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Introduction

The lactic acid bacteria (LAB) are a group of micro-

organisms generally regarded as safe for the host [1]. With

an estimated >200 species presently, the genus Lactobacillus

is the largest representative of the LAB, within Phylum

Firmicutes, whereas Bifidobacterium species, frequently

considered as LAB, phylogenetically belong to the

Actinobacteria [2]. Probiotic LAB have become a focus of the

feed, food, and pharmaceutical industries owing to their
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The beneficial effects of lactic acid bacteria (LAB) have been intensively investigated in recent

decades with special focus on modulation of the host intestinal microbiota. Numerous

discoveries of effective probiotics are driven by a significantly increasing demand for dietary

supplements. Consequently, technological advances in the large-scale production and

lyophilization are needed by probiotic-related industries for producing probiotic LAB for

commercial use. Our study had a dual objective, to determine the optimum growth medium

composition and to investigate appropriate cryoprotective additives (CPAs) for Lactobacillus

salivarius, and compare its responses with other Lactobacillus species. The one-factor-at-a-time

method and central composite design were applied to determine the optimal medium

composition for L. salivarius cultivation. The following composition of the medium was

established (per liter): 21.64 g maltose, 85 g yeast extract, 1.21 ml Tween 80, 6 g sodium acetate,

0.2 g MgSO4∙7H2O, 0.02 g MnSO4∙H2O, 1 g K2HPO4, 1.5 g KH2PO4, 0.01 g FeSO4∙7H2O, and 1 g

sodium citrate. A cryoprotective additive combination comprising 10% (w/v) skim milk and

10% (w/v) sucrose supplemented with 2.5% (w/v) sodium glutamate was selected for

L. salivarius, and its effectiveness was confirmed using culture-independent methods in the

freeze-dried cells of the Lactobacillus strains. In conclusion, the optimized medium enhanced

the species-specific cultivation of L. salivarius. On the other hand, the cryoprotective effects of

the selected CPA mixture may also be dependent on the bacterial strain. This study highlights

the necessity for precise and advanced processing techniques for large-scale production of

probiotics in the food and feed industries.

Keywords: Lactic acid bacteria, cultivation, growth medium, freeze-drying, viability, culture-

independent method
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ability to modulate the microbiota in the host

gastrointestinal tract, conferring beneficial effects in the

host [3-5]. Recent studies have shown that modulation of

the gut microbiota is a new beneficial target related to host

health by affecting its immune system [6, 7]. Even though

probiotic LAB have long been consumed in fermented

foods and beverages by the host, the consumption of

probiotics is increasing as a result of dietary supplements,

with an expected compound annual growth rate of 7.6%

over the next 9 years [8]. This increase in demand has led to

recent advances in technologies for the large-scale industrial

production and lyophilization of probiotics, resulting in

improvements in delivery systems, such as the production

of freeze-dried probiotic tablets for long-term storage. 

Lactobacillus salivarius is commonly found naturally in the

mammalian gastrointestinal tract and has been reported to

possess certain abilities such as enhancement of the immune

system, attenuation of gut inflammation, and modulation

of the gut microbiota [9-11]. In particular, L. salivarius has

gained attention as one of the effective antimicrobial

probiotic species of LAB owing to its ability to produce

unmodified bacteriocins of subclasses IIa, IIb, and IId [10].

The promising probiotic strain mainly used in this study,

L. salivarius strain W13, was selected among 284 representative

isolates from the intestine of a weaning piglet. The strain

has been reported to have antimicrobial activity against

enterotoxigenic Escherichia coli K88 and Salmonella enterica

serovar Typhimurium strains in a previous study.

Furthermore, the genome of the strain contains three genes

for bile hydrolysis that may assign tolerance to a bile-rich

environment such as gastrointestinal tract, which might be

employed as feed additives for piglets [12]. The MRS

(deMan, Rogosa, and Sharp) medium introduced by de

Man et al. [13] has been widely used as a commercial

medium for Lactobacillus species from various sources

because it contains essential ingredients (polysorbate, acetate,

magnesium, and manganese) as well as growth-inhibiting

reagents to suppress the growth of unfavorable bacteria.

However, MRS medium is not sufficient to maximize

the growth of some lactobacilli, because the nutritional

requirements differ depending on the Lactobacillus species

or strain [14]. Most of the research studies for culture

medium optimization have been focused on a certain

strain, such as L. rhamnosus [15, 17], L. plantarum [14, 40],

L. fermentum [41, 44], and L. salivarius [18, 36], with the

“one-factor-at-a-time” method, the Plackett–Burman design,

and the response surface methodology (RSM). However,

there are few cases considered at the species level. 

Cryoprotective additives (CPAs) are used for preserving

bacterial viability during lyophilization. The rates of

suppressing ice crystal formation depend on the content

and chemical characteristics of the contained CPAs as well

as the time required for ice nucleation and formation in the

freeze-drying process [19]. The cryopreservation of CPAs

was determined on the basis of bacterial viability, which

has been traditionally quantified using culture-dependent

methods [20, 21]. However, this technique not only requires

time-consuming incubation but is suitable for detecting

only stress-resilient cells on agar-based medium, and does

not detect dormant cells that are metabolically inactive but

ultimately cultivable [22, 23]. Therefore, alternative methods

are needed for defining the bacterial viability state in

lyophilized products. In this study, we employed a dual-

staining technique with fluorescent dyes (SYTO9 and

propidium iodide (PI)) using flow cytometry to discriminate

between viable (active or inactive) and dead cells for the

precise assessment of the cryoprotective effects on the

viability of freeze-dried cells [24, 25]. In addition, the effect

of CPAs on the viability of L. salivarius was confirmed

using imaging (fluorescence in situ hybridization) as one of

the culture-independent techniques. Furthermore, bacterial

metabolic activity after freeze-drying was also examined by

detecting the adenosine triphosphate (ATP) concentration.

This study had a dual objective with regard to L. salivarius

strains: to optimize the cultivation conditions and to

investigate CPA candidates for large-scale production. The

determined cultivation conditions and CPA mixture were

assessed across Lactobacillus species using 12 strains of

L. salivarius as well as commercial Lactobacillus species.

Materials and Methods

Bacterial Strains and Culture Conditions

The origins and sources of Lactobacillus strains used in this

study are provided in Table S1. Lactobacillus salivarius strain W13,

deposited as strain KLW001, was mainly used to establish

conditions for cultivation and lyophilization. The LAB strains

used for comparison included L. salivarius strains W90, LS1, LS3,

LS4, LS6, and LS8, L. rhamnosus GG (ATCC 53103), L. brevis subsp.

coagulans Labre, L. plantarum 299v, L. acidophilus NCFM, and

L. fermentum ME-3, which was kindly provided by Professor

Marika Mikelsaar (Department of Microbiology, University of

Tartu, Estonia). Bacterial pure cultures were maintained in MRS

broth (Difco, USA) and stored at -80°C in MRS broth with 20%

(v/v) sterile glycerol. All strains used in this study were incubated

at 37°C and subcultured at least twice before use.

The base medium consisted of the following ingredients: 40 g/l

dextrose, 20 g/l yeast extract, 6 g/l sodium acetate anhydrous,

0.2 g/l magnesium sulfate heptahydrate, 0.02 g/l manganese
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sulfate hydrate, 1 g/l dipotassium phosphate, 1.5 g/l monopotassium

phosphate, 0.01 g/l ferrous sulfate heptahydrate, 1 g/l sodium

citrate monobasic, and 1 ml/l Tween 80. The initial pH was

adjusted to 6.5 ± 0.1 with 3.0 mol/l NaOH solution. All chemicals

were purchased either from Sigma-Aldrich (USA) or Difco (USA).

MRS medium was used as a control for comparison of the growth

rates. All media were inoculated with 1% (v/v) bacterial inoculum

in 15-ml conical tubes (final volume 10 ml), and incubated at 37°C

for 18 h. The bacterial culture was harvested and serially diluted

10-fold in sterile saline solution, and then plated onto MRS agar

plates in triplicate. Viable cell numbers (CFU/ml) were determined

at the stationary phase (18 h incubation).

Determination of Medium Compositions

Initial screening of nutrients. To identify the L. salivarius-

preferred carbohydrate and nitrogen sources, and growth factors,

the effects of each source were screened at concentrations of 4%

(w/v), 2% (w/v), and 0.1% (v/v) in the base medium as a

replacement of dextrose, yeast extract, and Tween 80, respectively.

The other components were maintained at a fixed level. All

experiments were performed using the one-factor-at-a-time

methodology [26]. The selected nutrients were adopted to search

for the optimal combinations for the central composite design.

Response surface methodology and statistical analysis. The

experimental design was carried out using Design-Expert 10

software ver. 10 (Stat-Ease Inc., USA). A central composite design

was applied to identify the interactive effects of four selected

factors (carbon, nitrogen, growth factors, and initial pH) on both

viable cell numbers (Y1, log CFU/ml) at the stationary phase and

the growth rate (Y2, min) at the exponential phase. The growth

rate was calculated according to the time when the optical density

at 600 nm reached 2.0. The experimental design is described in

Table 1. Analysis of variance (ANOVA) was performed to

determine the post prediction and reproducibility of the estimated

combinations.

Screening of the nitrogen source concentration. L. salivarius

strain W13 was inoculated at 1% (v/v) into each medium

containing different concentrations of yeast extract ranging from

2% (w/v) to 9.5% (w/v). The other components were maintained

at a fixed level. The number of viable cells was counted on MRS

agar plates at the stationary phase.

Up-scale cultivation. Lactobacillus strains were cultured in a 5-L

fermenter (Ecell 3000; Ecell, Korea) for large-scale production. The

actual working volume was 3.5 L, and all instruments and media

were thoroughly sterilized before use. During the cultivation,

nitrogen gas was not sparged into the culture, and the impeller

speed was maintained at 180 rpm. The culture pH was automatically

controlled at 7.0 using either 3 mol/l HCl or 3 mol/l NaOH, and

the temperature was consistently sustained at 37°C by a bath

circulator (MaXircu CR-8; DAIHAN Scientific, Korea). Each strain

was inoculated as a 1% (v/v) inoculum and incubated for 18 h.

The bacterial cells were harvested for the enumeration of viable

cells and freeze-drying.

Determination of Cryoprotective Additives

Freeze-drying and recovery of lyophilized cells. Bacterial cells

were centrifuged at 7,000 ×g for 15 min at 4°C (Centrifuge Supra

22K; Hanil Science, Korea). The harvested pellets were washed

twice in 0.85% (w/v) NaCl solution, and then resuspended with each

cryoprotective agent to up to 50-times the original concentration.

Each suspension was frozen at -80°C in 100-mm petri dishes.

After 24 h, the dishes were transferred to a freeze-dryer (MCFD8518;

IlShinBioBase, Korea) and the condenser temperature was

maintained at -85°C for 24 h. The freeze-dried bacterial powders

were placed in conical tubes and stored at -80°C for up to 2 weeks.

Each 0.1 g of lyophilized cells was immediately suspended in 1 ml

of 0.85% (w/v) NaCl solution for the detection of viability and

metabolic activity. The bacterial survival ratio (%) was calculated

as the cell count before and after freeze-drying, using the plate

counting method. (Information on the CPAs is provided in Table 4.)

Fluorescence-based assay. The LIVE/DEAD BacLight Bacterial

Viability and Counting kit (Molecular Probes, Inc., USA) was used

for dual-staining of nucleic acids in the freeze-dried bacteria.

Briefly, 10 μl of the bacterial suspension was added to 987 μl of

0.85% (w/v) NaCl solution along with 3.0 μl of a SYTO9/PI

mixture, and this suspension was incubated at room temperature

in the dark for 15 min. For fluorescence microscopy, 5 μl of the

stained suspension and 2 μl of the BacLight mounting oil were

dropped on a slide glass and covered with a coverslip. Each

sample was observed under the Axio Imager.A2 microscope with

HBO 100 illuminator (Carl Zeiss, Germany) and analyzed using

ZEN 2012 software (Carl Zeiss, Germany). For the flow cytometry

assay, 990 μl of the stained suspension and 10 μl of the pre-

sonicated microsphere standard were transferred to a flow

cytometry tube (total volume, 1 ml). The density of the 6.0-μm-

diameter microsphere standard was consistently applied at 1.0 ×

106 beads/ml for quantification of the bacterial cells. This assay

was carried out according to the manufacturer’s instructions with

slight modifications. Fluorescence was detected in triplicate using

the FACSCanto II (Becton-Dickinson, Inc., USA) equipped with

488 nm blue laser excitation, and the data were analyzed using BD

FACSDiva software (Becton-Dickinson, USA). An unstained control

and each single-color control were employed for background

control and compensation, respectively. The total number of

events was 10,000, and the detected dot plots were gated and

Table 1. Independent variables and range of levels.

Variables Symbol

Actual values of coded and 

actual levels

-α -1 0 +1 +α

Maltose (%, w/v) X1 2.0 3.0 4.0 5.0 6.0

Yeast extract (%, w/v) X2 1.0 1.5 2.0 2.5 3.0

Tween 80 (%, v/v) X3 0 0.05 0.1 0.15 0.2

pH X4 5.5 6.0 6.5 7.0 7.5
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defined in FSC (Forward-scatter), SSC (Side-scatter), SYTO9 (Exmax

485 nm, Emmax 498 nm), PI (Exmax 533 nm, Emmax 617 nm), and bead

populations on a logarithmic scale. The number of live and dead

bacterial cells was calculated as follows:

Stained bacteria/ml = [(number of events in a stained region) ×

(dilution factors)]/(number of events in a bead region) × 10−6 (1)

ATP activity assay. Bacterial ATP was measured using the

BacTiter-Glo Microbial Cell Viability assay kit (Promega, USA),

and the detected luminescence (RLU) was calculated according to

the signal-to-noise (S:N) ratio [27] as follows: 

S:N = (mean of signal – mean of background)/standard deviation

of background (2) 

The bacterial suspension was added immediately after freeze-

drying to an equal volume of BacTiter-Glo reagent, which

included Mg2+, luciferin, and luciferase. The luminescence signal

was collected using a SpectraMax M3 (Molecular Devices, USA)

within 5 min. This experiment was conducted according to the

manufacturer’s instructions.

Statistical Analysis

GraphPad Prism software ver. 6.05 (GraphPad Software, Inc.,

USA) was used to evaluate differences in discrete variables

between the groups (Student’s t-test). The statistical significance

of the central composite design model was analyzed by ANOVA

using Design-Expert ver. 10 software.

Accession Numbers

The nucleotide sequences of the 16S rRNA genes have been

deposited at the NCBI GenBank database under the accession

numbers LXZG00000000.1, LXZF00000000.1, and KX266895-

KX266899 for L. salivarius strains W13 (deposited name: strain

KLW001) and W90 (KLW002), and L. salivarius strains LS1, LS3,

LS4, LS6, and LS8, respectively.

Results

Determination and Validation of the Optimized Culture

Medium

Selection of single sources. The influence of particular

ingredients on the growth of L. salivarius strain W13 was

determined by the addition of eight different carbon and

nitrogen sources, and growth factors, to the base medium

(Table 2). When compared with the growth in MRS

medium, all of the tested carbon sources increased viable

cell numbers (CFU/ml) at the stationary phase, except for

the polysaccharides (dextrin and soluble starch). Maltose

was selected as the optimal carbon source because it

significantly enhanced growth, showing the highest

numbers with 5.2 × 108 CFU/ml. Most of the nitrogen

sources and growth factors tested did not enhance bacterial

growth, with the exception of yeast extract and Tween 80.

These two ingredients increased cell numbers 1.14-fold

compared with MRS medium, and thus were selected as a

nitrogen source and growth factor in subsequent analyses.

Effects of selected factors with central composite design.

Experiments were performed according to the treatment

combinations described in Table 3. The optimization was

derived from two responses in this study. By fitting the

experimental responses with the least-squares method, two

second-order polynomial regression models were obtained

Table 2. Influence of various carbon, nitrogen, and growth factor sources on the growth of Lactobacillus salivarius W13.

Carbon N/NMRS ± SDa Nitrogen N/NMRS ± SD Growth factors N/NMRS ± SD

GAL 1.65 ± 0.58 SP 0.28 ± 0.01* FA 0.03 ± 0.01*

FRU 1.07 ± 0.15 PP 0.80 ± 0.12* GA 0.01 ± 0.00*

SUC 2.02 ± 0.17* BE 0.35 ± 0.01* HIS 0.00 ± 0.00*

LAC 1.79 ± 0.46* TRY 0.40 ± 0.04* LYS 0.00 ± 0.00*

MAL 2.47 ± 0.09* CAS 0.41 ± 0.03* TRP 0.26 ± 0.02*

DEX 0.41 ± 0.12* AN 0.00 ± 0.00* TYR 0.00 ± 0.00*

STA 0.55 ± 0.12* AS 0.00 ± 0.00* VC 0.01 ± 0.00*

GLU 1.14 ± 0.14 YE 1.14 ± 0.14 Tween 80 1.14 ± 0.14

aN, viable cell numbers (CFU/ml) in each medium; NMRS, viable cell numbers (CFU/ml) detected in MRS medium.

Data are expressed as the relative fold-change using viable cell numbers (CFU/ml) in MRS medium as the control, and analysis performed by one-way ANOVA.

*Significantly different compared with each control; p < 0.05.

The concentrations of carbon, nitrogen, and growth factors were 4%, 2%, and 0.1%, respectively.

GAL, galactose; FRU, fructose; SUC, sucrose; LAC, lactose; MAL, maltose; DEX, dextrin; STA, soluble starch; GLU, glucose; SP, soy peptone; PP, proteose peptone

NO.3; BE, beef extract; TRY, tryptone; CAS, casitone; AN, ammonium nitrate; AS, ammonium sulfate; YE, yeast extract; FA, folic acid; GA, glutamic acid; HIS, histidine;

LYS, lysine; TRP, tryptophan; TYR, tyrosine; VC, vitamin C.
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as response surface reduced linear and quadratic models.

First, the predicted model for viable cell numbers (log

CFU/ml) contained two linear terms as follows:

Y1 = 8.84053 + 0.065821X2 – 0.038689X4 (3)

where Y1 is the predicted response of the bacterial

concentration (log CFU/ml), and X2 and X4 are the actual

values of yeast extract (%, w/v) and the initial pH,

respectively. The results of ANOVA showed the significance

of this model (F-value: 6.43; P-value: P > F, 0.0056). Maltose

and Tween 80 did not affect the cell density within the

designed variable levels. Even if the R-square (0.34) and

adjusted R-square (0.3) values were too low, the plot of the

predicted values versus the actual values of cell number

and the plot of externally studentized residuals versus the

predicted response with small residuals (<30%) demonstrated

the significance of this model (Figs. 1A and 1B).

Second, the effect of Tween 80 (X3; %, v/v) and initial pH

(X4) on the growth rate (Y2, min.) was predicted, resulting

in a quadratic model with two linear and two quadratic

terms. The equation was as follows:

Y2 = 1583.68588 – 1556.37779X3 – 336.87738X4 + 6410.49960X3

2

+ 23.93623X4

2 (4)

The F-value (17.09) and P-value (P > F, < 0.0001) were

determined and indicated the good fit of the model. Despite

the low R-square (0.75) and adjusted R-square (0.70) values,

the significance of this model was revealed from the plots of

predicted versus actual response and externally studentized

residuals versus predicted growth rate (min), with the

exception of two runs, nos. 21 and 26 (Figs. 1C and 1D).

The reason why the growth rate of run no. 21 was the

Table 3. Central composite design and responses.

Factors and variables Response 1 Response 2

Run Block X1 X2 X3 X4 Y1 Y2

1 -2 3 2.5 0.05 6 8.636 326.94

2 -2 4 2 0.1 6.5 8.544 301.32

3 -2 3 2.5 0.15 7 8.573 308.00

4 -2 5 2.5 0.05 7 8.488 308.66

5 -2 5 2.5 0.15 6 8.607 329.49

6 -2 3 1.5 0.05 7 8.568 313.97

7 -2 5 1.5 0.15 7 8.477 305.67

8 -2 4 2 0.1 6.5 8.585 326.86

9 -2 3 1.5 0.15 6 8.514 336.73

10 -2 5 1.5 0.05 6 8.554 348.84

11 -1 3 1.5 0.15 7 8.716 317.86

12 -1 3 2.5 0.15 6 8.886 337.51

13 -1 3 1.5 0.05 6 8.749 355.12

14 -1 3 2.5 0.05 7 8.846 326.12

15 -1 5 2.5 0.15 7 8.732 316.61

16 -1 5 2.5 0.05 6 8.806 358.87

17 -1 5 1.5 0.05 7 8.745 331.72

18 -1 4 2 0.1 6.5 8.775 320.20

19 -1 4 2 0.1 6.5 8.686 324.85

20 -1 5 1.5 0.15 6 8.792 342.35

21 1 4 2 0 6.5 8.740 454.61

22 1 4 3 0.1 6.5 8.870 313.08

23 1 4 1 0.1 6.5 8.704 330.68

24 1 4 2 0.1 6.5 8.842 319.71

25 1 6 2 0.1 6.5 8.887 309.96

26 1 4 2 0.2 6.5 8.899 328.06

27 1 4 2 0.1 7.5 8.832 325.86

28 1 4 2 0.1 5.5 8.864 376.48

29 1 2 2 0.1 6.5 8.778 325.79

30 1 4 2 0.1 6.5 8.925 319.03

X1, Maltose % (w/v); X2, Yeast extract % (w/v); X3, Tween 80% (v/v); X4, initial

pH; Y1, viable cell number (log CFU/ml); Y2, growth rate (min).

Table 4. Effects of cryoprotective additives (CPA) candidates

on the viability of L. salivarius strain W13 during freeze-drying.

CPA candidatesa CFU/g
Survival 

rate (%)b
Total dry 

weight (%)c

Distilled water (control) 7.1 × 106 0.01 1.3

Galactose 1.2 × 1010 2.2 12.8

Lactose 1.4 × 1010 2.6 12.1

Maltose 1.2 × 1010 2.2 12.0

Trehalose 1.4 × 1010 2.6 8.6

Casitone 7.3 × 109 1.3 12.4

Proteose peptone NO. 3 7.1 × 109 1.2 11.1

Yeast extract 8.5 × 109 1.6 12.3

Skim milk 2.2 × 1010 4.7 10.9

Sucrose 3.7 × 1010 4.9 11.1

SM+SUC 7.3 × 1010 11.1 11.2

SM+SUC+SG 2.2 × 1011 59.5 14.2

aEach CPA was prepared at a 10% concentration, except for the SM+SUC and

SM+SUC+SG groups.
bSurvival rate (%) = (CFUdried/ml ÷ CFUinitial/ml) × 100

cTotal dry weight (%) = (weightdried ÷ weightinitial) × 100

SM+SUC, CPA mixture containing 10% skim milk and 10% sucrose;

SM+SUC+SG, CPA mixture containing 10% skim milk and 10% sucrose

supplemented with 2.5% sodium glutamate.
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lowest was that the medium did not include any Tween 80

(Table 3).

The optimized parameters within the tested ranges were

therefore established as follows: 2.164% (w/v) of maltose,

3% (w/v) of yeast extract, 0.121% (v/v) of Tween 80, and

an initial pH value of 6.646, demonstrating desirability

(0.7), with a growth prediction of 8.78 log CFU/ml and a

307.57 growth rate (min) (Fig. S1). Maltose had no effect on

the optimized results. The conditions described above were

designated as RSM medium (Table S2). Additionally, post

analysis of the optimized conditions was carried out, and

both of the predicted responses (Y1 and Y2) belonged

within the range of the prediction intervals (between 95%

low and high). The reproducibility of the optimized model

was therefore confirmed.

In the RSM medium, it was confirmed that yeast extract

could potentially be used at concentrations greater than 3%

(w/v) for increasing viable cell numbers. Therefore, we

modified the concentration of yeast extract from 2% to 9.5%

(w/v) in the RSM medium, and inoculated strain W13 at

1% (w/v). Bacterial growth was less than 1.0 × 109 CFU/ml

with yeast extract in the range of 2-4.5% (w/v), whereas

Fig. 1. Plot of predicted versus actual values and the studentized residuals versus predicted values of the viable cell counts (A, B)

and growth rates (C, D), respectively.
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cell growth improved up to 5.0 × 109 CFU/ml above 7.5%

(w/v) yeast extract concentration (Fig. 2). The RSM

medium was therefore modified to contain a yeast extract

concentration of 8.5% (w/v) for subsequent studies, and

this modified medium was designated LDTM in this study

(Table S2).

Availability of LDTM medium. The viable cell number

of L. salivarius strain W13 grown in LDTM medium was

compared with cell counts in MRS and RSM media. The

cell populations in LDTM medium were 4.6 × 109 and 2.0 ×

109 CFU/ml in cultures of laboratory (50 ml) and fermenter

(5-L) scale, respectively. These cell counts corresponded to

significant 11- and 2.2-fold increases compared with the

cell counts in MRS medium for each scale of culture (Fig. 3).

The applicability of the LDTM conditions for improving

the growth of other species was investigated using 12

strains, consisting of seven L. salivarius strains and five

commercial probiotics of other Lactobacillus spp. Strains of

the species L. salivarius showed significantly higher growth

in fermenter-scale LDTM medium, with an increase of

approximately 1.9–7.8-fold, compared with laboratory-scale

MRS medium. By contrast, the growth of strains of other

Lactobacillus species in fermenters of LDTM medium was

decreased or did not differ significantly from the growth

observed in 50-ml flasks of MRS medium (Fig. 4).

Determination and Validation of Cryoprotective Additives

Selection of CPA candidates. The bacterial cells that

were suspended in skim milk and sucrose showed the

highest viability, corresponding to survival rates of 4.7%

(2.2 × 1010 CFU/g) and 4.9% (3.7 × 1010 CFU/g), respectively,

and were thus selected as individual growth factors (Table 4).

Except for skim milk and sucrose, mono- and disaccharides

showed higher cryoprotective effects than nitrogen complex

compounds. The combinations of skim milk and sucrose

enhanced the viable cell numbers (CFU/g) and survival

rates (%) to 7.3 × 1010 CFU/g and 11.1%, respectively.

Moreover, the addition of sodium glutamate increased the

viability 3.0-fold compared with the mixture of the two

factors alone, enabling the viability of the culture to reach

2.2 × 1011 CFU/g.

The influence of cryoprotectants was verified on the

basis of quantification of live and dead cells among the

Fig. 2. Effects of different concentrations of yeast extract (2–9.5%, w/v) on cell counts of L. salivarius strain W13 at the stationary

phase.

Fig. 3. Comparison of viable cell numbers (CFU/ml) of

L. salivarius strain W13 cultured in LDTM medium with MRS

and RSM media in laboratory and fermenter systems. 

The data represent the means and standard errors of more than three

replicates. Significance is indicated as follows: **P ≤ 0.01; ***P ≤ 0.001.
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freeze-dried cells using flow cytometry and fluorescence

microscopy (Fig. 5). Prior to the validation, the correlation

between the flow cytometer count (bacteria/ml) and the

plate count (CFU/ml) was evaluated (Fig. S2). The sole use

of skim milk led to the lowest ratio of live cells at 37%,

whereas addition of sodium glutamate to the mixture of

skim milk and sucrose resulted in a 9:1 live to dead cell

ratio after freeze-drying (Fig. 5A). Similar results were

obtained by fluorescence microscopy observations (Figs. 5B

and 5C). Thus, the mixture of these three chemicals was

finally selected and then tested on other Lactobacillus strains.

Availability of the selected CPA mixture. The selected

CPA combination affected the viability of 12 lactobacilli

strains with strain-specific features (Fig. 6A). Among the

L. salivarius strains tested, strains W13 and LS6 contained

more than 90% of viable cells, as compared with less than

61% live cells for the other L. salivarius strains. The CPA

mixture significantly protected the viable cells of Lactobacillus

brevis subsp. coagulans strain Labre (96.9% of live cells in

the freeze-dried cells), but did not exert this protective

effect on Lactobacillus acidophilus strain NCFM, which

showed a 1:4 live to dead cell ratio.

The ATP activity (S:N) of freeze-dried cells was also

measured to detect metabolically active cells (Fig. 6B). The

relative correlation between the S:N ratio and the number

of viable cells (CFU/g) in the immediate recovery status

after freeze-drying was defined by the following equation

(R-square 0.87): 

S:N = 8.36 × 10−8 × (CFU/g) – 5.219 (5)

with the exception of L. fermentum ME-3 and L. brevis

subsp. coagulans Labre. Even though strain ME-3 showed a

relatively similar S:N value to L. salivarius strain LS1, the

viable cell number was about 4.6-times different. The

recovered cell count (CFU/g) was the highest in strain

Labre, but its S:N value was low (286). Because the ATP

activity (S:N) of L. salivarius strain W13 was too high, it is

not included in Fig. 6B.

Discussion

The LAB comprise a heterogeneous group of gram-

positive, catalase-negative, nonsporulating rods or cocci,

producing lactate as a major end-product of carbohydrate

metabolism [28]. Based on their functional properties, some

LAB can be considered as probiotics, which are defined as

“a live microorganism that, when administered in

adequate amounts, confers a health benefit on the host”

(FAO/WHO) [29]. The sources of ingested probiotic LAB

have been widened in recent years from simply consuming

unknown microbial complexes in fermented foods to

ingesting a specific strain or multiple strains in the form of

tablets or capsules as dietary supplements [8, 30, 31]. These

changes have been led by technological developments in

the large-scale cultivation and lyophilization of LAB,

thereby enabling long-term storage of these products. The

current research aimed to develop an optimal growth

medium and investigate appropriate CPAs for L. salivarius,

one of the promising probiotic LAB species, and then

evaluate the effectiveness of the determined conditions on

Fig. 4. Bacterial viable cell numbers (CFU/ml) cultivated in MRS medium in 50-ml flasks (black) and LDTM medium in 5-L

fermenters (grey). 

See also Table S1 for information on the microorganisms tested. W13, W90, LS1, LS3, LS4, LS6, and LS8: L. salivarius strains; LGG: L. rhamnosus GG

(ATCC 53103); Labre: L. brevis subsp. coagulans Labre; 299v: L. plantarum 299v; NCFM: L. acidophilus NCFM; ME-3: L. fermentum ME-3. Significance

is indicated as follows: *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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the growth of other lactobacilli.

The nutrient requirements of lactobacilli are complex and

either strain- or species-dependent in the fermentation of

carbohydrates, nitrogen sources, fatty acids, and growth

Fig. 5. Visual verification of the effects of cryoprotective additives (CPAs) on the viability of L. salivarius strain W13.

(A) Effects of CPAs on the bacterial live (grey) to dead (black) cell ratio. SM, 10% (w/v) skim milk; SUC, 10% (w/v) sucrose; SM+SUC, 10% (w/v)

skim milk and 10% (w/v) sucrose; SM+SUC+SG, 10% (w/v) skim milk and 10% (w/v) sucrose supplemented with 2.5% (w/v) sodium glutamate.

Fluorescence microscopy images of strain W13 after freeze-drying using CPAs of (B) 10% (w/v) skim milk, (C) 10% (w/v) skim milk and 10% (w/v)

sucrose supplemented with 2.5% (w/v) sodium glutamate, and (D) distilled water as a negative control. The staining with fluorescent markers

represents bacterial live cells (green) and dead cells (red).

Fig. 6. Effects of the optimized cryoprotective additive mixture on various Lactobacillus strains.

(A) Effect of the determined CPA mixture on the bacterial live (grey) to dead (black) cell ratio. (B) Correlation between bacterial cell number

(CFU/g) and the ATP values (S:N) of freeze-dried cells. The symbols indicate the following species and strains: L. salivarius strains (● , W90; □ ,

LS1; ■ , LS3; △ , LS4; ▲ , LS6; ▽ , LS8), L. rhamnosus (LGG, ○), L. brevis subsp. coagulans (Labre, ◑), L. plantarum (299V, ◇), L. acidophilus (NCFM,

◆), L. fermentum (ME-3, ◐). L. salivarius strain W13 was not included in panel (B).
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factors [2, 32]. Among the nutrients tested in this study,

maltose, yeast extract, and Tween 80 were selected for

improving the growth of L. salivarius strains (Table 2).

Yeast extract significantly improved the viable cell numbers

of L. salivarius strain W13, particularly at concentrations

above 6.5% (w/v) (Fig. 2). According to Hammes and

Hertel [32], obligate homofermentative LAB, including the

species L. salivarius, cannot produce certain essential

molecules for growth, such as purine and pyrimidine bases

and ribose 5-phosphate. For that reason, L. salivarius is

highly dependent on organic nitrogen sources (e.g., yeast

extract, tryptone, and peptones), rather than inorganic

nitrogen sources (e.g., ammonium nitrate and ammonium

sulfate). This was supported by our results, as shown in

Table 2. Yeast extract is widely used for the cultivation of

lactobacilli because it is an abundant source of nitrogen, the

vitamin B group, purine, and pyrimidine [33]. Amrane and

Prigent [34] reported that the yeast extract concentration

(ranging between 20 and 30 g/l) enhanced the biomass

production and growth rate during homolactic fermentation

of L. helveticus [34]. Similarly, the effects of yeast extract on

growth have been reported in other species, such as

L. rhamnosus [15, 21], L. acidophilus [35], and L. salivarius [18,

36]. Despite efforts to find a suitable partial or total

replacement for yeast extract owing to its high cost [37-40],

it has proven difficult to replace its effectiveness in the

cultivation of lactobacilli [18, 41]. The identification of an

appropriate yeast extract substitute for L. salivarius cultivation

will be the subject of ongoing studies.

Maltose is a disaccharide composed of two D-glucose

residues joined by an α(1 → 4) glycosidic linkage. Mokhtari

et al. [42] reported that some Lactobacillus species, including

L. salivarius, L. fermentum, and L. reuteri, utilize MalY protein

for maltose uptake and MalP protein for phosphorolysis of

maltose to glucose and glucose-1-phosphate, which are

converted into glucose-6-phosphate for glycolysis. Although

maltose was selected as an individual carbon source for

L. salivarius cultivation (Table 2), this nutrient had no impact

on optimization in the central composite design model. In

addition, when maltose at concentrations ranging from 10

to 60 g/l was applied to RSM medium, no significant effect

on the cell density of strain W13 was observed (data not

shown). Thus, it is postulated that strain W13 prefers to

utilize maltose metabolism, regardless of the quantity of

maltose.

Tween 80 (a polyethylene sorbitol ester) contains fatty

acids comprising 70% oleic acid. Because of its surfactant

function leading to increased permeability, Tween 80 has been

frequently used for the mass production of intracellular

compounds, such as lactic acid in L. delbrueckii strain NCIM

2025 [43] and the enzyme β-glucosidase in L. fermentum

strain CM33 [44]. Regarding bacterial growth, oleic acid

can be incorporated into bacterial membranes and can then

promote the transportation of nutrients and exterior protons

into cells, resulting in an enhanced bacterial growth rate

[45]. Furthermore, a correlation between Tween 80 and the

initial pH of the medium during bacterial cultivation was

reported [45, 46]. As shown in our central composite design

model (Fig. S3 and Table 3), both Tween 80 and the initial

pH affected the growth rate (Y2), and the response was more

sensitive to Tween 80 than the initial pH in perturbation

analysis (Fig. S3B). This result indicates that Tween 80 is

suitable for lactobacilli cultivation as an essential growth

factor with an appropriately neutral initial pH for inclusion

in MRS medium [13].

Our optimized LDTM medium was found to be more

applicable to laboratory-scale culture than fermenter-scale

culture (Fig. 3). For large-scale production, the cultivation

conditions in the fermenter require further optimization,

which will be the subject of a future study. Nevertheless,

the cell number of strain W13 increased 2.2-fold in LDTM

medium compared with MRS medium in the fermenter

(Fig. 3). As shown in Fig. 4, the microbial nutrient

requirements differ between Lactobacillus species and strains,

and LDTM medium was found to be adequate to improve

the growth of L. salivarius strains, but not other Lactobacillus

species. We therefore suggest that LDTM medium has

the potential to be used for the large-scale production of

L. salivarius strains.

Freeze-drying is widely used for long-term storage of

LAB. Microorganisms are exposed to stress via a variety of

processes, such as freezing, dehydration, and high pressure.

These stressful environments lead to a reduction in viability,

stability, and metabolic activity. According to Carvalho et

al. [47], several factors may affect the survival of LAB,

including intrinsic features, cultivation medium [48, 49],

pretreatment of sublethal cold shock [50, 51], CPAs [20, 52,

53], and rehydration [54]. Among these factors, the effect of

CPAs on bacterial viability was investigated after freeze-

drying in this study. The CPA mixture of skim milk (10%,

w/v), sucrose (10%, w/v), and sodium glutamate (final

2.5%, w/v) was determined to be an effective supplement

for the survival of L. salivarius strain W13 (Table 4 and

Fig. 5). Milk proteins such as skim milk have been widely

employed as CPAs for microorganisms because they build

layers around the cell walls that offer protection from ice

and allow for pH stabilization by adjusting the levels of

solutes such as calcium [20, 47]. Moreover, sucrose, which
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is also classified as a non-penetrating CPA, not only allows

for stabilization, but also prevents protein denaturation by

interacting with proteins and membranes [55]. It is known

that combinations of cryoprotectants are usually more

effective than individual CPAs as they show synergic

effects [56]. For example, sodium glutamate was more

effective when used with other CPAs in Lactobacillus,

Streptococcus, and Leuconostoc species [57, 58]. In this study,

supplementation with 2.5% (w/v) sodium glutamate

showed synergic effects, resulting in significantly enhanced

viability (up to 59.5% survival rate) of strain W13 after

freeze-drying (Table 4). It is worth noting that the Tween

80 in LDTM medium might increase tolerance to stress and

contribute towards protecting cells during freeze-drying by

altering the fatty acid composition in the cell membrane

[58-60].

Based on the definition of microbial viability by Kell et al.

[61], microbial status can be classified as “viable and active”,

“viable but inactive” (dormant), “nonviable and active”,

and dead. The viability of lyophilized LAB has been mostly

quantified by culture-dependent methods by measuring

colony-forming units (CFUs). However, the counts obtained

mainly represent “viable and active” cells, not dormant

(ultimately cultivable) or dead cells. Moreover, there is a

limitation during recovery that the culture conditions of

the agar plate are directly related to viability, and thereby,

this may affect the formation of colonies in some LAB

species [62]. Therefore, culture-independent methods have

been recently proposed for precise quantification of probiotic

LAB after lyophilization using alternative techniques, such

as imaging with fluorescence [63, 64], nucleic acid detection

by qRT-PCR [23, 65], and cell sorting using flow cytometry

[22, 23]. Among these techniques, we adopted dual-staining

fluorescence-based assays for the evaluation of CPA effects

on microbial viability by discriminating between viable

(live; active or inactive) and non-viable (dead; active or

dead) cells (Figs. 5 and 6A). Furthermore, the metabolically

active status was also evaluated by detecting ATP during

the recovery of freeze-dried cells. To our best knowledge,

this is the first study to apply the ATP method for studying

the effect of CPAs on the viability of LAB. In this study, the

cryoprotective effects of the selected CPA mixture differed

among Lactobacillus strains (Fig. 6A). It might be that the

specific preferences of particular strains for intrinsic factors

and growth medium ingredients lead to differences in the

live/dead ratios after lyophilization [47, 56]. In addition,

the metabolic activity of the recovered microbial cells

correlated with viable cell numbers (CFU/g) for most of

the species and strains tested, with the exception of

L. fermentum ME-3 and L. brevis subsp. coagulans Labre

(Fig. 6B). These exceptional traits should be considered as

intrinsic features related to the recovery and replication

abilities of each strain. Therefore, the identification of

appropriate CPA candidates needs to be carried out in a

targeted strain-specific manner. For example, in the case of

L. brevis subsp. coagulans Labre, factors for the rapid

restoration of metabolic activity after rehydration should

be investigated if necessary.

The results of this study demonstrate that (i) nutrient

requirements tend to be species-dependent; therefore, we

suggest that our LDTM medium could be applied to

improve the growth of L. salivarius species; and (ii)

enhancement of microbial viability during freeze-drying

should be considered by employing CPAs as well as other

relevant factors. Therefore, our findings highlight the fact

that investigations for cryoprotective conditions need to be

conducted in a targeted strain-specific manner. Furthermore,

culture-independent techniques enable more precise and

advanced evaluation for bacterial viable state in the

lyophilized product, and may support the large-scale

production of probiotics in the food, feed, and pharmaceutical

industries.
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