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A B S T R A C T

Lactobacillus buchneri is a Gram-positive, obligate heterofermentative, facultative anaerobe commonly affiliated
with spoilage of food products. Notably, L. buchneri is able to metabolize lactic acid into acetic acid and 1,2-
propanediol. Although beneficial to the silage industry, this metabolic capability is detrimental to preservation
of cucumbers by fermentation. The objective of this study was to characterize isolates of L. buchneri purified from
both industrial and experimental fermented cucumber after the onset of secondary fermentation. Genotypic and
phenotypic characterization included 16S rRNA sequencing, DiversiLab® rep-PCR, colony morphology, API 50
CH carbohydrate analysis, and ability to degrade lactic acid in modified MRS and fermented cucumber media.
Distinct groups of isolates were identified with differing colony morphologies that varied in color (translucent
white to opaque yellow), diameter (1 mm–11mm), and shape (umbonate, flat, circular or irregular). Growth
rates in MRS revealed strain differences, and a wide spectrum of carbon source utilization was observed. Some
strains were able to ferment as many as 21 of 49 tested carbon sources, including inulin, fucose, gentiobiose,
lactose, mannitol, potassium ketogluconate, saccharose, raffinose, galactose, and xylose, while others metabo-
lized as few as eight carbohydrates as the sole source of carbon. All isolates degraded lactic acid in both fer-
mented cucumber medium and modified MRS, but exhibited differences in the rate and extent of lactate de-
gradation. Isolates clustered into eight distinct groups based on rep-PCR fingerprints with 20 of 36 of the isolates
exhibiting> 97% similarity. Although isolated from similar environmental niches, significant phenotypic and
genotypic diversity was found among the L. buchneri cultures. A collection of unique L. buchneri strains was
identified and characterized, providing the basis for further analysis of metabolic and genomic capabilities of
this species to enable control of lactic acid degradation in fermented plant materials.

1. Introduction

Lactobacillus buchneri is a Gram-positive, facultative anaerobe that
has been isolated from a wide range of food, feed, and bioprocessing
environments due to its broad range of metabolic capabilities. Notably,
L. buchneri's ability to anaerobically metabolize lactic acid into acetic
acid and 1,2-propanediol (Oude Elferink et al., 2001) makes this or-
ganism both detrimental to the cucumber pickling industry and suitable
as an adjunct starter culture for the silage industry. In addition to fer-
mented cucumber (Franco et al., 2012; Johanningsmeier et al., 2012)
and silage (Cooke, 1995; Muck, 1996), L. buchneri has also been isolated
from human intestines (Zeng et al., 2010), fermented sorghum product
(Yousif et al., 2010), wine (de Orduña et al., 2001), beer wort

(Sakamoto and Konings, 2003), tomato pulp (Hammes and Hertel,
2015) and spoiled Swiss cheese (Sumner et al., 1985). Considering the
various ecological niches that L. buchneri strains occupy, diversity
within the species is likely.

Pickling cucumbers are fermented in a sodium chloride (NaCl) so-
lution in open-top, 10–40 kL vats where naturally occurring lactic acid
bacteria, principally homolactic Lactobacillus species, convert sugars to
lactic acid to preserve the fruits (Franco et al., 2016). Prior to proces-
sing, it is common for fermented cucumbers to be held in bulk storage
for up to 1 year. During bulk storage, secondary fermentation may
ensue, particularly when the salt concentration is low (Fleming et al.,
1989; Johanningsmeier et al., 2012; Kim and Breidt, 2007). Spoilage-
associated secondary cucumber fermentation occurs during bulk
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storage after residual carbohydrates have been depleted (Fleming et al.,
1989; Franco et al., 2012, 2016). This particular spoilage is char-
acterized by an increase in pH and decrease in lactic acid with a con-
comitant increase in acetic and propionic acids (Fleming et al., 1989;
Franco et al., 2012; Johanningsmeier et al., 2012). In numerous studies,
L. buchneri has been shown to initiate spoilage in fermented cucumber
by degrading lactate to acetate and 1,2-propanediol under aerobic or
anaerobic conditions, causing a rise in pH (Johanningsmeier et al.,
2012; Johanningsmeier and McFeeters, 2013). As lactate is depleted
and pH rises, spoilage occurs through a succession of microbial meta-
bolic activity of less acid-tolerant species. Propionibacterium species,
Pectinatus sotaceto, Enterobacter cloacae, Clostridium tertium, and Clos-
tridium bifermentans produce additional propionic acid and butyric acid,
creating undesirable off-odors and compromising food safety (Breidt
et al., 2013; Caldwell et al., 2013; Fleming et al., 1989; Franco et al.,
2012; Franco and Pérez-Díaz, 2012). Ultimately, this renders the final
product unfit for consumption and leads to significant economic loss
(Franco et al., 2012).

The unique metabolic activities of L. buchneri that make it a robust
spoilage organism in foods also hold potential for industrial applica-
tions in food and feed technology. Strains of L. buchneri sourced from a
multitude of environments have been proposed for a variety of in-
dustrial applications. One particular strain isolated from pickle juice
was shown to have potential probiotic effects, such as the reduction of
serum cholesterol levels (Zeng et al., 2010). This strain of L. buchneri
produces a bile salt hydrolase, which catalyzes the hydrolysis of con-
jugated bile salts into amino acid residues and bile acids. A strain of L.
buchneri isolated from sauerkraut produced bacteriocins targeting sev-
eral Gram-positive bacteria, including species from Listeria, Bacillus,
Micrococcus, Enterococcus, Leuconostoc, Lactobacillus, Streptococcus, and
Pediococcus (Yildirim and Yildirim, 2001; Yildirim et al., 2002). L.
buchneri strain NRRL B-30929, originally isolated as a contaminant in a
commercial ethanol facility, has since been exploited for bioethanol
production and was the first of this species to have its genome fully
sequenced and annotated (Liu et al., 2011). Anaerobic lactic acid uti-
lization by L. buchneri in silage results in the production of acetic and
propionic acids, which act as natural antimicrobials for the inhibition of
aerobic spoilage yeasts and fungi that are often responsible for heating
and degradation of dry matter in silage upon exposure to air. This has
been demonstrated in various silage fodder, including grass (Driehuis
et al., 2001), corn (Kleinschmit et al., 2005; Muck, 1996; Ranjit and
Kung, 2000), barley (Kung and Ranjit, 2001; Taylor et al., 2002) and
alfalfa (Kung et al., 2003). Relying on this same metabolic pathway, L.
buchneri was used in concert with Lactobacillus diolivorans to naturally
produce propionate in sourdough bread, extending product shelf life
without added preservatives (Zhang et al., 2010). Despite common
features observed in several cases, it is not yet clear whether the ability
to metabolize lactic acid is strain-dependent.

To date, diversity within the L. buchneri species has not been fully
explored. Understanding the genotypic and phenotypic differences
among L. buchneri strains will facilitate the development of strategies to
eliminate the onset of secondary cucumber fermentation by this species.
Furthermore, this knowledge may also be exploited to develop im-
proved starter culture adjuncts for the silage industry. The objective of
this study was to characterize L. buchneri cultures isolated from spoiled,
fermented cucumber to determine the phenotypic and genotypic di-
versity of this species from a single environmental niche.

2. Materials and methods

2.1. Bacterial strain cultivation

L. buchneri cultures isolated from spoiled, fermented cucumber
(Franco and Pérez-Díaz, 2012; Johanningsmeier et al., 2012) and the
type strain for L. buchneri (ATCC® 4005™, American Type Culture
Collection, Manassas, VA, USA) were obtained from the USDA-ARS

Food Science Research Unit Culture Collection (Raleigh, NC, USA). The
sources of the isolates are described in Table 1. Species determination
was confirmed using 16S rRNA sequencing. Frozen stocks were pre-
pared in de Man-Rogosa-Sharpe (MRS) broth and 30% vol/vol glycerol,
and stored at −80 °C. Prior to experiments, isolates were streaked onto
MRS agar and incubated at 30 °C under anoxic conditions for 4–5 days
followed by anaerobic propagation in MRS broth for 2–3 days at 30 °C.

2.2. 16S rRNA sequencing

All isolates were subjected to 16S rRNA sequencing for species
verification prior to characterization studies. Genomic DNA was iso-
lated from broth cultures of each of the 36 isolates using a DNA pur-
ification kit (Ultra-Clean Microbial DNA Isolation Kit, MoBio labora-
tories, Carlsbad, CA, USA). Polymerase Chain Reaction (PCR) was
conducted to amplify a 500 bp hypervariable region with 16S rRNA
primers. The primers used in this study were plb16 5′ AGAGTTTGAT
CCTGGCTCAG 3′ and mlb16 5′ GGCTGCTGGCACGTAGTTAG 3′ (Kullen
et al., 2000). DNA amplification was performed in a BioRad MyCycler
Thermocycler programmed for 5min at 94 °C (initial denaturation), and
30 cycles of 30 s at 94 °C (denaturation), 30 s at 55 °C (annealing), 40 s
at 72 °C (extension) and 7min 72°C (final extension). Amplicons were
visualized with ethidium bromide in a 1% agarose gel and sequenced
using Eton Bioscience Inc. (Durham, NC, USA). The NCBI Basic Local
Alignment Search Tool was used to identify the bacterial cultures. All
isolates were confirmed to be L. buchneri based on alignment matches
with ≥99.7% identity.

2.3. Colony and cellular morphology

Each of the isolates was streaked onto MRS agar, and incubated
anaerobically for 4 days at 30 °C. Colony morphology was evaluated
based on diameter, pigmentation, form, elevation, margin, texture and
opacity of each colony for all isolates of L. buchneri using the method
found in the Manual of Microbiological Methods (Pelczar Jr., 1957).
Isolates were further propagated anaerobically in MRS broth for 36 h at
30 °C prior to cellular morphology observation. Cellular morphology
was visualized using a Nikon Eclipse E600 phase contrast microscope
with a Q-Imaging Micropublisher Camera attachment (Nikon, Japan).
Isolates that represented a range of distinct colony morphologies and
differed in DiversiLab® genotype fingerprints were selected for detailed
photographs (Fig. 1).

2.4. Growth curves in De Man Rogosa and Sharpe (MRS) broth

Growth curves were generated by measuring optical density
(OD600nm) of cultures grown in standard MRS medium for 64 h using a
microtiter plate reader (Spiral Biotech QCount; Advanced Instruments,
Inc.; MA, USA). A 5 μL aliquot of a 108 CFU/mL culture was inoculated
into a single well of 245 μL of sterile MRS broth for each of the 36
isolates and incubated at 30 °C under modified anaerobic conditions
using a mineral oil overlay. Readings were taken every 30min after a 5-
s vibrational shake of the microtiter plate. This experiment was in-
dependently conducted in duplicate. Lag times, growth rates, and max
OD were calculated using a published algorithm (Breidt et al., 1994).
Isolates that varied in DiversiLab® genotype and colony morphology
were selected for presentation.

2.5. Carbohydrate fermentation profiles

The ability to ferment a variety of carbon sources was determined
by the API 50 CHL method per the manufacturer's guidelines
(bioMerieux, Marcy I'Etoile, France). Each of the 36 cultures of L.
buchneri was cultivated in standard MRS broth under anaerobic con-
ditions at 30 °C for 4 days prior to inoculation.
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2.6. Screening for lactate utilization in fermented cucumber media

Pickling cucumbers (size 2B) were fermented at 25 °C in brines
containing CaCl2 (100mM equilibrated). Fermentation was conducted
in a 5 gal (~18.9 L) sealed container, with a pack-out ratio (weight
cucumbers: volume of cover brine solution) of 60:40. A mixed starter
culture of Lactobacillus plantarum strains (Culture Collection ID LA0445,
LA0085 and LA0219, USDA-ARS Food Science Research Unit, Raleigh
NC, USA) was inoculated at 106 CFU/mL in the fermentation container
and allowed to ferment at ambient temperature until a brine pH of 3.4
had been reached. Fermented cucumbers and brine were blended into
slurry and stored at −4 °C until subsequent use. Frozen fermented cu-
cumber slurry was thawed and pressed through multi-layered-cheese-
cloth to remove large particulate matter and then centrifuged for
15min at 17,568×g at 4 °C (Sorvall; RC-5B centrifuge, DuPont
Instruments, Wilmington, DE, USA). The supernatant was filter-ster-
ilized using a 500mL bottle-top Nalgene apparatus (Nalgene FAST PES,
0.2 um pore size, Daigger, Vernon Hills, IL, USA) to prepare the fer-
mented cucumber slurry media (FCS). FCS was aseptically aliquoted

into sterile conical tubes then transferred to a Coy anaerobic chamber
(Coy Laboratory Products, Inc., Grass Lakes, MI, USA) to allow for re-
moval of oxygen in the media for 5 days prior to inoculation with
Lactobacillus buchneri isolates (~106 CFU/mL). Inoculated medium was
incubated anaerobically at 25 °C. Measurements of pH were recorded as
an indication of lactate utilization. This experiment was conducted in
duplicate. An Accumet AR25 pH meter equipped with a gel-filled pH
electrode (Fisher Scientific, Pittsburgh, PA, USA) was used for pH
measurements. The pH electrode was calibrated prior to each use using
certified standards of pH 2.0, 4.0, and 7.0 (Fisher Scientific).

2.7. Lactate utilization in a modified MRS medium (mMRS)

Seven unique spoilage strains and the L. buchneri type strain (shown
in Fig. 1) were evaluated for the ability to degrade lactic acid over time.
A modified MRS (mMRS) medium (without added glucose) was pre-
pared with 50mM lactic acid, and pH adjusted to 3.8 (Oude Elferink
et al., 2001). The mMRS medium (~12mL) was aliquotted into 15mL
sterile conical tubes and placed in the Coy anaerobic chamber for 5 days

Table 1
Lactobacillus buchneri isolates characterized in this study.

Isolate IDa Isolation sourceb Salt content Original sourcec GenBank accession
#

CRISPR
genotyped

% IDe

ATCC 4005 American Type Culture Collection Lactobacillus
buchneri type strain

N/A Tomato Pulp KF624610 I 99.9

LA1181 Spoiled, fermented cucumber brine 2% NaCl Reduced salt cucumber fermentation JQ249043 A 100
LA1187B Spoiled, fermented cucumber brine 2% NaCl Reduced salt cucumber fermentation N/A A 100
LA1173 Spoiled, fermented cucumber brine 2% NaCl Reduced salt cucumber fermentation JQ249034 B 99.8
LA1175A Spoiled, fermented cucumber brine 2% NaCl Reduced salt cucumber fermentation JQ249037 B 100
LA1175D Spoiled, fermented cucumber brine 2% NaCl Reduced salt cucumber fermentation JQ249037 B 100
LA1178 Spoiled, fermented cucumber brine 2% NaCl Reduced salt cucumber fermentation JQ249040 C 99.9
LA1185A Spoiled, fermented cucumber brine 2% NaCl Reduced salt cucumber fermentation N/A E 99.7
LA1185B Spoiled, fermented cucumber brine 2% NaCl Reduced salt cucumber fermentation N/A E 99.9
LA1188 Spoiled, fermented cucumber brine 2% NaCl Reduced salt cucumber fermentation N/A E 100
LA1147 Spoiled, fermented cucumber brine 2% NaCl Reduced salt cucumber fermentation JQ249035 G 100
LA1184 Spoiled, fermented cucumber brine 2% NaCl Reduced salt cucumber fermentation JQ24904 J 99.8
LA1160A Anaerobic reproduction of spoilage None Reduced salt cucumber fermentation JQ249058 F 100
LA1160B Anaerobic reproduction of spoilage None Reduced salt cucumber fermentation JQ249058 F 100
LA1157A Anaerobic reproduction of spoilage 2% NaCl Reduced salt cucumber fermentation JQ249055 F 100
LA1157B Anaerobic reproduction of spoilage 2% NaCl Reduced salt cucumber fermentation JQ249055 F 99.9
LA1155A Anaerobic reproduction of spoilage 2% NaCl Reduced salt cucumber fermentation JQ249053 G 100
LA1155B Anaerobic reproduction of spoilage 2% NaCl Reduced salt cucumber fermentation JQ249053 G 99.9
LA1155C Anaerobic reproduction of spoilage 2% NaCl Reduced salt cucumber fermentation JQ249053 G 100
LA1156A Anaerobic reproduction of spoilage 2% NaCl Reduced salt cucumber fermentation JQ249054 H 100
LA1156B Anaerobic reproduction of spoilage 2% NaCl Reduced salt cucumber fermentation JQ249054 H 100
LA1154 Anaerobic reproduction of spoilage 2% NaCl Reduced salt cucumber fermentation JQ249052 J 99.8
LA1151 Anaerobic reproduction of spoilage 4% NaCl Reduced salt cucumber fermentation JQ249047 A 99.9
LA1152 Anaerobic reproduction of spoilage 4% NaCl Reduced salt cucumber fermentation JQ249048 A 100
LA1158A Anaerobic reproduction of spoilage 4% NaCl Reduced salt cucumber fermentation JQ249056 F 99.8
LA1158B Anaerobic reproduction of spoilage 4% NaCl Reduced salt cucumber fermentation JQ249056 F 100
LA1138 Anaerobic reproduction of spoilage 6% NaCl Reduced salt cucumber fermentation FJ867641 – 100
LA1159A Anaerobic reproduction of spoilage 6% NaCl Reduced salt cucumber fermentation JQ249057 G 100
LA1167 Anaerobic reproduction of spoilage 2% NaCl Commercial cucumber fermentation JQ249065 D 99.8
LA1161A Anaerobic reproduction of spoilage 4% NaCl Commercial cucumber fermentation JQ249060 D 100
LA1161B Anaerobic reproduction of spoilage 4% NaCl Commercial cucumber fermentation JQ249060 D 99.9
LA1161C Anaerobic reproduction of spoilage 4% NaCl Commercial cucumber fermentation JQ249060 D 100
LA1163 Anaerobic reproduction of spoilage 4% NaCl Commercial cucumber fermentation JQ249062 G 100
LA1164 Anaerobic reproduction of spoilage 4% NaCl Commercial cucumber fermentation JQ249063 G 100
LA1166 Anaerobic reproduction of spoilage 4% NaCl Commercial cucumber fermentation JQ249064 G 100
LA1149f Spoiled, fermented cucumber brine 1% CaCl2 Commercial cucumber fermentation in

calcium chloride brine
JQ086334 G 100

a Isolates described by Johanningsmeier et al. (2012) (unless otherwise specified).
b Isolation Source: Isolates were obtained directly from spoiled, fermented cucumber brines or after controlled reproduction of spoilage under various conditions

(NaCl, calcium chloride).
c The original source for the spoilage isolates was the brine from 1) a reduced salt fermentation conducted in the laboratory with cucumbers sourced from a

commercial pickling facility; 2) a commercial cucumber fermentation in the Southeast USA that had begun to spoil; or 3) an experimental cucumber fermentation in
calcium chloride brine conducted at a commercial pickling facility in the Northeast USA.

d CRISPR (Clustered Regularly Interspaced Short Palindromic Repeat) genotype determined by Briner and Barrangou (2014).
e % ID: Isolate identity to the reference L. buchneri 16S sequence, over a sequence that spanned between 569 bp and 754 bp.
f LA1149 was isolated from a commercial, low salt cucumber fermentation that spoiled (Franco et al., 2012).
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to allow for oxygen removal. Each L. buchneri isolate was individually
grown in standard MRS broth under anaerobic conditions at 25 °C for
4 days prior to inoculation at 1.5 ± 0.4× 106 CFU/mL into the mMRS
medium. Inoculated media was incubated anaerobically at 25 °C; sam-
ples were aseptically collected over a time course of 107 days; and
media pH was measured for each of the isolates. HPLC analysis of
samples was used to quantify lactic acid concentration in modified MRS
(mMRS) nutrient media inoculated with eight strains of L. buchneri. An
Aminex Fast-Acid Analysis column (100×7.8mm, Bio-Rad Labora-
tories, Hercules, CA, USA) with 0.03 N H2SO4 eluent at a flow rate of
0.6 mL/min was used for separation of organic acids, and lactic acid
was quantified using a refractive index detector with external standard
calibration. This experiment was conducted in duplicate with in-
dependently grown cultures of each L. buchneri strain.

2.8. DiversiLab® strain typing

The DiversiLab® System (bioMerieux, Marcy I'Etoile, France) was
used for rep-PCR-based strain typing. Genomic DNA from each of the
isolates was extracted using an Ultraclean Microbial DNA Isolation Kit
(MO BIO Laboratories, Inc., CA, USA) and used with the DiversiLab®
Lactobacillus Primer Kit for DNA fingerprinting according to the man-
ufacturer's instructions (bioMerieux). Outward-facing, genus-specific
primers amplify the sequence between DNA fragments, as opposed to
inward-facing primers that amplify the repetitive element itself, gen-
erating amplicons of varying sizes to create a virtual gel image to vi-
sualize similarities and differences between each isolate. (Shutt et al.,
2005). Data was analyzed with automated DiversiLab® web-based sta-
tistical software (version 3.4) using the Pearson Correlation Coefficient
to generate a proximity matrix and calculate pair-wise similarities be-
tween the isolates (Shutt et al., 2005; Tenover et al., 2009).

3. Results

3.1. Colony morphology

Images of selected L. buchneri isolates with eight distinct morpho-
types, including variances in shape, pigmentation, size, and texture are
shown in Fig. 1. While sizes ranged from 1 to 11mm (Table 2), the
colonies pictured ranged in size from 2.5–6mm (Fig. 1). The neotype
strain, ATCC 4005 (LA0030), was originally isolated many decades ago
from tomato pulp (Hammes and Hertel, 2015) and contrasts entirely

with the other seven strains. ATCC 4005 colonies have a slight de-
pression in the center of each colony. This was also the only strain
displaying a complete circular form and convex margin. Pigmentation
also varied among the isolates, ranging from white and opaque to
yellow and translucent. One strain, LA1147, arguably has the most
distinct morphology, with sharp, irregular edges and a small elevation
directly in the center of the colony. Two of the strains, ATCC 4005
(LA0030) and LA1161B had a mucoid appearance and viscous texture,
suggesting production of exopolysaccharides. Alternatively, isolates
LA1181 and LA1167 had a dry, powdery texture, while LA1147,
LA1161C, LA1175D, and LA1184 presented a butyrous-like texture.

3.2. Cellular morphology

Cellular morphology visualized after 36 h of anaerobic incubation
revealed two distinct morphotypes illustrated by LA1167 and LA1184,
which displayed an aggregative phenotype, compared to the non-ag-
gregating strains ATCC 4005 (LA0030) and LA1181 (Fig. 2). Ag-
gregative phenotypes may be influenced by proteinaceous components
on the cell surface (Kos et al., 2003). Several surface layer (S-layer)
proteins have been putatively identified in the genome of L. buchneri
strain CD034 (Heinl et al., 2012), and differences in S-layer and asso-
ciated proteins may contribute to differences in cell morphologies be-
tween strains (Hynönen and Palva, 2013). Indeed, variation in the ag-
gregative phenotype was attributed to differences in specific S-layer
associated proteins in Lactobacillus acidophilus (Johnson et al., 2017),
suggesting that there may be other functional differences among these
strains of L. buchneri.

3.3. Growth curves in De Man, Rogosa and Sharpe (MRS) medium

L. buchneri isolates displayed differences in their growth rates in
MRS broth (Table 3). Eight of the isolates are displayed in Fig. 3, di-
vided into two general growth patterns. Fig. 3A displays the slower
growing strains, with a longer exponential phase. Comparably, strains
shown in Fig. 3B entered into stationary phase just after 24 h of growth,
while the three strains LA1167, LA1161B, and LA1175D entered sta-
tionary phase after 36 h.

3.4. Carbohydrate utilization

Each of the L. buchneri isolates was screened using the API 50 CHL

Fig. 1. Morphological diversity of selected isolates of Lactobacillus buchneri illustrating distinct phenotypic differences among the strains: (A) ATCC 4005 (LA 0030),
(B) LA1147 (C) LA1161B (D) LA1184 (E) LA1167 (F) LA1175D (G) LA1181 (H) LA1161C.

K.V. Daughtry et al. International Journal of Food Microbiology 280 (2018) 46–56

49



fermentation kit. Substrates including carbohydrates, polyalcohols,
uronic acids, and heterosides were divided into cupules on separate
strips and elicited a color-change when partially or fully fermented by
the inoculated organism. This method has been exploited for carbohy-
drate profiling of various species of lactobacilli to elucidate physiolo-
gical capabilities. Fig. 4 displays two-way hierarchical clustering of the
API 50 CHL results for 36 L. buchneri cultures and 26 of the 49 carbon
sources. A total of 26 carbon sources were fermented (partial or com-
plete reaction) over 3 days of incubation, while the remaining 23 car-
bohydrates were not metabolized by any of the isolates in this time-
frame. Fully fermented carbohydrates are shown in dark green; white is
displayed in the absence of a reaction; and partial metabolism of a
carbon source is indicated in light green. The obligate hetero-
fermentative nature of L. buchneri allowed for 100% of the isolates to
ferment glucose and maltose, while 72% of the isolates were also able
to metabolize arabinose, ribose, xylose and fructose (Fig. 4). Approxi-
mately 85% and 64% of L. buchneri strains were previously reported to
ferment potassium gluconate and potassium-5-ketogluconate, respec-
tively. Similarly, after 3 days of anaerobic incubation at 30 °C, 81% of

the L. buchneri strains in this study partially fermented potassium glu-
conate. However, complete fermentation of this substrate was observed
only in strain LA1161B, and substantial fermentation of potassium-5-
ketogluconate was only observed in two isolates in the present study,
LA1161B and LA1161C.

The API 50 CHL data clustered into 11 main groupings of isolates.
The top cluster, which included ATCC 4005 (LA0030), LA1158A, and
LA1158B, metabolized the fewest of the carbohydrates as compared to
the rest of the 36 cultures. In particular, LA1158A only metabolized
eight of the 49 carbohydrates tested, and only fully metabolized six of
these. Conversely, isolate LA1161B found within the 10th and largest
cluster encompassing 12 isolates, fully fermented a total of 16 carbon
sources, the largest number of any isolate screened. Also in the 10th
cluster was isolate LA1167, which was the only isolate able to meta-
bolize cellobiose during the 3-day incubation period. LA1159A and
LA1156B were in separate clusters, but were the only isolates able to
metabolize trehalose. One of two isolates in the 11th cluster, LA1185B,
demonstrated the most unique carbon source utilization profile.
LA1185B fully metabolized 15 substrates including the rarely

Table 2
Colony morphologies of 7 Lactobacillus buchneri strains isolated from spoiled, fermented cucumber and the ATCC type strain.

ATCC 4005 LA1147 LA1161B LA1161C LA1167 LA1175D LA1181 LA1184

Size (mm) 3.5 3 4.5 5 3 2.5 6 2.5
Color White White White White White Yellow Yellow Yellow
Form Circular Irregular Circular Irregular Irregular Irregular Irregular Irregular
Elevation Convex Umbonate Raised Umbonate Umbonate Umbonate Flat Flat
Margin Entire Undulate Entire Undulate Undulate Entire Lobate Undulate
Surface Mucoid Bumpy Dull Granular Granular Smooth Matte Matte
Texture Butyrous Butyrous Powdery Powdery Powdery Butyrous Powdery Butyrous
Opacity Opaque Opaque Opaque Opaque Opaque Opaque Translucent Opaque

Fig. 2. Cellular morphology of selected Lactobacillus buchneri isolates. Presence of aggregative phenotype in strains LA1184 and LA1167 after 36 h of growth in MRS
media was observed using phase contrast microscopy. Aggregative phenotype was not observed in strains ATCC 4005 (LA0030) and LA1181.
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metabolized fucose, partially metabolized an additional six substrates,
and was the only isolate to ferment gentiobiose and amidon. It was also
one of only three isolates that fermented the prebiotic fiber, inulin.
Cellobiose and trehalose were previously shown to be depleted by L.
buchneri strain LA1147 in fermented cucumber prior to the onset of
lactic acid degradation (Johanningsmeier and McFeeters, 2015).
However, only one isolate, LA1167, metabolized enough cellobiose
during the short term incubation to acidify the medium and produce a
color change. A recent study by Sanders et al. (2015) showed that L.
buchneri metabolized various carbon sources at different rates. When
grown in media containing L-arabinose, potassium-gluconate, D-mele-
zitose, or D-melibiose, L. buchneri strains reached an OD600nm of 0.7
within 2.4 days. Other carbohydrates such as D-lactose, methyl-D-glu-
copyranoside, methyl-D-mannopyranoside, raffinose, D-sorbitol, D-

turanose, and D-xylose were metabolized more slowly, requiring 7 days
for an increase in OD600nm to 0.7, or as long as 12 days in the case of D-
trehalose (Sanders et al., 2015). The API 50 CHL panel clearly deli-
neated strains with varying abilities to metabolize carbon sources.
These data indicate strains that may be technologically useful but may
not accurately reflect the ability of these strains to degrade carbohy-
drates during long-term bulk storage of commodities or during shelf
storage of finished products.

3.5. Lactic acid utilization

In this study, we investigated the variation in lactic acid utilization
among each of the L. buchneri isolates. Conversion of lactic acid to
acetic acid and 1,2-propanediol by L. buchneri strains was indicated by a
rise in medium pH (Johanningsmeier and McFeeters, 2013) for two
different types of media; a modified MRS (mMRS) containing 50mM
lactic acid and FCS. Each medium was incubated under anaerobic
conditions at ambient temperature (25 °C). Within 3 days post-in-
oculation, all strains had initiated lactate metabolism in the mMRS
medium (data not shown). However, lactate metabolism in the FCS
media did not begin until > 21 days after inoculation (Table 4). This
delay in lactic acid degradation was congruent with similar studies
conducted in fermented cucumber media (Franco and Pérez-Díaz, 2012;
Johanningsmeier et al., 2012; Johanningsmeier and McFeeters, 2013,
2015). Fig. 5 displays lactate degradation in mMRS over a 107-day time
course for eight distinct strains of L. buchneri. Among these strains,
there were significant differences in lactic acid utilization
(P < 0.0001). The three strains displayed in Fig. 5A, ATCC 4005,
LA1147, and LA1184, each had a slower rate of lactate degradation as
compared to the five strains shown in Fig. 5B. Between 3 and 42 days of
incubation, ATCC 4005, LA1147, and LA1184 utilized approximately
0.5–0.6mM lactic acid per day compared to ~0.9–1.0 mM per day for
strains LA1161B, LA1161C, LA1167, LA1175D, and LA1181. The latter
strains also degraded over 8mM more lactic acid over the course of
107 days (Fig. 5B).

3.6. DiversiLab® strain typing

DiversiLab® is a commercially available repetitive-PCR-based
method to differentiate bacterial isolates at the subspecies and strain
level through non-coding, recurring elements interspersed throughout
the genome (Healy et al., 2005). DiversiLab® results showed clustering
of the isolates into eight distinct groups based on their respective rep-
PCR fingerprints. The first cluster consisted of twenty isolates with>
97% similarity (Fig. 6A). Isolates within this cluster also had similar
colony morphology, with a flat surface, irregular edges, powdery tex-
ture and yellow opacity (Fig. 1G). The remaining 17 isolates were se-
parated into seven clusters with> 80% similarity (Fig. 6B). The isolates
within each of these clusters were more diverse in carbohydrate me-
tabolism and colony morphologies. Particularly, isolates LA1161A and
LA1161C were the most distinct (Fig. 6B), with only 80% similarity to

Table 3
Growth characteristics of eight strains of Lactobacillus buchneri.

Strain Growth rate (μ/h)1 Doubling time2 (h) Max OD600nm Lag time (h)

ATCC 4005 0.13 ± 0.02 a b 5.4 ± 0.7 a b 1.67 ± 0.05 a 2.9 ± 0.4 a
LA1147 0.11 ± 0.01 a b 6.2 ± 0.7 a b 1.79 ± 0.18 a 2.3 ± 0.6 a
LA1161B 0.03 ± 0.04 c 10.5 ± 2.2 a b 1.67 ± 0.00 a 3.9 ± 0.4 a
LA1161C 0.15 ± 0.01 a 4.7 ± 0.2 a 1.63 ± 0.05 a 4.6 ± 0.1 a
LA1167 0.11 ± 0.01 a b c 6.7 ± 0.4 a b 1.67 ± 0.15 a 5.5 ± 3.3 a
LA1175D 0.07 ± 0.02 b c 9.8 ± 2.7 a b 1.68 ± 0.07 a 3.0 ± 0.9 a
LA1181 0.12 ± N/A a b 5.7 ± N/A a b 1.61 ± N/A a 1.9 ± N/A a
LA1184 0.11 ± 0.00 a b 6.4 ± 0.1 a b 1.91 ± 0.01 a 3.3 ± 0.8 a

1,2 Data shown as means ± standard deviation of two independent growth experiments. Statistically significant differences in means by Tukey HSD are indicated by
different lowercase letters within each column (P < 0.05).
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Fig. 3. Growth curves in MRS broth for 8 distinct strains of Lactobacillus
buchneri. Panel A shows growth curves for 3 slower growing strains, and panel B
shows growth curves for the other 5 strains, which had a higher growth rate but
were more variable in overall growth patterns.
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the other isolate groups. ATCC 4005, LA1167, and LA1161B, which had
very distinct colony morphologies (Fig. 1) and varied in lactate de-
gradation (Fig. 5), were also distinct in DiversiLab® typing. However,
isolates within a genotypic cluster (≥97% similarity) were not always
phenotypically identical.

4. Discussion

Characterization of secondary cucumber fermentation has revealed
a diverse population of microorganisms associated with different stages
throughout the spoilage process (Breidt et al., 2013). While it is difficult
to study the progression of industrial secondary fermentation because
of its irregular manifestation, reproduction of anaerobic spoilage under
controlled laboratory conditions has been successful in isolating some
of the responsible organisms. In previous studies, 26 cultures of L.
buchneri were isolated from spoiled, fermented cucumber and labora-
tory-scale reproductions of fermented cucumber spoilage (Franco et al.,
2012; Johanningsmeier et al., 2012), and L. buchneri was shown to
initiate spoilage under various conditions present in fermented cu-
cumber (Johanningsmeier and McFeeters, 2013). Factors such as so-
dium chloride (NaCl) concentration and pH influenced lactic acid me-
tabolism by L. buchneri with the most substantial lactic acid degradation

observed in reduced salt fermented cucumbers (Franco et al., 2012;
Johanningsmeier et al., 2012; Johanningsmeier and McFeeters, 2013).
Efforts by the pickle industry to reduce the amount of NaCl in waste-
water streams have led to the development of fermentation processes in
reduced or no NaCl brines (Fleming et al., 1995, 2002; Guillou et al.,
1992; Guillou and Floros, 1993) as well as substitution with calcium
chloride (CaCl2) alone (McFeeters and Pérez-Díaz, 2010; Pérez-Díaz
et al., 2015). However, these fermented cucumbers have an increased
risk of spoilage by L. buchneri during bulk storage, limiting the com-
mercial implementation of these more environmentally-friendly pro-
cesses. The present study evaluated 35 L. buchneri spoilage cultures to
determine the diversity in phenotypic and genotypic characteristics of
the species from this industrially relevant environmental niche.

Lactate utilization varied among the L. buchneri spoilage isolates,
indicating that some strains may be better suited for this metabolic
activity. The conversion of lactic acid to 1,2-propanediol and acetic acid
under anaerobic conditions was first documented by Oude Elferink
et al. (2001), and the genes for this novel pathway of lactate assim-
ilation by L. buchneri were later verified in the genome of strain CD034
(Heinl et al., 2012). L. buchneri appears to use this pathway for both D-

Fig. 4. Two-way hierarchical cluster analysis of carbohydrate utilization by Lactobacillus buchneri cultures isolated from spoiled, fermented cucumber. Dark green
indicates carbon sources with a positive reaction in the API50 panel, white indicates a negative reaction, and light green indicates an intermediate reaction. Isolates
were clustered by similarity in pattern of carbon source utilization and color coded by cluster. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Table 4
Rise in pH associated with lactate degradation in fermented
cucumber media (100mM calcium chloride, 28 days) by
Lactobacillus buchneri spoilage isolates.

Isolate ID pH

Un-inoculated control 3.74 ± 0.01
ATCC 4005 4.29 ± 0.40
1138 4.04 ± 0.14
1147 4.48 ± 0.11
1149 3.96 ± 0.02
1151 4.21 ± 0.05
1152 4.38 ± 0.04
1154 3.76 ± 0.01
1155A 4.01 ± 0.16
1155B 3.97 ± 0.06
1155C 4.06 ± 0.07
1156A 3.91 ± 0.02
1156B 3.97 ± 0.05
1157A 4.01 ± 0.00
1157B 4.02 ± 0.00
1158A 3.93 ± 0.01
1158B 3.93 ± 0.11
1159A 3.95 ± 0.09
1160A 3.94 ± 0.00
1160B 3.97 ± 0.01
1161A 4.01 ± 0.01
1161B 3.91 ± 0.01
1161C 3.96 ± 0.02
1163 4.10 ± 0.16
1164 4.63 ± 0.17
1166 4.70 ± 0.00
1167 3.90 ± 0.00
1173 4.32 ± 0.22
1175A 3.95 ± 0.09
1175D 4.07 ± 0.06
1178 3.91 ± 0.07
1181 4.15 ± 0.05
1184 3.94 ± 0.00
1185A 3.96 ± 0.02
1185B 4.06 ± 0.01
1187 4.30 ± 0.04
1188 3.91 ± 0.02

Fig. 5. Lactic acid degradation by eight strains of Lactobacillus buchneri in
modified MRS media supplemented with 50mM lactic acid. Panel A shows
three strains that slowly and partially metabolized lactic acid, while panel B
depicts the more rapid and almost complete metabolism of lactic acid by 5
spoilage strains.
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and L-lactate degradation in fermented cucumber in the absence of
fermentable sugars (Johanningsmeier and McFeeters, 2013), but the
regulatory mechanism for this metabolism in fermented plant materials
is not yet fully understood. No consistent relationships were observed
between growth rate and ability to metabolize lactate among the eight
unique strains identified in this study, which is in accordance with the
idea that lactic acid degradation under acidic conditions is an acid re-
sistance mechanism for L. buchneri (Oude Elferink et al., 2001). Lactic
acid conversion to 1,2-propanediol and acetic acid only occurred at
acidic pH's (3.2–4.3), and no increase in cell counts were observed
during lactate utilization experiments in fermented cucumber media or
in nutrient growth media supplemented with lactic acid
(Johanningsmeier et al., 2012; Johanningsmeier and McFeeters, 2013;
Oude Elferink et al., 2001). Furthermore, lactate utilization is not in-
itiated until residual glucose has been depleted from the environment
(Oude Elferink et al., 2001), and onset of lactate utilization typically
occurs ≥21 days after the end of a primary cucumber fermentation
(Johanningsmeier and McFeeters, 2013). Specifically, depletion of
cellobiose, trehalose, and citrulline may signify imminent lactate de-
gradation by L. buchneri strains at the initiation of fermented cucumber
spoilage (Johanningsmeier and McFeeters, 2015). However, LA1167
was the only isolate to metabolize cellobiose as a sole carbon source in
carbohydrate profiling assays. In a previous metabolomics study, L.
buchneri LA1147 degraded cellobiose prior to the onset of secondary
fermentation (Johanningsmeier and McFeeters, 2015), but this meta-
bolic activity was not observed with the standard API 50 assay. Overall,
we found that lactate metabolism is strain-dependent, and not specifi-
cally associated with the organism's ability to grow in complex media or

rapidly ferment specific carbon sources.
Although the strains were isolated from a similar environmental

niche (Table 1), significant phenotypic differences existed with regard
to colony type, cellular morphology and ability to ferment various
carbon sources. CD034, a strain of L. buchneri isolated from silage fer-
mentation most closely resembles the colony phenotype of the type
strain of the organism, ATCC 4005 (unpublished observation). How-
ever, these are both morphologically different than all L. buchneri iso-
lated from spoiled, fermented cucumber. Aggregation of selected strains
of L. buchneri was visualized under a microscope. Three of eight of the
unique strains displayed an aggregative phenotype, suggesting differ-
ences in surface proteins between strains.

L. buchneri is classified under the Group III obligately-hetero-
fermentative lactobacilli, capable of growth by metabolizing hexoses
and pentoses to lactic acid, acetic acid and traces of ethanol and carbon
dioxide. In this study, the API 50 CHL method was utilized to examine
specific carbohydrate profiles for each of the 36 isolates. Results of the
assay were compared to the documented API sugar profiles for L.
buchneri. D-glucose and D-maltose were the only substrates that were
universally metabolized by the L. buchneri strains in this study. The type
strain is documented with the ability to fully utilize melibiose, maltose,
arabinose, gluconate, melezitose, and ribose as sole carbon sources (Pot
et al., 2014). Most of the L. buchneri isolates from spoiled, fermented
cucumber followed this pattern with only a few unable to grow rapidly
on some of the aforementioned substrates. The exception was gluco-
nate, which was rapidly metabolized by the type strain (ATCC 4005)
and LA 1161B, but only partially fermented by the majority of the
spoilage isolates. Although reported as variable for the type strain (Pot

Fig. 6. DiversiLab® genotyping of 36 Lactobacillus buchneri isolates. Dendrogram showing isolates clustered with> 97% similarity (Panel A) and>80% similarity
(Panel B). Asterisks denote unique strains selected for further characterization.
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et al., 2014), D-xylose was fully metabolized by the type strain and 31 of
35 spoilage isolates in this study. This is consistent with broth culture
studies by Liu et al. for the type strain and L. buchneri strains NRRL B-
30929 and DSM 5987 (Liu et al., 2008; Liu et al., 2009), suggesting that
the ability to metabolize D-xylose into lactic and acetic acids is a
common feature among strains isolated from plant materials. Along
with the more readily metabolized carbohydrates (glucose, maltose,
arabinose, ribose, xylose, and melibiose), several L. buchneri spoilage
isolates were able to metabolize other carbon sources, such as sac-
charose, raffinose, galactose, fructose, mannitol, methyl-D-glucopyr-
anoside, potassium-5-ketogluconate, and lactose. According to previous
studies, over 90% of L. buchneri strains should readily metabolize ara-
binose, while there is more diversity in strains (11–89%) that will fer-
ment galactose, ribose, and sucrose (Hammes and Vogel, 1995). Fur-
thermore, particular strains isolated from spoiled, fermented cucumber
were unique in their ability to rapidly metabolize a wider range of
substrates, including inositol, amygdalin, D-cellobiose, salicin, D-treha-
lose, esculin ferric citrate, inulin, L-fucose, amidon, and gentiobiose.
Aside from residual glucose and fructose, fermented cucumber contains
xylose, lyxose and disaccharides, trehalose, cellobiose, and gentiobiose,
(Johanningsmeier and McFeeters, 2015), which may give certain
strains of L. buchneri an advantage for growth and survival in this en-
vironment.

L. buchneri strain LA1175D is arguably one of the more distinctive
strains characterized in this study. Isolated from spoiled, reduced salt
fermented cucumber, LA1175D was one of four of the 36 isolates ex-
amined that did not catabolize galactose, one of eight unable to degrade
saccharose, and was the sole isolate in cluster 4 (Fig. 4). Furthermore,
LA1175D degraded lactate more rapidly between days 21 and 42
compared to six of the other strains examined (Fig. 5). In appearance,
this isolate has slightly translucent edges, with a darker yellow, opaque
center and displayed a slower growth rate, similar to LA1167 and
LA1161B.

Interestingly, phenotypic differences among the isolates only
loosely correspond with the genotyping tools employed in this study. In
a previous study, cultures of L. buchneri isolated from spoiled, fer-
mented cucumber along with two annotated genomes of L. buchneri
(strains CD034 and NRRL B-2099) were investigated for the occurrence
of CRISPR-Cas systems (Briner and Barrangou, 2014). CRISPR (Clus-
tered Regularly Interspaced Short Palindromic Repeats) is a form of
adaptive bacteriophage immunity that is present in most archaea and in
many species of bacteria, which could be used as a genotyping method
for tracking food-associated bacteria (Barrangou and Dudley, 2016).
Comparative genomic analysis of the strains revealed the universal
occurrence of a type II-A CRISPR-Cas system in each of the L. buchneri
genomes and fermented cucumber spoilage isolates. The type II-A locus
was defined by a highly conserved 36-nt repeat sequence, along with
the cas1 and cas2 genes and the type II signature nuclease cas9 (Briner
and Barrangou, 2014). Comparative genomic analysis of CRISPR loci
from each of the 26 isolates revealed 10 unique CRISPR genotypes

containing 9–29 spacers. (Briner and Barrangou, 2014). In this study, it
was noted that three strains with the same CRISPR genotype (LA1167,
LA1161B, and LA1161C) exhibited various colony morphotypes.
However, these strains had differing DiversiLab® rep-PCR fingerprints
consistent with the observed differences in colony morphology. A
possible explanation for this dichotomy is that DiversiLab® sequencing
uses genus-specific primers to amplify regions throughout the genome
while CRISPR sequencing is localized to a specific area of the genome.
Although both genotyping techniques provided useful information for
grouping the L. buchneri isolates, neither fully discriminated among
isolates with observed phenotypic differences. A detailed examination
of the complete genomes of these isolates may be necessary to de-
termine the genetic basis for the plethora of phenotypic differences
observed in our study. This may involve searching for the acquisition of
mobile genetic elements to possibly explain diverse carbohydrate me-
tabolism profiles and production of EPS, which confers variations in
colony morphology and increased acid resistance (Heinl and Grabherr,
2017).

In this study, 35 cultures of L. buchneri originally isolated from
spoiled, fermented cucumber were characterized using phenotypic and
genotypic analyses to explore the diversity within the species from a
single environmental niche in comparison to the ATCC type strain.
These data present new information for characterization of strain di-
versity in L. buchneri. Variations in colony morphology revealed several
characteristic morphotypes that varied in color, size, and shape among
the strains. Aggregation phenotypes, growth rates and carbohydrate
metabolism also varied significantly among the strains. The unique
properties of these strains may be relevant for various applications,
such as silage, alternative fuel production, and the biotechnology in-
dustry. Specifically, a difference in lactate degradation was noted
among the strains, suggesting that some strains may be more robust
spoilage organisms in fermented cucumber or perform better as starter
culture adjuncts in silage fermentations. Furthermore, this level of
intra-species diversity has not been previously explored in L. buchneri.
Eight strains that represented the phenotypic and genotypic diversity of
L. buchneri (Table 5) were identified as candidates for whole genome
sequencing to further understand the metabolic potential of this or-
ganism and identify the genetic basis for the strain differences observed
throughout our analyses. Additional insights at both the phenotypic and
genomic level are necessary to fully utilize the capacity of L. buchneri
for industrial application and for development of techniques to prevent
spoilage in fermented cucumbers and other foods.

Acknowledgements

We thank Janet Hayes of the USDA-ARS Food Science Research Unit
and Brant Johnson and Kurt Selle of the Klaenhammer Lab for excellent
technical assistance. We also thank Dr. Fred Breidt for deriving the data
from growth curves and Mrs. Sandra Parker for administrative assis-
tance, both of the USDA-ARS Food Science Research Unit.

Table 5
Phenotypic and genotypic characteristics of 8 unique Lactobacillus buchneri strains.

Strain ID Colony morphology
color (type)a

Aggregative
property

Growth profile
in MRS

Lactate degradation in
mMRS

API 50
cluster

Sole carbon sources
metabolized (#)b

DiversiLab® cluster

ATCC 4005 White (A) No Fast Low 1 9 2
LA1161C White (H) No Fast High 5 11 8
LA1161B White (C) No Slow High 10 16 5
LA1167 White (E) Yes Slow High 10 17 4
LA1147 White (B) Yes Fast Low 9 15 6
LA1175D Yellow (F) No Slow High 4 11 7
LA1181 Yellow (G) No Fast High 7 13 1
LA1184 Yellow (D) Yes Fast Low 10 16 3

a Letter code for type corresponds to panel in Fig. 1.
b Total number of carbon sources partially or fully fermented in 3 day API 50 screening.
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