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Lactobacillus helveticus is widely used in dairy fermentations and produces a range of enzymes, which upon cell
lysis can be released into the cheese matrix and impact degradation of proteins, peptides and lipids. In our study
we set out to explore the potential of Lb. helveticus DSM 20075 for increased autolytic capacity triggered by con-
ditions such as low pH and high salt concentrations encountered in cheese environments. Lb. helveticus DSM
20075was subjected to varied incubation temperatures (ranging from37 to 50 °C). High-temperature incubation
(in the range of 45 to 50 °C) allowed us to obtain a collection of six variant strains (V45-V50), which in compar-
ison to the wild-type strain, showed higher growth rates at elevated temperatures (42 °C–45 °C). Moreover,
variant strain V50 showed a 4-fold higher, in comparison to wild type, autolytic capacity in cheese-like
conditions. Next, strain V50 was used as an adjunct in lab-scale cheese making trials to measure its impact on
aroma formation during ripening. Specifically, in cheeses made with strain V50, the relative abundance of benz-
aldehyde increased 3-fold compared to cheesesmadewith thewild-type strain. Analysis of the genome sequence
of strain V50 revealedmultiplemutations in comparison to thewild-type strainDSM20075 including amutation
found in a gene coding for a metal ion transporter, which can potentially be linked to intracellular accumulation
of Mn2+ and benzaldehyde formation. The approach of high-temperature incubation can be applied in dairy
industry for the selection of (adjunct) cultures targeted at accelerated cheese ripening and aroma formation.
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1. Introduction

Adjunct cultures are used in cheese production to accelerate ripen-
ing and support specific flavor development (Fox et al., 1998). Both
the acceleration of ripening and flavor development can be affected by
the addition of an adjunct culture due to its enzymatic activity (Khalid
and Marth, 1990). Adjunct cultures are usually inoculated at cell counts
together with the starter culture and they can survive and sometimes
even grow in cheese (Antonsson et al., 2002; Briggiler-Marcó et al.,
2007). Despite this fact, improvement of adjunct cultures is often fo-
cused on obtaining strains with increased autolytic capacity. Autolysis
of adjunct cultures leads to the release of intracellular enzymes, which
can improve the formation of specific aroma compounds. Previous
attempts to modify adjunct cultures of Lactobacillus helveticus I or
Lactobacillus casei T included a variety of sublethal physical treatments
such as freeze shock, heat shock or spray drying (Madkor et al., 2000).

Lb. helveticus strains are widely used as adjuncts for accelerated rip-
ening in different types of cheeses (Cheddar, Swiss-type). This applica-
tion of Lb. helveticus is based on the fact that this lactic acid bacterium
has a potent collection of enzymes including cell-envelope bound pro-
teinases (CEPs) and intracellular peptidases (Griffiths and Tellez,
2013) which upon cell lysis can be released into the cheese matrix
and impact proteolysis, as previously shown in Cheddar cheese
(Hannon et al., 2003, 2007).

Recently, Smith et al. (2012) isolated heat-resistant variants of
Lactococcus lactis MG1363 with increased autolytic capacity. The
observed autolysis was found to correlatewith salt hypersensitivity. Ge-
nome analysis of these variants of L. lactisMG1363 revealed mutations
in gene llmg_1816 encoding amembrane-bound stress signaling protein
of the GdpP family.

In our study we used high-temperature incubation of Lb. helveticus
DSM20075 to select naturally occurring heat-tolerant and salt sensitive
variants with higher autolytic capacity compared to thewild type (WT)
in cheese-like conditions. We demonstrated that application of the
variants in a cheese ripening model leads to a significant increase of
one specific aroma compound (benzaldehyde). Finally, the complete
genomes of the WT and of one the heat-tolerant variants were
compared to find explanations for the industrially relevant phenotype.
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2. Materials & methods

2.1. Strains, growth conditions and growth rate determination

Lactobacillus helveticusDSM 20075 (WT)was incubated at tempera-
tures ranging from 37 °C to 50 °C. Incubation of the cultures was per-
formed in test tubes placed in a PCR machine (Veriti® Thermal Cycler,
Applied Biosystems, Bleiswijk, The Netherlands), which allowed six
different temperatures to be set up in the same run – an increasing
temperature gradient every two lanes. The cultures were incubated in
MRS broth (0.5% (w/v) lactose) and at different time points during the
incubation (2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24 and 36 h) samples
were taken, diluted in phosphate buffered saline (PBS) and plated on
MRS agar (1.5%) supplemented with 0.5% (w/v) lactose.

After a certain period of exposure to elevated incubation tempera-
tures, non-diluted cultures were plated (with the exception of variant
45 (V45) which was isolated from 100 times diluted culture) and
colonies of survivors with increased heat resistance were collected
(for details see Table A.2, Supplementary material). The collected
isolates were subsequently grown in MRS broth (0.5% lactose) and pre-
served in glycerol (20% (v/v)) at −80 °C for further analysis. Specific
growth rates of six isolates (designated as variants V45, V46, V47, V48,
V49 and V50) were determined using modified Gompertz model
(Zwietering et al., 1990) (Fig. 1). Strain V50, showed the highest growth
rate at elevated temperature of 45 °C and was chosen for further analy-
sis of autolytic capacity and the milli-cheese trial (see below).

The caseinolytic Lactococcus lactis subsp. Cremoris TIFN1 (Erkus et al.,
2013) was used as a starter during milli-cheese preparation (see
below). L. lactis TIFN1 was plated on LM17 (Oxoid, Landsmeer, The
Netherlands) agar supplementedwith 0.5% (w/v) lactose and incubated
at 30 °C for 24 h to further pick a single colony for inoculation of LM17
broth (0.5% (w/v) lactose). The culture was incubated for 24 h at 30 °C
before use in milli-cheese preparation.

2.2. Lactate dehydrogenase activity measurement

The lytic capacity of Lb. helveticus strains was determined by mea-
suring the activity of lactate dehydrogenase (LDH) released from cells
suspended in a lactate buffer (100 mM sodium lactate, 10 mM KCl,
1 mMMgSO4 · 7H2O, 5 mMKH2PO4, pH 5) in the absence (control con-
ditions) and presence of 0.5MNaCl. LDH activity in the supernatantwas
determined using the LDH cytotoxicity test (Cytotoxicity Detection Kit,
Roche, USA) executed according to the manufacturers' protocol. The
low pH and high NaCl concentration were chosen to mimic the cheese
environment (Weimer, 2007). Cells grown at 37 °C in MRS broth (0.5%
lactose w/v) were harvested, collected by centrifugation at 6000 ×g
for 10 min, washed twice and finally re-suspended in the lactate buffer.

Optical density (determined at 600 nm–OD600, path length 1 cm) of cell
suspensions was adjusted to 0.35 ± 0.05 resulting in approximately
108 cfu/mL. Samples of 1 mL were collected during the salt stress
intervention at the following time points: 0, 4, 6, 9, 24, 48, 72, 96 and
120 h. After centrifugation at 13,000 ×g at 4 °C the supernatant was
used directly in LDH activity test. The measurement of each sample
was performed in triplicate using absorbance microplate reader
(SpectraMax® Plus384, Molecular Devices, CA, USA). Cell lysis was
expressed in percentage as relative cell lysis. The maximum cell disrup-
tion percentagewas determined using the homogenizer (FastPrep®-24,
MP BIOMEDICALS, CA, USA) and 2 mL tubes with 0.1 mm silica spheres
(Lysis Matrix B, MP BIOMEDICALS, CA, USA) at varied cycles of cell dis-
ruption. Generally, the amount of active LDH released from cells of
V50 and theWT into lactate buffer (pH 5) was growing with increasing
cycle numbers until a plateau level was reached followed by a drop in
LDH activity with further increase in the disruption cycle count. Results
of cycle three were used to ensure the maximal release of LDH from
both V50 and the WT strain. Viable plate count data confirmed the cell
disruption efficiency at cycle three to be 98% (see Fig. A1, Supplementa-
ry material).

2.3. Milli-cheese model system

TheMicroCheese model system for starter bacteria screening devel-
oped by Bachmann et al. (2009) was adapted to a 24-deep well plate
format and will be further referred to as themilli-cheese model system.
40mL of full-fat pasteurizedmilk (Friesland Campina, The Netherlands)
was used tomanufacture each of the control milli-cheeses (without the
adjunct) and the milli-cheeses with adjunct. The sterile 24 deep-well
plate was covered with an adhesive seal (Microseal®, BIO-RAD, CA,
USA) and placed in an incubator at 37 °C for approximately 30 min
(pre-heating). Subsequently, 10 μL of rennet, 16 μL of 33% (w/v) of
CaCl2, 400 μL (8.7 log cfu/mL) of the starter (TINF1 strain) and 400 μL
of the adjunct (8.6 log cfu/mL) were added to 40 mL of milk and
mixed thoroughly. Furthermore, the 24-deep well plate was filled
with 5 mL per well of the milk-rennet-CaCl2-starter/adjunct mixture.
The plate was sealed with the adhesive seal and incubated in
thermomixer (Eppendorf, USA) at 32.5 °C. After 40 min, the coagulated
milk (curd) was cut with a custom-made sterile stirring device. This
stirring device is made from stainless steel, and consists of a plate
with a handle at the top and 24 pins attached to the bottom. The pins
are aligned according to the shape of the 24-deep well plate. Manual
stirring was carried out with horizontal and vertical movements for
20 min at defined intervals (20 s stirring and 3 min rest). Next, the
curd was kept untouched for 5 min and the plate was sealed again for
a centrifugation step (Centrifuge 5804 R, Eppendorf, USA) at 500 ×g
for 30 min at 30 °C. Subsequently, 1.9 mL of whey was removed and re-
placedwith 1.8mL of sterile demiwater (pre-heated at 45 °C). After ad-
dition ofwater, the platewasplaced in thermomixer at 35.5 °C, followed
bymanual cutting and stirring, as described above, for 40min. Then, the
platewas rested at the same temperature for 20minwithout stirring. To
remove the remaining whey and liquid, the plate was centrifuged at
2250 ×g for 2 h at 30 °C. The supernatant was discarded well-by-well
using a pipet. Finally, the plate was sealed with a gas-permeable seal
(BREATHseal™, Greiner Bio One, Frickenhausen, Germany) and incu-
bated overnight at 30 °C. After overnight incubation, 50 μL of a sterile
19% (w/v) sodium chloride solution was added to each well, followed
by a centrifugation step at 75 ×g for 5 min. Each batch was sealed
with gas-permeable seal, placed in a jar under anaerobic conditions
and incubated at 12 °C. Finally, the milli-cheeses were ripened for 2
and 6 weeks.

2.4. Volatile compounds analysis

Samples of milli-cheeses at different ripening time points (2 and
6 weeks) were collected and transferred to GC–MS vials. Vials were
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Fig. 1. Maximum specific growth rates (μmax) of wild-type (WT) Lactobacillus helveticus
DSM 20075 and obtained variants (V45-V50) at different elevated suboptimal
temperatures in MRS broth (0.5% lactose). Error bars indicate the standard deviations of
the twelve independent replicates.
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