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Abstract

Selenium (Se) is one of the essential trace elements in the human body, and Se-enriched lactic acid bacteria (LAB) can
improve the biological utilization value of inorganic Se. The aim of this study was to isolate Se-enriched LAB and study
their effects on antioxidant activity and nitrite degradation. The Se-enriched LAB L.P2, which was nitrite-tolerant and could
grow in 30 pg/mL sodium selenite (Na,SeO5) medium, was isolated from the traditional fermented Chinese sauerkraut. L.P2
belonged to Lactobacillus plantarum according to the 16S rDNA analysis. The biomass and lactic acid production of L.P2
reached to a maximum (9.52 log CFU/mL and 16.99 mg/mL) when 2.0 pg/mL Na,SeO; was supplemented in the medium.
Additionally, the nitrite degradation rate reached 85.76% when the initial concentration of Na,SeO; was 2.0 ug/mL. The
Se-enriched LAB enhanced the scavenging capacity of hydroxyl radical and superoxide free radical of L.P2 and improved
the lipid peroxidation and ion-chelating abilities. Moreover, the activities of superoxide dismutase (SOD) and glutathione
peroxidase (GSH-Px) in Se 4 group (4.0 pg/mL Na,SeO; was added) reached 48.49 and 50.35 U/mg, respectively. Thus, Se 4
concentration was significantly higher than that of Se 0 group (with no Se added). In particular, SOD and GSH-Px enzymes
correlated with nitrite degradation (P <0.01). Collectively, our results indicate that Se supplementation can enhance the anti-
oxidant capacity of LAB, contribute to its nitrite degradation, and thus may have potential applications in functional foods.
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Introduction

Selenium (Se), a component of selenoamino acids and sele-
noproteins, possesses important physiological functions
such as maintaining redox homeostasis (Behne et al. 2010).
This element has a mineral nature and antioxidant effect
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(Steinbrenner and Siesa 2013; Zeng et al. 2013), can pre-
vent heart diseases, and helps in the treatment of some other
diseases, such as cancer (Hatfield et al. 2014; Mashmouli
2013; Hurst et al. 2012). Inorganic Se, which usually refers
to sodium selenite (Na,SeO3), is toxic even if in low amount
(Lopes et al. 2017). By contrast, organic Se, which mainly
includes selenocysteine and selenomethionine (SeMet), are
easily absorb and metabolize and has no toxic side effects
(Abdulah et al. 2005; Kietczykowska et al. 2018). Thus, the
application of inorganic Se in chemoprevention is limited
(Fairweather-Tait SJ 2010). However, some studies showed
that lactic acid bacteria (LAB) can biotransform inorganic
Se into organic Se compounds such as selenocysteine
(Alzate et al. 2007, 2010). According to Kamna Saini’s
study, lactobacillus reuteri NCDC77 has the greatest abil-
ity to exhibit Se uptake (28.8% of inorganic Se in medium)
(Saini et al. 2014). In Yu Deng’s study, Se-enriched Lacto-
bacillus brevis was used to co-ferment a skimmed milk; con-
sequently, L. brevis enhanced Se concentration in yoghurt
(Deng et al. 2015). Thus, if Se is used as a fermentation
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substrate, then LAB may convert toxic inorganic Se into a
nontoxic organic Se, and the food fermented by Se-enriched
LAB may supplement human dietary Se. Thus, the isolation
of Se-enriched LAB is necessary to improve the utilization
of Se and human’s health.

Nitrite widely exists in food, especially in fermented veg-
etables (Bozkurt and Bayram 2006). In the fermentation pro-
cess of sauerkraut, nitrate can be reduced into nitrite (Chan
2011), which can decrease the oxygen-transport ability that
leads to methemoglobinemia (Oldfield et al. 2013; Sohn
et al. 2014). Nitrite can also react with secondary amines in
the human body, forming a strong cancerogenic nitrosamine
in the gastral cavity and resulting in cancer of the digestive
system (Lin et al. 2013; DellaValle et al. 2014). Further-
more, zebrafish embryos that were treated with nitrite led
to yolk sac edema and craniofacial and axial malformations
(Simmons et al. 2012; Keshari et al. 2016). Therefore, nitrite
seriously harms the health of humans and animals. Hence,
how to reduce the nitrite in fermented foods has become a
key problem.

LAB are the dominant species during vegetable fermen-
tation. It is more effective in lowering nitrite concentration
by using pure starter cultures compared with spontaneous
fermentation in recent years (Oh et al. 2004; Yan et al. 2008;
Jagannath et al. 2012). Wang et al. (2013) showed that the
nitrite content of sausages fermented by Lactobacillus sakei
dropped faster from 100 ppm to 9.6 ppm, whereas the nitrite
in spontaneous fermentation dropped slower from 100 ppm
to 32.1 ppm (Wang et al. 2013). Liu et al. (2014) found that
Lactobacillus casei can effectively degrade nitrites both in
the pickle fermentation system and in MRS medium (Liu
et al. 2014). According to Fang et al. (2016), Lactobacillus
coryniformis BBE-H3, which was isolated from naturally
fermented pickled vegetables, showed a high level of activ-
ity in degrading sodium nitrite (Fang et al. 2016). Therefore,
degrading nitrite using LAB is important.

Antioxidant supplements or foods containing antioxidants
may be used to help the human body reduce the oxidative
damage. However, chemical antioxidant can damage the
health of an organism, including liver damage and carci-
nogenicity (Simic 1988). Therefore, replacing synthetic
antioxidants by exploiting natural antioxidants has become
a cardinal direction in recent years. LAB can scavenge accu-
mulated free radicals to prevent oxidative damage (Li et al.
2012) and also have positive synergy effects on antioxidants.
Thus, LAB have become the first choice of antioxidants.
Furthermore, different forms of Se improve the ability of
antioxidation in humans and can be used to develop func-
tional foods (Pophaly et al. 2014). Se was added to sauer-
kraut before fermentation, leading to a 1.75-fold increase
in its anti-oxidative activity (Pefias et al. 2012). Notably,
antioxidant enzymes that rely on some of Se and other metal
elements play a role in the body defense system. Shakibaie
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et al. (2017) isolated Se-rich LAB from Iranian traditional
products and studied their antioxidant properties such as
DPPH. clearance and power reduction. To date, the mecha-
nism on the effect of Se on the antioxidant activity of LAB
has been poorly studied (Ren et al. 2011). Thus, the effect
of Se-rich LAB on the antioxidant properties of fermented
vegetables is a new and interesting topic to study.

In this study, Lactobacillus plantarum was isolated from
traditional fermented Chinese sauerkraut, and the antioxi-
dant ability of the strain was investigated. The mechanism of
antioxidant properties was further studied in terms of power
reduction and certain antioxidant activities of enzymes,
including superoxide dismutase (SOD) and glutathione
peroxidase (GSH-Px). Our study may offer an alternative
method to control nitrite production and to improve the anti-
oxidant properties of food. Se-enriched LAB can enhance
the antioxidant activity of fermented food and effectively
reduce the nitrite content. Thus, it may make fermented
foods more nutritious and healthy.

Materials and methods
Sample collection and bacterial screening

The MRS medium was produced according to Guo et al.
(2015), and the LAB-selective medium contained 2% CaCO;
and 2% agar. Three samples of homemade fermented Chi-
nese pickles were collected from the three regions (Wuhan,
EnShi, and HuangShi) of Hubei Province in China. All sam-
ples were obtained when pickle pastes had been fermented
at the later stage. Samples were continuously diluted with
normal saline (107>, 1075, 1077, and 10~®). An appropriately
diluted sample (0.1 mL) was spread on the surface of the
LAB-selective medium for cultivation. The single colony
was picked up, further separated, and purified (Cui et al.
2012) under microscopic observation until completely puri-
fied. To further identify the LAB, we evaluated whether the
strains produced lactic acid through thin-layer chromatogra-
phy (TLC) (Hansen 1976). The purified strains were stored
at — 80 °C.

Identification and isolation of nitrite-tolerant
strains and Se-resistant LAB

NaNO, at 0.2, 0.4, 0.6, and 0.8 g was added into 1 L of MRS
solid medium to be used for screening nitrite-tolerant strains
(Paik and Lee 2014). Then, Na,SeO; at 5, 10, 20, 25, and
30 mg was added into 1 L of MRS solid medium to be used
for screening Na,SeOj;-tolerant strains (Zhang et al. 2009).
To ensure all the preparations started with the same number
of cells, we used aliquots containing 10® CFU/mL bacteria
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for inoculation. Then, the LAB were cultured at 37 °C for
24 h.

DNA extraction, 16S rDNA PCR amplification,
and phylogenetic analysis

DNA extraction was performed according to the method
of Ruiz et al. (2000). The bacteria were cultured in MRS
medium at 37 °C for 24 h. The cells were then collected, and
DNA was extracted according to the instructions of TIAN-
amp Bacteria DNA Kit (Tiangen Biochemical Technology
Co., Ltd., Beijing, China). PCR amplification of 16S rDNA
was performed using the primers 27f (5'-AGAGTTTGATCC
TGGCAG-3') and 1492r (5'-GGCTACCTTGTTACGACT
T-3"). The PCR method was performed according to a previ-
ous study (Chen et al. 2016).

The 16S rDNA amplification was sequenced in Sangon
Biological Engineering Co., Ltd. (Shanghai, China). Mul-
tiple-sequence alignments and phylogenetic analysis were
performed using MEGA version 5.0 software (Tamura et al.
2011). The phylogenetic tree based on 16S rDNA was con-
structed according to the neighbor-joining (NJ) approach
(Gonzalez and Mas 2011). The homology of all isolates to
other LAB species was analyzed according to their evolu-
tionary divergence.

Effect of Na,SeO; on the Se-rich ability, biomass,
and lactic acid content of LAB

In order to evaluate the effect of Na,SeO; on the selenium-
rich ability, biomass, and lactic acid production of LAB, 0,
2,4, 6, and 8 mg of Na,SeO; were added separately into the
1 L medium. The inoculation amount of LAB was 1%. Then,
it was cultured at 37 °C for 24 h under anaerobic condition
by using Anaerobi/Microaerobic System A30 (Jiang Xue
Technology Co., Ltd., Chongqging, China).

Afterward, an hemocytometry counting method was used
to detect the biomass of LAB. The Se content in the sample
was measured using the method of Pilarczyk et al. (2016)
with some modifications. Then, 0.3 g of LAB were extracted,
added with mixed acid (HNO;:HCIO, = 1:9), and digested
at 230 °C for 180 min. The samples were hydrolyzed with
9% HCI. Se was derivatized with 2,3-diaminonaphthalene,
and the complex was extracted into cyclohexane. The sam-
ples were then examined by fluorescence spectrophotometry
F-700 (Hitachi High-Technologies Corp., Shanghai, China).
The excitation wavelength was 376 nm, and the fluorescence
emission wavelength was 520 nm.

The concentration of lactic acid was examined according
to the method of Taylor (1996), with some modification. The
concentrations of lactic acid standard solutions were 1, 2, 3,
4,5, and 6 pg/mL. Furthermore, 1 mL of lactic acid standard
solution was added to the colorimetric tube with 0.05 mL 40%

copper sulfate solution. Then, 6 mL of concentrated sulfuric
acid was added and reacted in boiling water bath for 5 min.
After cooling below 20 °C, 0.05 mL of 1% alkali-soluble
hydroxybiphenyl solution was added and mixed, incubating
for 6-8 h at room temperature. Then, the absorbance at 570 nm
for plotting standard curve was recorded. After centrifugation,
1 mL of supernatant was used to determine the content of
lactic acid in the sample.

Effect of Na,SeO; on the nitrite degradation rate
of LAB

NaNO, at 150, 250, and 350 mg was added into 1 L medium.
The inoculation amount of LAB was 1%, then bacteria were
cultured at 37 °C for 24 h under anaerobic condition by using
Anaerobi/Microaerobic System A30 (Jiang Xue Technology
Co., Ltd., Chongqing, China). The LAB’s capability of reduc-
ing nitrite was evaluated by analyzing their residue amount in
each model-medium (Paik and Lee 2014). Degradation effi-
ciency of nitrite is usually expressed as percentage.

Determination of the antioxidant capacity
of Se-enriched LAB

Intracellular extracts

L. plantarum was inoculated in 100 mL MRS medium,
which was supplemented with Se (0, 0.2, 0.4, 0.6, and
0.8 mg of Na,SeO;) to obtain a Se-enriched LAB (Xia et al.
2007). The bacterium was cultured at 37 °C for 24 h under
anaerobic condition by using Anaerobi/Microaerobic System
A30 (Jiang Xue Technology Co., Ltd., Chongqing, China).
At the end of the cultivation, bacterial cells were harvested
by centrifugation at 5,000 rpm for 15 min and washed thrice
with phosphate buffer solution (PBS, pH 7.4). The washed
strains were resuspended in PBS. The intracellular cell-free
extracts were prepared by the method of Lin and Yen (1999),
with minor modification. The cells were lysed with 1 mg/L
of lysozyme at 37 °C for 30 min, followed by ultrasonic
disruption for 50 s at 60% of ultrasound amplitude (Ningbo
Xinzhi Biotechnology Co., Ltd.). Ultrasonic treatment in
the ice bath at 200 W was performed every 2 s and rested
for 10 s, with a total working time of 50 s and a total rest-
ing time of 5 min (Chang 2013; Li et al. 2012; Pescuma
et al. 2017). The cell debris was removed by centrifugation
at 10,000 rpm for 10 min at 4 °C. Finally, the supernatant
was obtained as the intracellular extract of LAB.

Determination of hydroxyl radical scavenging
activity

Hydroxyl radical (OH) scavenging activity was analyzed
by measuring the hydroxyl radical scavenging activity

@ Springer



61 Page4of13

World Journal of Microbiology and Biotechnology (2019) 35:61

produced by Fenton’s reaction (He et al. 2004). Further-
more, 1 mL of PBS (0.02 mol/L) was mixed with o-phen-
anthroline (2.5 mmol/L), then added with deionized water,
H,0, (20 mmol/L), FeSO, (2.5 mmol/L), and intracellular
extracts, each at 1 mL. This mixture was incubated at 37 °C
for 1.5 h. Thereafter, absorption at 536 nm was recorded,
and the scavenging activity (%) was calculated as: [(A,—A)/
(A—Ay)]x100%, where A is the absorbance with the sam-
ple and H,0,, A, is the absorbance of the control without the
sample, and A is the absorbance without the H,0,.

Determination of superoxide free radical
scavenging activity

The scavenging of superoxide free radical (O~2-) was
determined by using the pyrogallol autoxidation method
(Wang et al. 2015). Briefly, the reaction mixture contain-
ing 150 mmol/L Tris—HCI (8.2), 3 mmol/L diethylenetri-
amine pentaacetic acid, 1.2 mmol/L pyrogallol, and intra-
cellular cell-free extract at 1 mL each was incubated at
25 °C for 10 min. The scavenging of the superoxide free
radical was monitored by measuring the absorbance at
325 nm, and its ratio (%) was calculated as: [1—(A;, —A,p)/
(Ag; —Agp) 1 X 100%, where Ay is the absorbance of the reac-
tion mixture without the sample and pyrogallol, A, is the
absorbance of the reaction mixture without the sample, A
is the absorbance of the reaction mixture without pyrogallol,
and A, is the absorbance of the reaction mixture containing
the sample and pyrogallol.

Determination of DPPH radical scavenging activity

The DPPH radical-scavenging capacity was determined
according to a previous method (Zhang et al. 2013) with
some modifications. Briefly, 1 mL of the sample solution
was added to 2.0 mL of ethanolic DPPH radical solution
(0.05 mmol/L). The mixture was mixed and incubated in the
dark for 30 min. The controls included 95% ethanol, instead
of the sample. The blanks contained only ethanol and the
cells. The absorbance of the resulting solution was meas-
ured thrice at 517 nm after centrifugation at 10000 rpm for
10 min. The DPPH radical scavenging ratio (%) was calcu-
lated as: [1 = (Agymple — Aplani)/Acontrot] X 100%, where A,
is the absorbance of the sample, Ay, is the absorbance of
the blank, and A, is the absorbance of the control.
Determination of the inhibition of lipid
peroxidation

Inhibition of lipid peroxidation was determined as described
by a previous study (Raffaella and Minervini 2011) with
some modification. Briefly, 0.5 mL of PBS (0.02 mmol/L,
pH 7.4), 1 mL of linoleic acid emulsion, 1 mL of FeSO,, and
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0.5 mL of the sample were mixed and incubated at 37 °C in a
water bath for 1.5 h. Moreover, 0.2 mL of 4% trichloroacetic
and 2 mL of 0.8% thiobarbituric acid were added into the
mixture, incubated at 100 °C for 30 min, and then rapidly
cooled. The supernatant was collected by centrifugation at
4000 rpm for 10 min, and the absorbance was measured
at 532 nm. The inhibition of lipid peroxidation was calcu-
lated as: (1 —Agmpie/Acontrol) X 100%, where A, is the
absorbance of the sample, and A is the absorbance of
the control.

control

Determination of iron ion chelating ability

The chelating ability of ferrous ion (Fe*™) was measured
by the method of Lin and Yen (1999). Herein, 0.1 mL of
4% FeSO, solution and 0.1 mL of 1% ascorbate were added
into 1 mL of 0.2 mol/L NaOH solutions. Then, 0.5 mL of
the sample was added into the above mixture, which was
subsequently incubated for 20 min at 37 °C. Afterward,
0.2 mL of 10% trichloroacetic acid was added to the reaction
medium, and 2 mL of o-phenanthroline (1%) was added into
0.2 mL of supernatant, which was obtained by centrifugation
at 4000 rpm for 10 min. The absorbance was measured at
510 nm after 10 min of reaction. The chelate Fe** ability of
the sample was calculated as: (Ay— Ag/Ay) X 100%, where
A, is the blank absorbance, and A, is the sample absorbance.

Total reducing power

The method developed by Wang et al. (2015) was used to
evaluate the reducing power of LAB. In brief, 0.5 mL of
PBS (pH 6.6), 0.5 mL of 1% potassium ferricyanide, and
0.5 mL of the sample were mixed and incubated at 50 °C
in a water bath for 20 min. The supernatant was collected
by centrifugation at 4000 rpm for 5 min. Then, 1 mL of dis-
tilled water and 1 mL of ferric chloride (0.1%) were added
into 1 mL of supernatant. After mixing, the absorbance was
measured at 700 nm. The blank was prepared in the same
way, except that deionized water was used, instead of the
sample.

Determination of SOD activities

The SOD activities of LAB were assayed by the method
of Bayer and Fridovich (Jr and Fridovich 1987) with slight
modifications. Herein, 9 mL of Tris-HCI-EDTA (pH 8.2)
was incubated at 25 °C for 10 min. Then, 20 mL of intra-
cellular cell-free extract (10 mmol/L HCI as the contrast
of the test) was added. The mixture was added with 20 uL
of 45 mmol/L pyrogallol. Then, the absorbance was meas-
ured immediately. Every 30 s, light absorption was tested
for 4 min. SOD activities were expressed as follows:
AAy = AAgop
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AA, -

AA
Inhibitory rate (%) = 5D % 100%

AA,

Inhibitory rate (%) v,
Xn—
50% Vs

Enzyme activity =

where AA is the change of absorbance of the control group
at 4 min, AAgqp is the change of absorbance of the test
sample at 4 min, V, is the volume of reaction liquid, V, is
the total volume of the sample, and » is the multiple of the
diluted sample.

Determination of GSH-Px activities

GSH-Px activity was measured based on Paglia and Val-
entine (Paglia and Valentine 1967). One unit of GSH-Px is
defined as the amount of enzyme that catalyzes the oxidation
of 1 nmol NADPH per minute. Herein, 0.4 mL of intracellu-
lar cell-free extract from each of the sample was mixed with
0.4 mL of 1.0 mmol/L GSH and then incubated at 37 °C
for 5 min. H,0, (37 °C) was then added into the mixture.
This mixture was subsequently exposed to a warm-water
bath at 37 °C for 3 min to initiate the enzymatic reaction.
Then, 4 mL of metaphosphoric acid precipitant was added.
Supernatant was collected by centrifugation at 4000 rpm for
10 min. Thereafter, 2 mL of supernatant was mixed with
2.5 mL of 0.32 mol/L Na,HPO, and 0.5 mL of DTNB.
After 1 min, the absorbance of the mixture was measured at
423 nm. The control group included 0.4 mL of inactivated
intracellular extracts, instead of the sample. GSH standard
curve was generated by 0, 0.2, 0.4, 0.8, and 1.0 umol/L. GSH.
The active unit (U/mg) was calculated as: [(ODg;pp — O
D ontror) XA X 5 min]/(Q X 3 min), where A is the slope of the
calibration curve, Q is the dry weight of the sample, ODy
is the absorbance of the sample, and OD_ ., is the absorb-
ance of the control.

Effects of SOD and GSH-Px on nitrite degradation

SOD (>3000 U/mg) and GSH-Px (>300 U/mg) lyophilized
powder were the standard substances (Sigma-Aldrich). Dif-
ferent contents of SOD (0, 0.005, 0.01, 0.015, and 0.02 mg)
and GSH-Px (0, 0.05, 0.1, 0.15, and 0.2 mg) were individu-
ally added into 100 mL of PBS (0.02 mol/L, pH 7.8) to
ensure that the corresponding enzyme activity was 0, 15,
30, 45, and 60 U/mg. Then, 15 mg of sodium nitrite was
added into the different enzyme solutions (the concentra-
tion of sodium nitrite was 150 pg/mL) and reacted at 37 °C
for 4 h. The nitrite content was determined according to the
method of Paik and Lee (2014). The degradation efficiency
was expressed in percentage.

Statistical analysis

One-way analysis of variance (ANOVA) and Duncan’s mul-
tiple range test were performed to identify the differences
between means by using SPSS software version 20.0 (SPSS-
IBM Chicago, IL, USA). Differences were considered sta-
tistically significant when P <0.05.

Results

Screening and identification of LAB with high nitrite
and Se tolerance

As listed in Table 1, a total of 11 strains were screened.
After staining with the Gram strain, the colony morphology
was observed under a microscope. Among these strains, 7
(L.P1, L.P2, L.P4, L.P5, L.P6, L.P7, and L.P9) were nitrite
tolerant, and 6 could grow in 5 ug/mL Se. However, only
L.P2 could grow in 30 ug/mL Na,SeO; medium, indicating
a high Se-resistant LAB.

Moreover, 16S rDNA of the isolated strain L.P2 was
sequenced and subjected to phylogenetic analysis. Multi-
ple sequence alignments showed >99% similarity between
L.P2 and several L. plantarum strains by NJ methods.
Phylogenetic tree was then constructed. L.P2 exhibited to
be the closest to L. plantarum JL28, with 99.27% simi-
larity (Fig. 1). Thus, L.P2 was suggested to belong to L.
plantarum.

Effect of Na,Se0O; on the Se-enrichment ability,
biomass, and lactic acid production of L.P2

To study the effect of Na2SeO3 on the Se-enrichment ability,
biomass, and lactic acid production of L.P2, we used a basic
medium appended with different concentrations of Se. The
Se-enrichment ability of L.P2 is illustrated in Fig. 2. When
the concentration of Na,SeO; was 4 pg/mL, the Se-enrich-
ment rate of inorganic Se was the highest (52.73%). Fol-
lowed by 6 and 2 pg/mL, the Se-enrichment rate was 37.62%
and 26.43%, respectively. However, the Se-enrichment rate
was only 6.95% when the concentration of Na,SeO; was
8 ug/mL.

As seen in Fig. 2, the lactic acid production increased to
16.99 mg/mL when 2.0 ug/mL Na,SeO; was added. How-
ever, when the concentration of Na,SeOj; increased to 4.0 g/
mL, the lactic acid production of LAB was lower (14.97 mg/
mL) than that of 2.0 ug/mL Na,SeO;. The Na,SeO; content
increased the cell amount in the control group at 8.89 log
CFU/mL. At 2.0 ug/mL Na,SeO;, the cell counts were
9.52 log CFU/mL, which was 7.09% higher than that of the
control, whereas the number rapidly decreased to 4.04 log
CFU/mL at 8 ug/mL Na,SeO;.
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Table 1 Morphological, .n.itritc Tetragenococcus Lactobacillus
and selenite tolerance ability of
11 strains isolated from Chinese No. of isolated strains 7 4
fermented pickles Species LPl LP3 LP4 LP6 LPS LP9 LPIl LP2 LPS LP7 LPIO
Cell morphology cocci rod
Cell arrangement tetrad Singly, in pairs or in
chains
Production of lactic acid ++  + + + ++ + + + ++ + +
0.2 g/L NaNOz ++ + ++ ++ + ++ + ++ ++ ++ +
0.4 ¢g/L Na.NOz + + + + + + - + + + +
0.6 g/L NaNO, + - + + - + - + + + +
0.8 g/L NaNO, - - - - - - - - - - -
5 ug/mLNa,SeO; - NT ++ + NT + NT ++ 4+ ++ NT
10 pg/mLNa,SeO; NT NT + + NT + NT ++ 4+ + NT
20 pg/mLNa,SeO; NT NT + + NT - NT + + + NT
25 pg/mLNa,SeO; NT NT - - NT - NT + - - NT
30 pg/mLNa,SeO; NT NT - - NT - NT - - - NT

Growth capacity of LAB were determined by the number and size of calcium-dissolving ring which is pro-

duced by lactic acid

++, + positive reaction; — negative reaction; N7 not tested

Fig. 1 Phylogenetic tree based 0.0002 0.0000 Lactobacillus pentosus Lp-C45
on the 16S rDNA sequence 0.0049 0.0000 ]
analysis by NJ method. The 03599 : 0.0003 Laclobacz'/lus plantarum Lp-C63
16S rDNA sequences were : 5 0051' Lactobacillus plantarum LCR21
compared with other 16S 0.0037 - Lactobacillus plantarum LP-01
rDNA sequences of LAB from 0.3706 Lactobacillus plantarum P1
the NCBI database. Bootstrap 0.0040 50003 03631, iobacillus pentosus Lb3F2
values (expr?ssgd as percentage 0.0057 0.3702 Lactobacillus plantarum J1.28
of 1000 replications) are shown 0.3565 Lactobacillus pi Pro3d
at the branching points 0.0001 0.0005 actobacitlus plantarum Pro.
- 0.0105 - Lactobacillus plantarum AT4
0.3602 0.0002 Lactobacillus plantarum M10-1
0.3685 1,
0.0088 0.3606 Lactobacillus plantarum SKT109
0.0119 M Lactobacillus plantarum FM-LP1-1
0.3583 Lactobacillus plantarum ZDY36a
0.0040 0.3635 0.0038 Lactobacillus plantarum WCFS1
’ 0.0038 Lactobacillus plantarum BS16
0.0066 0.3664 Lactobacillus plantarum AP1
0.0069 0.0035 Lactobacillus sp. KLDS 1.0705

Effect of Se on the nitrite degradation rate of L.P2

The effect of different Na,SeO; concentrations on the nitrite
degradation was assayed. The results were calculated as a
percentage of the starting concentration as presented in
Fig. 3. When the nitrite concentration was 125 mg/L, the
highest degrading efficiency reached 85.76%, which was
observed in the batch with 2.0 ug/mL Na,SeO; medium. The
degradation efficiency values of other groups were 80.48%
(4.0 pg/mL Na,Se0;), 80.33% (6.0 ug/mL Na,SeO;), and
70.09% (8.0 ng/mL Na,SeO5), better than the control group
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03561 L0048 /o crobacillus plantarum IMAUS0064

(with no Se added, 54.22%). The initial concentration of
nitrite had a certain effect on the degradation rate of nitrite,
but the degradation trend was consistent with different initial
concentrations of nitrite. Thus, the nitrite degradation rate
reached the highest value when the initial concentration of
Na,SeO; was 2.0 pg/mL.

Effect of Se on the antioxidant activity of L.P2

The most efficient way to avoid oxidation induced by oxy-
gen radicals is to scavenge the reactive oxygen species.
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—Hl— Percentage of Se uptake (%) —v— Biomass (logCFU/mL) —A— Lactic acid content (mg/mL)
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The scavenging ability of LAB for two of the most impor-
tant reactive oxygen species (hydroxyl radical and super-
oxide free radical) was investigated.

Scavenging of hydroxyl radical and superoxide free
radical is shown in Fig. 4a. In the intracellular extracts,
the hydroxyl radical scavenging activity of four Se inter-
vention groups was more than that of the control (Se 0).
Se 4 (4.0 pg/mL Na,SeO; was added) had the highest
scavenging ability with an inhibition of 47.60%. Specifi-
cally, 30.02%, 34.57%, 47.21%, and 44.88% hydroxyl rad-
icals were scavenged in Se 0, Se 2 (2.0 ug/mL Na,SeO;
was added), Se 6 (6.0 ug/mL Na,SeO; was added), and Se
8 (8.0 ug/mL Na,SeO; was added) (Fig. 4a). The super-
oxide anion radical scavenging activity of Se interven-
tion groups in the intracellular extracts did not increase
significantly (Fig. 4a). The scavenging activity of super-
oxide anion radicals of Se 2 was better than that of the
other groups. The scavenging rate of Se 2 was 37.99%,
whereas the others were 33.20% (Se 0), 37.01% (Se 4),
32.84% (Se 6), and 28.68% (Se 8).

Free radicals attacked the polyunsaturated fatty acid
and triggered a chain reaction of lipid peroxidation.
In this study, the inhibitory effects of the intracellular
extracts on lipid peroxidation were determined (Fig. 4b).
Se 0 has a low inhibition activity (7.34%). Se interven-
tion was significantly higher than that of Se 0. The other
inhibition activities were 17.34% (Se 2), 22.15% (Se 4),
16.56% (Se 6) and 15.06% (Se 8). Thus, adding Se helped
in inhibiting lipid peroxidation. Transition metal ions
can initiate lipid peroxidation and start a chain reaction
through the decomposition of hydroperoxides (Halliwell
et al. 1995). Chelators can capture metal ions and prevent
metal ions from catalyzing the oxidation. Therefore, the
chelating ability of LAB toward iron ions was investi-
gated. The chelating ability results of intracellular cell-
free extract of L.P2 for Fe>" are shown in Fig. 4a. The
Fe’* chelating rates in different Se concentrations were
19.38% (Se 0), 24.92% (Se 2), 24.69% (Se 4), 21.18%
(Se 6) and 18.15% (Se 8). Se 2 demonstrated the best
chelating ability for Fe?* among the five tested groups.
Meanwhile, the chelating ability of Se 8 was lower than
that of the control group (Se 0).

The DPPH radical scavenging activity of the intracel-
lular extracts is depicted in Fig. 4b. Se O group had the
highest radical-scavenging activity (32.91%) followed by
Se 2 (28.12%), Se 4 (27.79%), Se 6 (27.07%) and Se 8
(25.03%). As the Se density increased, the ability of elim-
inating the DPPH decreased. The reducing power of L.P2
was determined, as shown in Fig. 4b. The Se 6 showed
the highest reducing power (24.22%). The reducing power
of other groups was higher (20.22%, Se 2; 20.67%, Se 4;
22.67%, Se 8) than that of Se 0.

@ Springer

Effect of Se on the SOD and GSH-Px activities of L.P2

Antioxidant enzymes are regarded as an important enzy-
matic antioxidant defense system in LAB (Li et al. 2012).
SOD and GSH-Px are intracellular antioxidant enzymes that
protect against oxidative stress (Manda and Bhatia 2003).
The SOD activity in the Se 2 and Se 4 groups was 30.17 and
48.49 U/mg (Fig. 5), which increased significantly compared
with that in the Se 0 group. Additionally, the SOD activity in
8 ug/mL Na,SeO; still maintained at 30.16 U/mg. In Fig. 5,
the GSH-Px activity in the cell-free extract of Se-enriched
L.P2 increased significantly from Se 0 to Se 2. The GSH-Px
activity was highest in 4 pg/mL Na,SeO;. Thus, Se improved
the activity of SOD and GSH-Px.

Effects of SOD and GSH-Px on nitrite degradation

The two enzymes SOD and GSH-Px had a certain ability in
degrading nitrite. The effect of SOD on nitrite degradation
is shown in Fig. 6. When the activity of SOD was 15 U/mg,
the nitrite degradation ratio was 2.97%. With the increase
of SOD activity, the degradation of nitrite also increased.
Figure 6 shows that GSH-Px also had a great effect on nitrite
degradation. When the GSH-Px activity was 60 U/mg, the
nitrite degradation rate was more than 14.81%, which was
significantly higher than without GSH-Px (0.19%). As
shown in Table 2, the correlation between the biomass, lac-
tic acid, enzyme activity, and nitrite degradation rate was
analyzed. The results showed that the activity of SOD and
GSH-Px significantly correlated with the degradation of
nitrite (P <0.01).

Discussion

Certain LAB can convert inorganic Se (Se**) into organic Se
(Se-amino acid) that are beneficial to humans (Alzate et al.
2008; Palomo et al. 2014). Se can be concentrated in the
biomass by various LAB, either as an organic form such as
selenoproteins, or as an elemental form when inorganic Se is
added to the culture medium (Andreoni et al. 2000; Eszenyi
et al. 2011). When the selenite exceeds a certain concen-
tration, LAB detoxify selenite into elemental Se. Thus, the
strain that can grow in 30 ug/mL Na,SeO; medium was cho-
sen and identified as L. plantarum (Table 1; Fig. 1).

As shown in Fig. 2, when the concentration of Na,SeO;
was 4 ug/mL, the Se-enrichment percentage of LAB was
52.73%, which was higher than that of 2 pg/mL Na,SeO;. To
date, Se-enriched yeast is a common form of Se used to sup-
plement the dietary intake of this important trace mineral.
Se-enriched yeasts are commercially available to improve
the Se status, but yeasts mainly produce SeMet, which is
nonspecifically incorporated into proteins (Korhola et al.
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Fig.5 Effect of Se on the SOD
and GSH-Px activities of L.P2
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Table 2 The correlation
between the biomass, lactic

acid, enzyme activity and nitrite
degradation rate

Biomass Lactic acid SOD activity GSH-Px activity
Correlation coefficient 0.179 0.071 0.784 0.768
Significance (P) 0.524 0.802 0.001 0.001
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1986). LAB species could concentrate Se as selenocyst-
eine in biomass and can be used as an organic Se source for
dietary supplementation (Calomme et al. 1995; Alzate et al.
2010, 2007). The amount of LAB increased when the added
content of Na,SeO; was 2.0 pg/mL (Fig. 2), thus suggest-
ing that Se can improve the metabolism of LAB; adding Se
can produce some particular essential nutrients to promote
the growth of LAB. Se stimulates the growth of prokary-
otic cells, but at high concentrations can also cause toxicity
(Sarang et al. 2014). Incorporation of high concentrations of
Se salts in the nutrient substrate used to cultivate the LAB
can inhibit the growth of bacterial cells. This conclusion
agrees with the results found by other researchers to some
extent (Xia et al. 2007).

The accumulation of nitrite in fermented vegetables has
become a growing concern. LAB, which are commonly
used in fermentation industry, can reduce nitrite produc-
tion, primarily because the metabolism of LAB produces
acid and nitrite reductase (Con and Gokalp 2000; Hugas
and Monfort 1997; Wolf and Hammes 1988; Ammor and
Mayo 2007). Low concentration of inorganic Se has certain
biological utilization value and can promote the growth and
metabolism of an organism. However, the amount of nitrite
degradation maintained high when the added amount of Se
was more than 2 pg/mL (Fig. 3); thus, lactic acid and bio-
mass are not the main factors to promote the degradation
of nitrite. Furthermore, nitrite degradation and lactic acid
content had no significant correlation (Table 2). Numerous
research showed that antioxidants such as polyphenols, can
degrade nitrite (Wu et al. 2015). Therefore, we evaluated the
effects of antioxidant on nitrite degradation.

Hydroxyl radical is the strongest oxidizing free radicals,
which can damage biological cells and have strong binding
capacity with DNA, proteins, and lipids (Li et al. 2012).
Superoxide anions are precursors of active free radicals that
can induce tissue damage by reacting with biological mac-
romolecules (Halliwell and Gutteridge 1984). In both Se 2
and Se 4 groups, the hydroxyl radical scavenging activity
and super-oxide anion radical scavenging activity increased
(Fig. 4a). Proper concentration of Se improved the activ-
ity of scavenging free radicals. The lipid peroxidation of
polyunsaturated fatty acids in the cellular membrane was
associated with cell membrane stability (Lucy 1972). There-
fore, the inhibition rate of lipid peroxidation was investi-
gated. Among the five tested groups, Se-containing group
had a great reducing power on lipid peroxidation. Thus, Se
(<8 pg/mL) effectively improved the inhibition of lipid per-
oxidation of LAB. DPPH can be removed by LAB, showing
that it can depress hydroxyl free radical and interrupt the
lipid peroxidation chain reaction (He et al. 2004). Adding Se
negatively affected the DPPH radical scavenging activity of
LAB. The reducing activity of LAB was probably from the
intracellular antioxidants and proteins (Manda and Bhatia

2003). Shakibaie et al. (2017) also found that the reducing
power of Se-enriched LAB significantly improved when it
was studied on its antioxidation characteristics. The reducing
power of the intracellular extracts of the Se 0 was consider-
ably lower than that of the other groups (Fig. 4b) possibly
because the accumulation and biotransformation of Se by
LAB enhanced the activity of the intracellular antioxidants.

The cell-free extracts of LAB have an antioxidant activity,
considering the antioxidant enzymes released into the extra-
cellular after cell disruption (Kullisaar et al. 2002). SOD, an
important enzyme that can eradicate the oxygen free radi-
cals, has a great influence on the stress resistance of strains
(Farahnak et al. 2013). In this study, the SOD and GSH-Px
activities in the Se 2 and Se 4 groups were improved greatly
(Fig. 5), possibly associated with the Se metabolic pathway.
Se is an integral part of the catalytic site of GSH-Px, which
catalyzes the reduction of hydroperoxides and hydrogen per-
oxide by glutathione reduction (Wang and Fu 2012).

In the Fig. 6, 60 U/mg SOD activity can degrade approxi-
mately 11% nitrite, probably because of the strong oxida-
tion ability of SOD enzyme. This finding also indicated
that a certain relationship existed between the antioxidant
activity and the nitrite degradation of LAB (Table 2). In
Fig. 5, the GSH-Px activity in the Se 2 and Se 4 groups was
45.321 and 50.353 U/mg, respectively. However, with the
increase of the GSH-Px activity, the degradation of nitrite
increased (Fig. 6). Moreover, the significant correlation
between GSH-Px activity and nitrite degradation is shown in
Table 2. Therefore, low concentrations of Se could promote
the growth and metabolism of LAB. Furthermore, the nitrite
degradation greatly improved in Se-enriched LAB, which
enhanced the antioxidant capacity, especially the activity of
SOD and GSH-Px.

The reduction of nitrite in the food matrix is a detoxifica-
tion mechanism and can be an important strategy for pro-
ducers. The L.P2 is considered as the most potential strain
in Se-enriched fermented pickles due to its favorable nitrite
reduction ability and antioxidant capacity. As a starter cul-
ture, L.P2 can also be potentially utilized for the production
of fermented foods and thus offers new opportunities for
designing novel probiotic functional foods.
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