calculated for the band patterns generated using the
(GTG)5 primer among the L. pentosus and L. plantarum clones, respec-
tively (Fig. 3).

The intraspecies genetic diversity among the remaining 209 lacto-
bacilli clones was evaluated using rep-PCR-(GTG)5, given that such
technique has been more commonly used for the discrimination of
L. plantarum and L. pentosus strains with reproducible results (Gevers
etal., 2001; Kostinek et al., 2005; Panagou et al., 2008; Pino et al., 2018;
Tamang et al., 2005). Three and ten genotypic clusters were found
among the L. plantarum and L. pentosus strains isolated from commercial
cucumber fermentations, respectively (Figs. 4 and 5). The clustering
obtained is in agreement with those typically generated to document the
biodiversity of L. plantarum and L. pentosus strains isolated from fer-
mented foods typically illustrating 8 to 11 clusters based on
rep-PCR-(GTG)5 derived band patterns (Gevers et al., 2001; Kostinek
etal., 2005; Panagou et al., 2008; Pino et al., 2018; Tamang et al., 2005).

Temperature
2

Fig. 6. Venn diagram of the number of clones significantly affected by one or
more fermentation variable (n = 243).
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Fig. 7. Hierarchial Cluster Analysis (HCA) of L. plantarum and L. pentosus clones isolated from commercial cucumber fermentations. Two-way clustering of clones
based on 48 h fermentation pH under varying conditions of salt, initial pH, and temperature.

3.2. Phenotypic biodiversity among L. plantarum and L. pentosus clones
isolated from commercial cucumber fermentations

The mean pH of the CJM at the end point of incubation resulting
from the fermentation by the isolates inoculated in treatments T1, T2, T3
and T4 were 4.80 £+ 0.32, 3.87 + 0.12, 3.59 + 0.46 and 3.54 + 0.32,

respectively. The initial pH of the CJM significantly affected the ability
of 66% of the L. plantarum and L. pentosus cultures to rapidly initiate
fermentation (P < 0.05). Temperature alone affected approximately
60% of the L. plantarum and L. pentosus cultures, while no cultures were
solely influenced by NaCl concentration (Fig. 6). All the 101 L. plantarum
and L. pentosus cultures that appeared to be impacted by NaCl
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concentration were also influenced by initial pH and/or temperature,
suggesting that the other two variables and potential synergies between
the three variables were more useful in screening for robust starter
culture candidates.

Sixty-six percent of the initial pool of 243 bacterial clones collected
from two independent commercial cucumber fermentations lacked the
ability to rapidly decrease the experimental CJM pH in varied salt
concentration, initial pH, and incubation temperature. The remaining
34% of the cultures were able to ferment in all four treatment combi-
nations, with a few performing well in only three treatments (Fig. 7). A
significant number of the L. plantarum and L. pentosus cultures that
performed well in all treatments, fermented most rapidly in the exper-
imental CJM that had an initial pH of 5.4, 6% NaCl, and was incubated at
30°C(T3), asillustrated by the primarily green 4th column from the left
in the HCA dendogram (Fig. 7). Screening using only the T3 treatment,
which represents a common cucumber fermentation model, would have
eliminated only 9-12% of the pure cultures from the group of candidates
(Fig. 7, cluster 7). Furthermore, selecting only the top fermenters under
ideal conditions may have resulted in the exclusion of isolates that have
better potential for performance in commercial environments that are
suboptimal. For example, several L. plantarum and L. pentosus isolates in
clusters 4, 5 and 6 of Fig. 7, are shown in dark green for T3, indicating
that a low fermentation pH was achieved in a short time period. How-
ever, these isolates did not perform well under the other conditions
presented, as indicated by the red shading for other treatments for the
cultures in these clusters (Fig. 7). The most robust starter culture can-
didates grouped together in clusters 1, 2, and 3. The cluster analysis also
highlighted one particular L. pentosus strain in cluster 3 (14.2.1 RB) that
exhibited robust fermentation ability under all conditions tested.

Supplementary Fig. 1 merges the genotypic, rep-PCR-(GTG)5 den-
dograms shown in Figs. 4 and 5 with the phenotype of each individual
clone as determined by the fermentation ability experiment (Fig. 7). The
fermentation ability phenotypes for each clone was populated into the
genotypic Rep-PCR-(GTG)5 dendogram to illustrate the distribution of
phenotypes among the genotypic clusters. The dendogram in Fig. S1
combines the dendograms shown in Figs. 4 and 5 and the color-coded
phenotype corresponding to each individual clone to the right of the
bands. The dendogram clusters in Fig. S1 were defined with a 40% cut-
off value using Bionumerics as described above. L. plantarum clones
grouped in genotypic clusters A, I and K with 4, 2 and 11 members,
respectively. Genotypic cluster A is composed of 4 L. plantarum clones,
including clone 3.2.8, and several L. pentosus, suggesting that some
L. plantarum are genetically closer to L. pentosus than most others, which
grouped in cluster K with 11 members. Best L. pentosus fermenters
(Fig. 7, cluster 1, 2, and 3) are scattered across the genotypic dendogram
with more clones aligning to clusters B, D, and J (Fig. S1). The remaining
clones are scattered across clusters A, C, E, F, G, H, and L. Interestingly,
77% (43 out of 56) of the robust fermenters, including L. pentosus and
L. plantarum, in the fermentation ability cluster 1 (Fig. 7) show two high
molecular weight bands of around 1600 bp and 1000 bp (Fig. S1). The
other 25% show at least three distinctive bands. The inspection of bands
for all the robust fermenters show no discernable pattern that might
indicate a relationship between the amount of bands or molecular
weight and fermentation ability. In addition, each cluster in the geno-
typic dendogram contains various phenotypic clusters.

Furthermore, the Rep-PCR-(GTG)5 phylogenetic dendograms pub-
lished by Tamang et al. (2005) and Pino et al. (2018) for lactobacilli
isolated from traditional vegetable fermentations were compared to
those generated in this study (Fig. S1). Tamang et al. (2005) and Pino
et al. (2018) presented dendograms with 15 and 60 samples, respec-
tively, and used the Pearson correlation coefficient and UPGMA for
clustering. The electrophoresis parameters applied by these two groups
differed from the ones used in this study. However, the clusters from the
dendogram by Tamang et al. (2005) are comparable with clusters A, H,
and I in Fig. S1, based on band patterns with at least 8 to 11 bands per
isolate. The various clusters from Pino et al. (2018) are comparable to all
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of the clusters in this study, ranging from 3 to 11 bands per isolate. This
demonstrates the ability and reproducibility of Rep-PCR-(GTG)5 across
different and varied parameters and clustering methods. However,
based on the results a complete view of biodiversity is dependent on the
amount of samples used in the study. A large sample size (>60 isolates)
is needed to detect all biotypes.

Genotypic discrimination of the clones isolated from commercial
cucumber fermentations resulted in the identification of 10 and 3 clus-
ters or strains of L. pentosus and L. plantarum, respectively. These clusters
do not align with the strains ability to ferment CJM. A combination of
the effective tools used here for genotyping may prove useful as a strain
discriminatory tool for L. pentosus and L. plantarum that more closely
resembles fermentation robustness. A combination of the sequencing of
the housekeeping gene pheS, pgm and gyrB, RAPD-COC and rep-PCR-
(GTG)5 may serve as an improved genotypic discriminatory tool for
strains of L. pentosus.

The phenotypic clustering of the strains of interest based on their
ability to ferment cucumbers demonstrated that the L. pentosus species is
capable of completing the bioconversion more effectively under various
conditions of pH, salt and temperature than L. plantarum. The effect of
temperature and initial pH is more significant than the salt effect on the
growth of L. pentosus in cucumber fermentations. This study identifies
three L. pentosus strains and one L. plantarum strain for further scrutiny
in the development of autochthonous starter cultures for commercial
cucumber fermentations.

4. Conclusion

This study identified the L. plantarum and L. pentosus genotypes
present in industrial-scale cucumber fermentations and determine their
ability to ferment cucumbers under various conditions. The genotypic
clustering of 216 clones was facilitated by rep-PCR-(GTG)5, a technique
that illustrated the most intraspecies biodiversity among RAPD,
housekeeping gene sequencing and MLST. The genotypic clustering
including 10 and 3 clades for the 216 L. pentosus (199) and L. plantarum
(17) clones, respectively, significantly differ from the phenotypic clus-
tering based on fermentation ability. A reduced fermentation ability was
observed for the L. plantarum strains as compared to L. pentosus, except
for clone 3.2.8, which had a ropy phenotype. L. pentosus strains
belonging to three genotypic clusters (B, D and J) were more efficient in
CJM fermentation as compared to most L. plantarum strains. L. pentosus
strains isolated from cucumber cover brine samples collected on days 1
and 3 fermented CJM more efficiently than those isolated on day 7. This
research identified three genetically diverse L. pentosus strains and one
L. plantarum as candidates for starter cultures for commercial cucumber
fermentations able to acidify under various conditions.
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