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ABSTRACT

Background. As the global kimchi market expands, the use of starter cultures has become essential for en-
hancing and maintaining consistent quality in commercial production.

Materials and methods. This study evaluated the effects of Leuconostoc mesenteroides, Lactobacillus fer-
mentum and Lactobacillus plantarum as starter cultures on the sensory, physicochemical, and microbiologi-
cal properties of kimchi during fermentation and 30 days of storage.

Results. Over the 30-day storage period, starter cultures — particularly Leu. mesenteroides and L. plantarum —
improved kimchi quality by promoting favorable color development and preserving approximately 70% of
the initial hardness. These two strains also led to greater accumulation of bioactive compounds, with the
highest polyphenol content (25.857 +£0.696 mgGAE/100 g) and vitamin C levels (39.453 +0.254 mg/100 g)
observed in Leu. mesenteroides-inoculated kimchi. Additionally, Leu. mesenteroides supported higher micro-

bial viability compared to the other strains.

Conclusion. These findings underscore the importance of selecting suitable starter cultures to enhance the

quality, stability, and consumer appeal of kimchi.

Keywords: kimchi, Leuconostoc mesenteroides, Lactobacillus fermentum, Lactobacillus plantarum, quality

indicators, storage

INTRODUCTION

Kimchi is a nutrient-rich, traditionally fermented
food made primarily from Chinese (napa) cabbage,
radishes and other vegetables, seasoned with a mix-
ture of chili pepper, garlic, ginger, fish sauce, and
various other spices (Christa et al., 2022; Lee et al.,
2015). The fermentation process, driven by lactic acid
bacteria (LAB) (Park et al., 2013), not only imparts
distinct flavors but also preserves the vegetables and
enhances their functional and nutritional value (Jeong
et al., 2023). Over time, kimchi has gained interna-
tional popularity due to its unique taste and well-docu-
mented health benefits. While traditional fermentation
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relies on naturally occurring microbes (Moon et al.,
2018), contemporary production increasingly utilizes
starter cultures to ensure batch-to-batch consistency,
safety, and predictable product characteristics, particu-
larly in large-scale manufacturing (Lee et al., 2015).
Kimchi’s health-promoting effects are largely at-
tributed to microbial activity during fermentation
(Park et al., 2014). Probiotics LAB strains contribute
to gut health by supporting intestinal microbiota bal-
ance and enhancing digestion. Additionally, kimchi
provides essential vitamins (including vitamins A, B,
and C), minerals such as calcium (18-47 mg/100 g)
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and iron (0.2-0.8 mg/100 g) (Park and Cheigh, 2004),
and approximately 24% dietary fiber on a dry basis
(Park et al., 2014). It is also rich in bioactive com-
pounds — such as polyphenols, glucosinolates, and
various antioxidants — that exhibit anti-inflammatory,
anticancer (Christa et al., 2022), and immune-boosting
properties (Park et al., 2017). These attributes classify
kimchi as a functional food with the potential to sup-
port overall health when consumed regularly.

To optimize fermentation outcomes, modern kim-
chi production increasingly employs selected starter
cultures (Lee et al., 2020). These consist of well-char-
acterized LAB strains chosen for their ability to initi-
ate rapid, stable fermentation while improving specific
attributes of the final product. During storage, starter
cultures influence several key quality parameters, in-
cluding microbial composition (Lee et al., 2020), acidi-
fication rate (Jung et al., 2012), texture maintenance
(Chang and Chang, 2010), and enhancement of bioac-
tivity (Lee et al., 2015). Moreover, they inhibit spoilage
microorganisms, thereby improving food safety (Park
etal., 2013) and prolonging shelf life (Kim et al., 2019).

Leuconostoc and Lactobacillus spp. are frequently
applied as starter cultures due to their adaptability to
fermentative conditions and positive effects on fla-
vor, texture, and biofunctionality. Among them, Leu.
mesenteroides, L. plantarum and L. fermentum have
demonstrated notable effects on kimchi quality (Lee et
al., 2015; Naghmouchi et al., 2020). However, despite
their widespread application, detailed studies exam-
ining metabolic and biochemical changes in starter-
inoculated kimchi remain limited. Further research is
needed to clarify how these strains influence specific
quality markers during extended storage. Interactions
between LAB strains, vegetable substrates, and envi-
ronmental conditions collectively shape the fermenta-
tion trajectory and final product attributes. A deeper
understanding of these dynamics is especially relevant
as consumers’ demand for stable, functional, ferment-
ed food increases. Evaluating the role of starter cul-
tures in determining shelf life, nutritional retention,
and microbial safety is thus of growing importance to
both producers and consumers.

This study aims to investigate the effects of se-
lected LAB starter cultures on the quality dynamics
of kimchi throughout the storage period. Specifically,
it examines their influence on microbial load, textural
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integrity, color evolution, and nutrient preservation
during the storage period.

MATERIALS AND METHODS

Preparation of kimchi

Kimchi samples were prepared using the following in-
gredient ratio: 62.3:6.2:2.5:1.6:1.2:0.2:0.7:5.0:7.5:0.3:
2.2:10.0:0.3, corresponding respectively to Chinese
cabbage : salt:ginger : garlic:sugar : sodium glu-
tamate : chili powder : green onion : carrot : fish
sauce : glutinous rice flour : radish:chili. Four kimchi
samples were inoculated with different LAB starter
cultures at 7 log CFU/g: Leu. mesenteroides (M),
L. fermentum (F), L. plantarum (P), and a control sam-
ple without starter culture (O).

All samples were fermented at 30°C. Once the
samples reached the optimal pH (4.1-4.2) (Hahn et al.,
2002; Moon et al., 2020), they were stored at 5 +£1°C
for periodic analysis over a 30-day period.

Physicochemical analysis

Texture analysis

Kimchi hardness was measured using a TA-XT Plus
texture analyzer (Chang and Chang, 2010). Cabbage
stalks were cut into pieces measuring 4 X 4 cm and
4 mm thick. Each piece was subjected to a single com-
pression using a P2-6 mm cylinder probe. The test
speed was set at 1 mm/s, with a travel distance of 65%.

Viable cells count

The viable cell count was determined by the spread
plate method. Kimchi juice was filtered and serially
diluted in sterile 0.85% NaCl solution. LAB were
cultured on MRS agar and incubated anaerobically at
37°C for 48 hours (Park et al., 2013). Total viable bac-
teria were enumerated on PCA agar, incubated at 37°C
for 48 hours (Park et al., 2018). Yeast and mold counts
were performed on YGC agar after incubation at 30°C
for 72 hours (Park and Lee, 2012).

Determination of total polyphenol content

The Folin-Ciocalteu method (Obanda et al., 1997) was
used to determine total polyphenol content. A 0.2 mL
sample was mixed with 1 mL of Folin-Ciocalteu rea-
gent and incubated for 3 minutes, then combined with
0.8 mL of 7.5% Na,CO,. After incubation in the dark
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for 1 hour, absorbance was measured at 765 nm. A gal-
lic acid standard curve (25-125 mg/L) was used for
quantification.

Determination of vitamin C content

Vitamin C content was measured using the iodine ti-
tration method (Nweze et al., 2015). A 0.01N iodine
solution was prepared by dissolving 5 g KI and 0.268
g KIO, in water, adding 30 mL of 3M H,SO, and di-
luting to 500 mL. The solution was standardized by
titrating 5 mL of 1% ascorbic acid with 1% starch as
the indicator. Ascorbic acid content was calculated us-
ing the formula: Ascorbic acid (mg/100 g) = (V1/12)
x1000, where V1 and V2 are the titration volumes of
the sample and standard solutions, respectively.

Determination of scavenging activity

Scavenging activity was assessed using the DPPH
method (Koudoro et al., 2015). Antioxidants present
in the sample reduced the purple coloration of DPPH,
resulting in decreased absorbance at 517 nm. A mix-
ture of the DPPH solution and the sample was incu-
bated in the dark for 1 hour prior to measurement.
The scavenging percentage was calculated as P (%) =
(AbW-4bS)/AbW =100, where AbW is the absorbance
of the control and 4bS is the absorbance of the sample.

Determination of reducing sugars and total sugars
content

Reducing sugars content was measured using Miller’s
method. A 0.5 mL sample was mixed with 3 mL DNS
reagent, heated in a water bath at 100°C, 5 minutes,
then cooled. Absorbance was measured at 540 nm.
A standard curve was prepared using glucose concen-
trations ranging from 0 to 0.5 g/L. To determine the
total sugars content, samples were blended and then
hydrolyzed in an acidic medium (2% HCI) at 100°C,
45 minutes. The solution was neutralized with 10%
NaOH, filtered, and analyzed using the same method
as for reducing sugars.

Color analysis

Color was measured using a portable colorimeter, Mi-
nolta CR-300 (Japan). Total color difference was cal-
culated as (Baek et al., 2020):

(AE*) = [(Aa*): + (AB*): + (AL*)
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where:

AL* (lightness from black (0) to white (100)) =
L*¥-L

Aa* (from green (—60) to red (60)) = a*—a

Ab* (from yellow (—60) to blue (60)) = b* — b

AE1* indicates the color change from raw to fer-
mented kimchi; AE2* reflects the change from
fermented kimchi to post-storage.

Statistical analysis

All data were analyzed using one-way analysis of vari-
ance (ANOVA) followed by the Student-Newman-
Keuls test to assess significance (p < 0.05) in SPSS
Statistics 20. Results are presented as means +standard
deviations (SD), based on triplicate measurements.

RESULTS AND DISCUSSION

Hardness

The changes in hardness of the kimchi samples over the
storage period are presented in Figure 1. All samples
exhibited a progressive decline in hardness throughout
the 30-day storage period. However, the magnitude of
this decrease differed among treatments. The control
sample (without starter culture) showed the greatest re-
duction in hardness, indicating a faster softening rate.
In contrast, the starter-inoculated samples experienced
a slower reducing tendency, retaining approximately
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Fig. 1. Hardness changes in kimchi fermented with different
starter cultures during storage
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65% to 70% of their initial hardness by day 30. This
suggests that starter cultures contributed to a slower
rate of textural degradation, possibly due to microbial
metabolic activities that influence the structural integ-
rity of the kimchi matrix. The better preservation of
texture in the starter-inoculated samples may be due
to the production of exopolysaccharides or other ma-
trix-stabilizing compounds by the LAB strains. These
substances could reinforce the food matrix and delay
the softening process. Another plausible explanation
is that the high initial concentration of LAB from
starter inoculation suppressed the growth of spoilage
organisms, such as yeast and mold, which are known
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to accelerate softening (Park et al., 2013). The ability
of LAB starters to help retain kimchi hardness during
storage is consistent with previous findings (Chang and
Chang, 2010). Overall, these results underscore the po-
tential of LAB starter cultures to preserve the desir-
able textural properties of kimchi throughout storage,
thereby enhancing product quality and shelf life.

Viable cells count

The total viable cell counts and LAB populations in all
samples decreased steadily over the 30-day storage pe-
riod, as illustrated in Figures 2A and 2B. Despite this
decline, the starter-inoculated samples consistently
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Different letters indicate significant differences among groups (p < 0.05).

Fig. 2. Viable cells count of kimchi fermented with different starter cultures during storage
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exhibited higher counts than the control (non-starter)
group, highlighting the positive effect of starter cul-
tures on microbial viability during storage. Among the
three starter cultures, no significant differences in total
viable cell counts or LAB counts were observed for
most of the storage duration, suggesting similar effi-
cacy among the strains in supporting microbial growth
and stability.

However, by the end of the 30-day period, the
sample inoculated with Leu. mesenteroides exhibited
the highest retention of viable cells (8.685 +0.018
log CFU/g) and LAB populations (8.605 £0.040 log
CFU/g), although the differences were not significant.
This may indicate a slight advantage of Leu. mesen-
teroides in maintaining cell viability under prolonged
storage conditions. The sustained viability of starter-
inoculated samples could be due to the early domi-
nance of the added LAB strains, which may be more
resilient to the acidic environment that develops dur-
ing fermentation. Additionally, these strains may be
more competitive than indigenous microbes, enabling
them to persist throughout storage. The yeast and
mold counts shown in Figure 2C reveal more distinct
differences among treatments. At day 0, no detect-
able fungal growth was observed in the samples in-
oculated with L. plantarum and Leu. mesenteroides,
indicating effective inhibition of fungal contaminants
by these starters. In contrast, the sample fermented
with L. fermentum showed an initial yeast and mold
count of 3.211 £0.186 log CFU/g, suggesting a lower
inhibitory effect against fungal contaminants during
early fermentation. The control sample, which un-
derwent spontaneous fermentation without starter in-
oculation, had even higher initial fungal counts than
the L. fermentum at day 0, emphasizing the poten-
tial vulnerability of non-inoculated kimchi to fungal
contamination in the absence of controlled microbial
competition.

By the 30" day of storage, yeast and mold were
undetectable in all of the samples, including the con-
trol. This suggests that the fermentation and storage
conditions eventually became unfavorable for fungal
proliferation. The decline in fungal counts is possibly
due to decreasing pH levels, the accumulation of or-
ganic acids, and the antimicrobial activity of metab-
olites produced by LAB (Lee et al., 2015). Overall,
these findings underscore the beneficial role of starter
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cultures not only in enhancing microbial viability but
also in improving microbial safety during storage by
suppressing undesirable fungal growth in fermented
products.

Physicochemical characteristics

The polyphenol content exhibited distinct trends
among the samples during fermentation and storage, as
shown in Figure 3A. In all groups, polyphenol levels
increased after fermentation, possibly due to the meta-
bolic activity of the starter microorganisms, which
can release bound polyphenols from the food matrix
(Piekarska-Radzik and Klewicka, 2021). However,
a sharp decline in polyphenol content was observed
in the control sample during storage, reaching 23.961
+1.260 mg GAE/100 g by day 30. This reduction is
likely due to oxidative degradation in the absence of
starter cultures with protective effects.

Vitamin C content prior to fermentation was 32.633
+0.635 mg/100 g. After fermentation began, vitamin C
levels fluctuated across all samples, primarily due to
its high sensitivity to oxygen, light and temperature
during storage. Notably, the sample inoculated with
Leu. mesenteroides exhibited a slight but sustained in-
crease in vitamin C content throughout the experimen-
tal period. A similar trend was observed in the sample
inoculated with L. plantarum during storage. These re-
sults suggest that certain LAB strains may contribute
to the synthesis or stabilization of vitamin C, a phe-
nomenon also reported in sauerkraut fermentation (Du
et al., 2018). In contrast, the control and L. fermen-
tum-inoculated samples showed a significant decline
in vitamin C, consistent with its known degradation
under environmental stress (Sapei and Hwa, 2014).
The influence of LAB on vitamin C retention appears
to be strain-dependent (Znamirowska et al., 2021).

The scavenging activity, used as an indicator of an-
tioxidant capacity, was initially 37.81 +0.872% before
fermentation. In most samples, this value increased
following fermentation, except in the sample inoculat-
ed with L. fermentum. The increase in antioxidant ac-
tivity during fermentation could be linked to enhanced
release or production of antioxidant compounds, such
as polyphenols. However, a gradual decrease in scav-
enging activity was noted across all samples during
the 30-day storage period, possibly due to the progres-
sive degradation of antioxidants over time.
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Fig. 3. Changes in polyphenol content (A), vitamin C (B), scavenging activity (C), total sugars (D) and re-
ducing sugars (E) of kimchi fermented by different starter cultures during fermentation and storage

As shown in Figure 3D, the total sugar content —

throughout fermentation and storage. This trend re-

initially measured at 7.756 +0.255 g/100 g — declined  flects the metabolic activity of LAB, which utilize
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sugars as a primary energy source during fermentation
(Zaunmiiller et al., 2006). Interestingly, the rate of to-
tal sugars reduction was greater in starter-inoculated
samples than in the control.

Figure 3E illustrates the dynamics of reducing sug-
ars content. Although a general decline was observed
across all treatments, a temporary increase occurred
during fermentation in the starter-inoculated samples
(excluding L. fermentum). This transient rise in reduc-
ing sugars has been reported in previous studies (Jung et
al., 2016) and may be due to the enzymatic breakdown
of total sugars, such as polysaccharides and disaccha-
rides, into reducing sugars by microbial enzymes. Dur-
ing the early fermentation stage, the rate of total sugars
into reducing sugars may exceed the rate of microbial
consumption, resulting in a short-term accumulation of
reducing sugars before their eventual decline.

Color

Color is one of the most critical sensory attributes of
kimchi, significantly affecting consumer perception,
preference and overall acceptance (Yang et al., 2024).
The characteristic red-orange hue of kimchi, primar-
ily derived from red pepper powder and other natu-
ral pigments, serves as a visual indicator of product

quality, freshness, and fermentation progress (Baek
et al., 2020). However, preserving this vibrant color
throughout fermentation and storage is challenging
due to the complex interactions between pigment
compounds, microbial metabolism, and environmen-
tal factors such as light and oxygen exposure.

Color was evaluated using L, a, and b values, and
the overall change in appearance was expressed as the
total color difference (AE). After fermentation, the sam-
ples inoculated with Leu. mesenteroides and L. planta-
rum exhibited the lowest AE values at 7.14 and 7.60,
respectively, indicating superior color retention com-
pared to both the control and L. fermentum-inoculated
samples. During the 30-day storage period, AE values
increased in all groups, with L. plantarum showing the
greatest increase and L. fermentum the smallest.

For the individual color parameters, L consistently
decreased in the Leu. mesenteroides and L. plantarum
samples from an initial 67.92 +0.01, resulting in a darker,
richer color after fermentation. Conversely, the control
and L. fermentum-inoculated samples brightened during
storage. The a value increased across most treatments
after fermentation, except for a temporary decrease in
the Leu. mesenteroides sample. As for the b value, it
increased steadily in the control sample throughout the

Table 1. Color change of kimchi fermented by different starter cultures after fermentation and storage

Before fermentation Sample After fermentation ~ After 30-day storage AE1*  AE2*
L 67.92 +£0.01 o L* 59.01 +£0.01 69.04 +0.01 10.04 5.98
a -3.51+0.07 a* 0.48 +0.11 0.52 +0.00
b 6.98 £0.09 b* 9.31 £0.06 11.25 +0.04
P L* 64.32 +0.04 54.48 +0.03 7.60 21.34
a* -3.27 £0.02 6.85+0.01
b* 0.29 £0.04 19.91 +0.07
M L* 65.10 +£0.01 64.52 +0.04 7.14  10.17
a* —6.13 £0.02 2.47 +0.08
b* 0.96 +0.01 14.47 £0.07
F L* 57.86 +0.01 70.54 +£0.01 10.40 3.23
a* —2.68 +£0.04 -2.37 £0.03
b* 4.51+0.08 8.49 £0.01
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experiment, whereas the starter-inoculated samples ex-
perienced a temporary decrease following fermentation.

Overall, Leu. mesenteroides and L. plantarum were
most effective in resulting a darker red-orange color of
kimchi, while the control and L. fermentum samples
showed less favorable changes. These results suggest
that starter strain selection is critical for achieving and
maintaining desirable visual quality during fermenta-
tion and storage.

CONCLUSION

This study underscores the importance of starter cul-
tures in shaping the physicochemical, microbial, and
sensory characteristics of kimchi during fermentation
and subsequent storage. Among the tested strains, Leu
mesenteroides and L. plantarum demonstrated superi-
or performance. These strains supported higher viable
cells, enhanced retention of lactic acid bacteria, im-
proved accumulation of bioactive compounds such as
polyphenols and vitamin C, and better preservation of
kimchi’s characteristic color and texture. In contrast,
L. fermentum exhibited comparatively lower effective-
ness across several quality parameters. These findings
highlight the value of selecting appropriate LAB start-
er cultures not only for fermentation control but also
for extending shelf life, enhancing nutritional value,
and maintaining consumer-preferred attributes such as
vibrant color, and antioxidant activity. Future research
should explore the metabolic pathways and functional
traits of starter cultures to optimize their application in
improving the quality and functional benefits of kim-
chi and other fermented foods.
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