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Previous studies suggest that increased intracellular trehalose concentrations can result in increased robustness
of probiotics and starter cultures after processing. We evaluated whether pulsed electric field (PEF) pre-treat
ment, resulting in increased intracellular trehalose concentrations, can lead to enhanced survival during spray
drying and subsequent storage and what the effect of the carrier matrix during drying herein is on survival. The
applied PEF pre-treatment resulted in increased survival of Lactobacillus plantarum WCFS1 after spray drying and
subsequent storage in reconstituted skim milk (RSM), though not in the other evaluated carrier matrices. The
same PEF pre-treatment in lactose instead of trehalose electroporation medium resulted also in an increased
survival after spray drying in RSM. Further analysis of intracellular trehalose and lactose concentrations revealed
that survival after spray drying cannot only be explained by intracellular trehalose and/or lactose concentra
tions. Experiments with other bacterial strains indicated that strain variability cannot be neglected when de
signing a process aimed at enhanced bacterial survival after processing. Overall, PEF pre-treatment is promising
for enhancing survival of bacteria after drying and storage, though further understanding of the applicability is
required for industrial application.
Industrial relevance text: Probiotics and starter cultures are very common in food industry. Survival of these
cultures during drying processes is essential for their application. A pulsed electric field pre-treatment resulting
in increased bacterial survival after spray drying and powder storage may contribute to more energy efficient
production processes of dried bacterial cultures.

1. Introduction
Spray drying and freeze drying can be used to stabilize micro
organisms such as probiotics and starter cultures for a prolonged shelf
life. These heat sensitive microorganisms are often encapsulated in a
carrier matrix consisting of carbohydrates and/or proteins to provide
protection during the drying process and subsequent storage of the
powders (Broeckx et al., 2017; Huang et al., 2017). Components that
are often used as carrier matrix are for example trehalose, lactose,
maltodextrin, whey protein or reconstituted skim milk (RSM). Several
(micro)organisms that survive well under desiccation stress in nature
are known to accumulate protective solutes intracellularly, such as the
disaccharide trehalose (Crowe, Hoekstra, & Crowe, 1992; Zhang & Yan,
2012). Also in processing applications, intracellular trehalose accu
mulation has been linked to enhanced robustness of several cell types.
For example, trehalose has been found intracellularly in Lactobacillus
casei and Propionibacterium freudenreichii after pre-conditioning of these
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bacteria towards osmotic stresses to induce increased survival during
subsequent spray drying (Gaucher et al., 2019; Huang et al., 2018).
Furthermore, the introduction of trehalose synthesis genes in L. lactis
resulted in higher survival during freeze drying (Termont et al., 2006).
A different approach to increase intracellular trehalose is pulsed electric
field (PEF) treatment in a concentrated trehalose medium. Pulsed
electric field employs the use of nano- to millisecond high voltage
pulses to permeabilize the cellular membrane upon which extracellular
trehalose can diffuse into the cell (Raso et al., 2016). PEF pre-treatment
to increase intracellular trehalose was found to lead to increased sur
vival of mammalian and plant cells after subsequent processing
(Dovgan, Barlič, Knežević, & Miklavčič, 2017; Phoon, Go, Vicente, &
Dejmek, 2008).
In previous work we showed that pulsed electric field treatment can
also be used to increase intracellular trehalose in bacteria, namely in
Lactobacillus plantarum WCFS1 (Vaessen et al., 2018). However, this did
not lead to enhanced robustness of the PEF pre-treated cultures after
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drying and subsequent storage of the powders (Vaessen, den Besten,
Esveld, & Schutyser, 2019). Remarkably, another recent study with a
similar approach did show the opposite, i.e. enhanced robustness of
Lactobacillus bulgaricus upon spray drying with PEF pre-treatment to
increase intracellular trehalose (Gong et al., 2019). The main differ
ences between these two studies were the microorganism investigated
and the carrier matrix during drying. Gong et al. (2019) dried the
bacteria in RSM after PEF pre-treatment in trehalose, while our pre
vious study used the same carbohydrate (i.e. trehalose) for both PEF
pre-treatment and subsequent drying (Vaessen et al., 2019). We showed
that intracellular trehalose concentrations also increased during drying
and reconstitution of the powder when trehalose was used as the carrier
matrix, and this might explain why loading of the cells with trehalose
by PEF pre-treatment did not gave a complementary protective effect
(Vaessen et al., 2019).
Based on these two recent studies, the use of a PEF pre-treatment to
enhance bacterial robustness requires further understanding of the
applicability as well as further understanding of the role of intracellular
trehalose during drying. Therefore the effect of the carrier matrix as
well as the bacterial strain should be further investigated. To study
these aspects, we used both spray drying and freeze drying, as these
processes are both relevant for industrial drying of bacteria. The aim of
this study is to understand the role of intracellular trehalose during
drying of lactic acid bacteria; (1) by evaluating the effect of the carrier
matrix on survival of Lactobacillus plantarum WCFS1 after spray drying
and storage with and without PEF pre-treatment, (2) by comparing the
results of Lactobacillus plantarum WCFS1 to another bacterial strain;
Lactococcus lactis FM03 and, (3) by comparing accumulation of in
tracellular trehalose during freeze drying of several lactic acid bacteria
in a trehalose drying matrix.

plantarum strains and L. lactis FM03, and 20-22 hr for L. acidophilus
NCFM to obtain cultures in the stationary growth phase.
For every experiment the pre-cultured bacteria were centrifuged for
10 minutes at 13,500 x g and subsequently the pellet was suspended in
washing buffer and centrifuged again, in the same way as described in
Vaessen et al. (2018). During this step L. lactis FM03 cultures were five
times concentrated and L. acidophilus cultures two times to have cul
tures with a similar OD600 as L. plantarum cultures. Subsequently, the
bacterial pellet was resuspended in the trehalose electroporation
medium containing 0.3 M trehalose dihydrate (Sigma-Aldrich, USA) or
lactose electroporation medium containing 0.3 M lactose monohydrate
(VWR, USA) (for rest of composition and composition of the washing
buffer, see: (Vaessen et al., 2018)). The culture in electroporation
medium had a conductivity of 0.15 S/m at room temperature.
2.2. Pulsed electric field treatment
Lactobacillus plantarum WCFS1 and Lactococcus lactis FM03 were
PEF treated in an IXL batch PEF system with custom made treatment
chamber as extensively described in our previous publication (Vaessen
et al., 2019). This treatment chamber consists of two parallel titanium
electrodes with a distance of 0.3 mm in which a volume of approxi
mately 13 mL could be PEF treated. The PEF treatment for L. plantarum
WCFS1 consisted of 10 square wave pulses of 6.3 kV/cm with a pulse
duration of 100 μs and pulse interval of 5 s. The PEF treatment for L.
lactis FM03 consisted of 50 pulses, with all other settings the same as for
L. plantarum WCFS1. These PEF conditions were chosen based on pre
vious work and resulted in an increase in intracellular trehalose as well
as high culture viability (Vaessen et al., 2018, 2019). The water bath
attached to the treatment chamber was set at a temperature of 21°C. For
every experiment, part of the bacterial culture was kept as a control
(without PEF treatment). PEF treated and control samples were used for
survival analysis and intracellular trehalose measurements.

2. Materials and methods
2.1. Microorganisms and pre-culture

2.3. Spray drying and storage tests

The microorganisms used in this study were Lactobacillus plantarum
WCFS1, Lactobacillus plantarum LMG23545, Lactococcus lactis subsp.
lactis bv. diacetylactis FM03 and Lactobacillus acidophilus NCFM
(Table 1). The first three strains were obtained from the Wageningen
Food microbiology strain collection and Lactobacillus acidophilus NCFM
was kindly provided by the North Carolina State University, USA.
All Lactobacillus strains were grown on de Man Rogosa and Sharpe
(MRS, Merck, USA) medium and L. lactis FM03 on M17 medium with
glucose, which is a typical rich medium for Lactococcus strains (M17:
BD Difco, USA, glucose monohydrate: Merck, USA). All bacteria were
pre-cultured as follows; bacterial strains from the -80°C stock were
plated on MRS or M17 agar plates and incubated under microaerobic
conditions at 30°C (L. plantarum strains and L. lactis FM03) or 37°C (L.
acidophilus NCFM) for approximately 70 hours. After incubation these
plates were stored at 4°C until further use, though for a maximum of 4
days. Subsequently, a single colony was inoculated into 10 ml broth
(MRS or M17) and this culture was incubated for 24 ± 2 hours without
shaking at 30 or 37°C respectively. After incubation, the culture was
transferred into fresh broth in a 1:100 dilution in the required volume
for the following experiments and incubated under the same conditions
as the previous step. This final pre-culture step was 16-18 hr for the L.

Carrier matrices of 20 w/w% solids concentration were prepared by
combining demineralized water with maltodextrin DE19 (MD19,
Roquette, France), reconstituted skim milk (RSM, Arla Food
Ingredients, Denmark), whey protein (BiPro®, Davisco, Switzerland) or
trehalose (Merck, USA). Five mL of bacterial culture in trehalose or
lactose electroporation medium (control and PEF-treated) were added
to 50 mL of the prepared carrier matrices. Samples were taken for
survival analysis before spray drying. The culture in carrier matrix was
subsequently spray dried in a Büchi B-290 laboratory spray dryer
(Büchi Labortechnik AG, Switzerland) with an inlet temperature of
140°C. The flow rate was adjusted to obtain an outlet temperature of
80 ± 1°C. After spray drying, the powder was collected and part of the
powder was distributed in samples of 200 ± 3 mg, which were subse
quently used for survival analyses and storage tests. Additionally, the
moisture content was measured using a moisture analyzer (Sartorius,
Germany), and was 3-5 w/w % for all experiments. For survival analysis
during storage, the samples were stored at room temperature (21 ± 2
°C) in desiccators containing an oversaturated potassium acetate solu
tion (aw=0.23). Samples for survival analysis were taken approxi
mately every 21 days.

Table 1
Bacterial strains used in this study and their origin.
Bacterial strain

Isolation

Reference

Lactobacillus plantarum WCFS1
Lactobacillus plantarum LMG23454
Lactococcus lactis subsp. lactis biovar diacetylactis FM03
Lactobacillus acidophilus NCFM

Originally isolated from human saliva
Originally isolated from healthy adult faeces
Isolated from 10-week-old Samsø cheese
Human intestinal isolate

(Kleerebezem et al., 2003)
(Aryani, Besten, & Zwietering, 2016)
(van Mastrigt, Abee, & Smid, 2017)
(Duong, Barrangou, Russell, & Klaenhammer, 2006)

2

Innovative Food Science and Emerging Technologies 66 (2020) 102515

2.4. Freeze drying experiments

100

Trehalose content samples
(µg*ml-1*OD600-1)

4

Bacterial cultures in the trehalose electroporation medium were
distributed into several 1 ml samples and subsequently frozen at -20°C
and freeze dried in a Christ Epsilon 2-6D freeze dryer (Martin Christ,
Germany), in the same way as described in previous research (Vaessen
et al., 2019). Samples for survival and intracellular trehalose analyses
were taken before freezing, after freezing and after freeze drying.
2.5. Survival assessment
Samples for survival analysis were decimally diluted in peptone
physiological salt solution (PPS, Tritium Microbiologie, the
Netherlands). Dilution series were made at least in duplicate and the
appropriate dilutions were subsequently plated on MRS or M17 agar in
duplicate. Plates were incubated microaerobically at 30 or 37 °C re
spectively for 2-4 days. After incubation, colonies were counted and
survival was calculated by dividing the cfu/ml of the sample after
processing (after PEF, freezing or drying) by the cfu/ml of the sample
before processing. Dried samples were first rehydrated in 10 mL PPS,
resulting in the -1 dilution and subsequently further diluted and plated
as described above.
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Fig. 1. Intracellular trehalose content (bars) and survival (blue diamond) after
PEF treatment of L. plantarum WCFS1 in trehalose electroporation medium.
Intracellular trehalose is presented as trehalose concentration of the cell extract
per OD-value of the culture. Error bars represent standard deviations of in
dependent replicates (n=9).(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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2.6. Intracellular trehalose measurements
Intracellular trehalose extraction and subsequent measurement with
HPAEC analysis was performed according to the method described in
Vaessen et al. (2019). Briefly, extracellular trehalose was washed away
with three washing steps in phosphate buffered saline (PBS). Subse
quently, the cell pellet was suspended in milliQ water and homogenized
in a bead beater to extract intracellular trehalose. Trehalose con
centrations in these samples were measured using high pressure anion
exchange chromatography with PAD detection.
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2.7. Experimental set-up
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All experiments were carried out at least in duplicate, with each
replicate being biologically independent, pre-cultured on another day.
Additionally, measurement replicates were taken into account for all
analyses. Significance was tested with a Student's t-test, using a P-value
of 0.05.

Fig. 2. Survival of L. plantarum WCFS1 after spray drying in different carrier
matrices with and without PEF pre-treatment leading to increased intracellular
trehalose. Different colours represent survival after spray drying of control
cultures (blue), PEF pre-treated cultures (light blue) and PEF pre-treated cul
tures corrected for PEF survival (white). Error bars indicate standard deviations
of biologically independent replicates (n≥2).(For interpretation of the refer
ences to color in this figure legend, the reader is referred to the web version of
this article.)

3. Results and discussion
3.1. Chosen carrier matrix during drying affects added value of PEF pretreatment

skim milk (P=0.02) (Fig. 2). The average survival of the PEF treated
culture was doubled compared to the culture without PEF pre-treat
ment. This difference indicates that PEF pre-treatment is a promising
strategy for increasing survival after spray drying, although the carrier
matrix plays an important role in this effect. Furthermore, these results
are in agreement with the studies of Gong et al. (2019) and Termont
et al. (2006). In the latter study the intracellular trehalose concentra
tions in L. lactis were increased by a genetic modification approach, and
increased intracellular trehalose concentrations led to enhanced ro
bustness during freeze drying in RSM and subsequent incubation in
gastric juice.
The spray drying experiments with maltodextrin DE19 as carrier
matrix also showed an increasing trend in average survival of the PEF
pre-treated culture compared to the control, though not as clear as for
RSM (Fig. 2). For spray drying in whey protein no difference was ob
served between the survival of the PEF pre-treated culture and the
control culture. These findings raise the question why PEF pre-treat
ment, leading to increased intracellular trehalose (Fig. 1), only has a
beneficial effect when a specific carrier matrix is used during drying.
For trehalose as carrier matrix we could explain this by the increase in
intracellular trehalose during drying processes itself when this sugar is

The results of two recent studies on survival of Lactobacilli after
drying with a pulsed electric field pre-treatment leading to increased
intracellular trehalose concentrations seem to contradict each other
(Gong et al., 2019; Vaessen et al., 2019). One of the major differences
between these two studies is the carrier matrix that was used after the
PEF treatment. This difference suggests that the type of carrier matrix
might play a critical role. Therefore, we dried L. plantarum WCFS1 with
and without PEF pre-treatment in trehalose electroporation medium in
several carrier matrices, namely, maltodextrin DE19, reconstituted
skim milk (RSM), whey protein and trehalose. The applied PEF pretreatment resulted in an increase in intracellular trehalose and a sur
vival of approximately 80% (Fig. 1).
Our results indeed confirmed that when drying in trehalose, no
difference in survival of cells with and without PEF pre-treatment was
found (Fig. 2), similar to what was observed after freeze drying in our
previous study (Vaessen et al., 2019). Interestingly, PEF pre-treated
cultures showed significantly increased survival after spray drying
when performing the PEF treatment in trehalose electroporation
medium and subsequently spray drying the culture in reconstituted
3
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used as a carrier matrix (Vaessen et al., 2019). However, for whey
proteins a similar effect is not expected based on the much larger size of
these molecules compared to trehalose. Reconstituted skim milk is a
mixture of proteins (mainly casein and whey protein), lactose and mi
nerals. Why PEF pre-treatment leads to enhanced survival specifically
in this matrix remains to be elucidated.
In the results presented in the light blue bars in Fig. 2 the decrease
in survival during the PEF treatment itself was not taken into account.
Survival of L. plantarum WCFS1 after a PEF treatment with ten pulses at
6.3 kV/cm was approximately 80% (Fig. 1). When taking into account
this survival, the differences in survival after spray drying between the
PEF pre-treated and control cultures become smaller (white bars). For
trehalose and whey protein as carrier matrices even a decrease in
overall survival was observed when taking the survival of the PEF
treatment into account. The average survival in the overall process
increased approximately from 37 to 62% in RSM as carrier matrix when
PEF pre-treatment was applied. This increase is similar to what Gong
et al. (2019) observed, they found a maximum survival increase over
the whole process from 38 to 61% upon applying PEF pre-treatment.
Summarizing, these results confirmed our hypothesis that the efficacy
of a PEF pre-treatment, leading to increased intracellular trehalose
(Fig. 1), depends on the carrier matrix that is used.
Next to PEF pre-treatment, also the carrier matrix affected the sur
vival after spray drying. Drying the culture (without PEF pre-treatment)
in trehalose and whey protein resulted in the highest survival under
these drying conditions, followed by RSM and maltodextrin DE19.
Higher survival of trehalose after spray drying compared to mal
todextrin is in line with previous research with trehalose and mal
todextrin DE16 (Perdana, Fox, Siwei, Boom, & Schutyser, 2014). Not

only the survival differed between these drying matrices, also the final
morphology of the dried powder particles (Fig. 3). Reconstituted skim
milk and maltodextrin particles were wrinkled, and trehalose and whey
protein particles had a smooth surface. Compared to the RSM particles,
the maltodextrin particles had more smaller wrinkles (Fig. 3). The re
lationship between carrier matrix and survival is very complex and
strongly depends on the physicochemical properties of the carrier ma
trix. These properties influence survival not only in a direct way, e.g.
via glass transition or water replacement, but also indirectly via mor
phology development and related drying kinetics of the droplets.
(Khem, Woo, Small, Chen, & May, 2015; Siemons, Vaessen, Oosterbaan
van Peski, Boom, & Schutyser, 2021; Wang, Huang, Fu, Jeantet, & Chen,
2016). The lower survival of L. plantarum WCFS1 in wrinkled particles
(maltodextrin and RSM) compared to particles with a smooth surface
(whey protein and trehalose) is in line with observations after single
droplet drying by Siemons, Vaessen, Oosterbaan van Peski, Boom, &
Schutyser, 2021.
3.2. Survival during storage after drying
In addition to survival during the spray drying process itself, bac
terial survival during storage is important for prolonged shelf life of
dried probiotics and starter cultures. Therefore we also monitored
survival of spray dried L. plantarum WCFS1 cultures in RSM and tre
halose with and without PEF pre-treatment for a period of 15 weeks
(Fig. 4). Interestingly, the PEF pre-treated cultures that were spray
dried in RSM survived better during storage compared to cultures
without PEF pre-treatment (Fig. 4A). The CFU counts of the PEF pretreated cultures remained approximately 0.5 log higher (i.e. factor 3)

Fig. 3. SEM images showing the morphology of dried powder particles after spray drying with an inlet temperature of 140°C and outlet temperature of 80°C. The
panels show maltodextrin DE19 (A), reconstituted skim milk (B), trehalose (C) and whey protein (D).
4
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Fig. 4. Survival of spray dried L. plantarum WCFS1
during storage (room temperature, aw=0.23).
Control (green circles) and PEF pre-treated (blue
diamonds) cultures were spray dried in reconstituted
skim milk (A) and trehalose (B). Each experiment
has been performed with independent duplicates, as
presented by the slightly different colour intensities.
(For interpretation of the references to color in this
figure legend, the reader is referred to the web ver
sion of this article.)
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plantarum WCFS1 contains relatively high intracellular trehalose con
centrations directly after growth in MRS medium (data not shown).
These concentrations decreased when suspending the culture in treha
lose electroporation medium, but remained high when suspending the
culture in lactose electroporation medium. As discussed in Vaessen
et al. (2019), this may be explained by a phenomenon called catabolite
repression, which is a mechanism by which the catabolism of a specific
carbohydrate is repressed when another preferred carbohydrate is
present (Görke & Stülke, 2008; Siragusa et al., 2014). Though further
research is required to unravel the exact biological mechanisms in
volved in this observation.
The presence of intracellular trehalose alone is apparently not en
ough to provide protection during drying. When comparing the survival
after spray drying in RSM of the control culture in trehalose electro
poration medium (with low intracellular trehalose content) to the
control culture in lactose electroporation medium (with high in
tracellular trehalose content), the survival was in both cases approxi
mately 40%. PEF pre-treatment, leading to increased intracellular tre
halose or lactose concentrations respectively, resulted in both cases in
an increased survival after spray drying (Figs. 2 and 5A). This might
suggest that PEF treatment also affects cells in another way that en
hances their robustness towards stresses. However, in that case we
would also expect a beneficial effect of the PEF pre-treatment upon
subsequent drying in other carrier matrices, including trehalose, which
was not the case (Fig. 2). Some studies indeed suggested that electric
fields affect other cellular responses in Lactobacilli (Loghavi, Sastry, &
Yousef, 2008; Najim & Aryana, 2013). For example, Najim and Aryana
(2013) observed an increase in acid tolerance, protease activity and
growth of L. rhamnosus and L. bulgaricus upon mild PEF treatment.
Overall, our results show that survival of bacteria after drying is mul
tifactorial and cannot be explained by only the accumulation of in
tracellular trehalose and/or lactose.

than the control cultures at every time point. This difference shows that
the PEF pre-treatment not only contributes to increased survival after
drying in RSM, but also during subsequent storage.
Such a difference was not observed for cultures dried in trehalose
(Fig. 4B). Both the PEF pre-treated and control cultures decreased in
survival over time, and the PEF pre-treatment even seemed to nega
tively affect survival. During 15 weeks of storage the cultures dried in
trehalose reduced much more in viability compared to the cultures
dried in RSM. This difference indicates that RSM is the best matrix of
these two for protection of L. plantarum WCFS1 during storage of the
spray dried powders. This protective effect of RSM during storage is in
line with results of Ananta, Volkert, and Knorr (2005), who observed a
very limited decrease in survival during storage of spray dried L.
rhamnosus GG with RSM as a carrier. Furthermore, Broeckx et al. (2017)
found that in addition to the presence of carbohydrates, the presence of
phosphates in the carrier matrix contributes to better survival of L.
rhamnosus GG during storage in these powders. Soukoulis, BehboudiJobbehdar, Yonekura, Parmenter, and Fisk (2014) found that a com
bination of skim milk powder and maltodextrin provided better storage
protection for L. acidophilus than a combination of whey protein and
maltodextrin or sodium caseinate and maltodextrin. Additionally, sev
eral studies describe protective effects of the presence of calcium in the
carrier matrix (Zheng et al., 2015; Zheng, Fu, Huang, Jeantet, & Chen,
2016). As stated before, RSM is a mixture of proteins, lactose and mi
nerals, among which calcium phosphates, and the combination of these
components apparently results in a better storage stability than the
presence of only a carbohydrate, i.e. trehalose.
3.3. PEF pre-treatment in lactose
We showed that PEF pre-treatment in trehalose can increase sur
vival of L. plantarum WCFS1 during spray drying in RSM. This raises the
question whether this would also be the case when the PEF pre-treat
ment is done in another carbohydrate. PEF pre-treatment in lactose
electroporation medium resulted in increased intracellular lactose
concentrations in L. plantarum WCFS1 (Fig. 5B), similar to our previous
study (Vaessen et al., 2019). We spray dried these control and PEF pretreated cultures in RSM medium. Interestingly, the survival of cultures
that were PEF pre-treated in lactose significantly increased compared to
the control cultures without PEF pre-treatment (Fig. 5A). In this case,
all PEF treated cells survived spray drying in RSM, even more compared
to when PEF pre-treatment in trehalose was applied (see Fig. 2).
Not only intracellular lactose was detected in the PEF pre-treated
cells with lactose, also trehalose was found intracellularly, while it was
not added to the electroporation medium (Table 2). Also in our pre
vious study, we found intracellular trehalose in cultures that were
suspended in lactose electroporation medium (Vaessen et al., 2019). L.

3.4. PEF pre-treatment for Lactococcus lactis
PEF pre-treatment in trehalose and subsequent drying in RSM was
also carried out for Lactococcus lactis FM03 to extend our insights ob
tained from L. plantarum WCFS1. This strain was chosen because
Lactococcus lactis is not only a different species than Lactobacillus
plantarum, but also a very relevant lactic acid bacteria because it is a
commonly used starter culture (Leroy & De Vuyst, 2004). Additionally,
this Lactococcus strain is less heat robust than Lactobacillus plantarum
WCFS1 (supplementary material S1). The optimized PEF treatment
conditions to increase intracellular trehalose concentrations for this
strain differed from the conditions applied for L. plantarum WCFS1; for
L. lactis FM03 the PEF treatment was 50 pulses of 100 μs at 6.3 kV/cm
(Fig. 6B). Based on the intracellular concentrations that were corrected
5
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Fig. 5. Survival of L. plantarum WCSF1 in RSM with
and without PEF pre-treatment in lactose electro
poration medium (A). And intracellular lactose
content (bars) and survival (green diamond) of L.
plantarum WCFS1 after PEF treatment in lactose (B).
Intracellular lactose is presented as lactose con
centration of the cell extract per OD-value of the
culture. Error bars indicate standard deviations of
independent duplicates.(For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.)

0
Control

for the OD600 of the culture, the intracellular trehalose concentration
after PEF in L. lactis FM03 was in the same range as for L. plantarum
WCFS1 (Figs. 1 and 6), although the variation between the replicates
was higher for L. lactis FM03. Also the survival of L. lactis FM03 after
the applied PEF treatment remained high, approximately 90% (Fig. 6B).
L. lactis FM03 was dried in RSM, in the same way as was done for L.
plantarum WCFS1. However, despite an increase in intracellular treha
lose was observed after PEF treatment, no increase in survival was
observed for the PEF pre-treated culture compared to the culture
without PEF pre-treatment (Fig. 6A). This result was not expected based
on the results obtained for L. plantarum WCFS1, the results of Gong
et al. (2019) for L. bulgaricus and the results of Termont et al. (2006) for
another Lactococcus lactis strain. Survival of L. lactis FM03 without PEF
pre-treatment was approximately 16%, which is lower than survival of
L. plantarum WCFS1 after spray drying, using the same conditions
(~37%). The lower survival for L. lactis FM03 compared to L. plantarum
WCFS1 after spray drying is in agreement with the heat robustness of
these strains (supplementary material S1). Overall, these experiments
with L. lactis FM03 showed that PEF pre-treatment leading to increased
intracellular trehalose concentrations might not lead to the same pro
tective effects towards drying for different bacterial strains.
This observation triggered the question how variable are the in
tracellular trehalose concentrations during drying of different bacterial
strains. For these experiments we have chosen freeze drying as the
drying method, because of experimental convenience and the possibi
lity of not only evaluating the intracellular concentrations after drying,
but also after the initial freezing step. This could provide extra in
formation on intracellular trehalose concentrations during drying in a
trehalose medium after both freezing and freeze drying in several lactic
acid bacteria.

PEF
treated

plantarum LMG23545 and Lactobacillus acidophilus NCFM. During our
earlier work we observed that intracellular trehalose increased in
Lactobacillus plantarum WCFS1 after the freezing step before freeze
drying (Vaessen et al., 2019). Interestingly, this is not found for the
other bacteria tested in this study (Fig. 7), while the experimental setup was the same. The intracellular trehalose results for the different
strains are presented as concentrations in the sample divided by the
OD600 of the culture in order to correct for cell sizes and amounts of
cells to be able to compare the different strains.
In L. lactis FM03 intracellular trehalose was very low before and
after freezing, but after freeze drying and reconstitution of the powder
it was much higher. For L. plantarum LMG23545 and L. acidophilus
NCFM there was already a substantial concentration of intracellular
trehalose present in the cells before the freeze drying process and in
tracellular trehalose increased for both strains after freeze drying,
though for L. acidophilus NCFM this increase was not significant. This
smaller increase could also be related to the lower survival of this strain
after freeze drying (Fig. 7B). Although we are not completely sure
whether the intracellular trehalose that we measured is only present in
the surviving cells, it is likely that the intracellular trehalose of dead/
damaged cells is washed away during the washing steps before the
trehalose extraction. Overall, these data indicate that the presence of
intracellular trehalose before the freezing treatment differs between
bacterial strains. Also the moment in the process where an increase in
intracellular trehalose is observed, differs between the evaluated
strains; e.g. after freezing in L. plantarum WCFS1 and after freeze drying
in the other strains.
The high intracellular trehalose contents already present before any
treatment in some bacterial strains make it questionable whether a PEF
pre-treatment to increase intracellular trehalose would be beneficial for
these bacteria. There seems no direct relation between the intracellular
trehalose present before the freeze drying process and subsequent ro
bustness as illustrated by L. acidophilus NCFM. This strain had already
trehalose intracellular before freeze drying treatment, however this
strain was the least robust of the tested strains during freeze drying
(Fig. 7B).

3.5. Intracellular trehalose in several strains during freeze drying
Intracellular trehalose concentrations were monitored during the
different steps of the freeze drying process in trehalose medium for
Lactobacillus plantarum WCFS1, Lactococcus lactis FM03, Lactobacillus

Table 2
Intracellular trehalose and lactose concentrations in L. plantarum WCFS1 suspended in trehalose or lactose electroporation medium with and without PEF. Results
are presented as average ± standard deviation. < 0.05 means below the detection limit in this sample.
Carbohydrate in electroporation medium

Sample

Trehalose content sample (μg*ml-1 *OD600-1)

Lactose content sample (μg*ml-1 *OD600-1)

Trehalose
Trehalose
Lactose
Lactose

Control (n=9)
PEF (n=9)
Control (n=2)
PEF (n=2)

0.4 ± 0.3⁎
2.2 ± 0.3⁎
6.3 ± 0.3
3.4 ± 0.2

< 0.05
< 0.05
0.2 ± 0.1⁎
2.5 ± 0.4⁎

⁎

These results are also presented in Figs. 1 and 5.
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and L. lactis FM03 (light green) after freeze drying in
trehalose. Intracellular trehalose is presented as
trehalose concentration of the cell extract per ODvalue of the culture. Error bars represent standard
deviations of biologically independent duplicates.
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Vaessen et al. (2019).(For interpretation of the re
ferences to color in this figure legend, the reader is
referred to the web version of this article.)
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Strain differences in robustness towards drying processes are very
common and a challenge for designing general guidelines for drying of
bacteria (Dijkstra et al., 2014; Lian, Hsiao, & Chou, 2002; Mille, Obert,
Beney, & Gervais, 2004). Variability in bacterial robustness during
processing has also been studied much more for pathogens and spoilage
microorganisms, and these studies showed that variability among
strains of the same species can be as significant as among strains of
different species (Alvarenga et al., 2018; den Besten, Wells-Bennik, &
Zwietering, 2018).
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