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1 | INTRODUCTION

Abstract

Pasteurization-mediated delayed kimchi ripening and regression analysis for shelf life
estimation were investigated. Various initial kimchi microbial communities were sim-
plified to lactic acid bacteria Leuconostoc sp. and Lactobacillus sp. over time, with
concomitant pH decrease from 6.39 to 4.34 and acidity increase from 0.06% to
0.35%. Other quality characteristics (organic acid, carbon dioxide, and microbial pop-
ulation) also changed, exhibiting high intercorrelation. Pasteurization decreased the
initial bacterial counts from 5.20 to 1.92 log CFU/g, thereby delaying the change in
quality characteristics (pH, acidity, organic acid, microbial population, carbon dioxide,
and microbial community); however, the texture did not differ significantly (p < 0.05).
In addition, the regression equation for the relationship between acidity and carbon
dioxide levels suggested that shelf life could be estimated in conjunction with the
ideal gas equation. In conclusion, pasteurization and regression analysis for kimchi
shelf life estimation may enable the maintenance of quality and effective manage-

ment during the distribution process.
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and anti-obesity, atopy improvement, and disease-preventive char-

acteristics have been scientifically demonstrated (Cui et al., 2015;

Kimchi, a traditional Korean food, is made by fermenting several veg-
etables together. Kimchi flavor and functionality depend on the type
and quality of the ingredients (kimchi cabbage, salt, red pepper, gar-
lic, ginger, and jeotgal) and fermentation conditions (Ahn, Han, Shin,
Jin, & Ghim, 2003), with microorganism-mediated fermentation and
storage temperature constituting important variable factors. Kimchi
is recognized as a living food because it produces various physio-
logically active substances through complicated fermentation pro-
cesses involving lactic acid bacteria along with various enzymes and
microorganisms (Ko, Oh, Oh, & Kim, 2009). Moreover, kimchi has at-
tracted much attention as a health food because its nutritional value

*These authors contributed equally to this work.

Lim et al., 2017).

Recently, the demand for commercial kimchi has rapidly in-
creased owing to lifestyle changes. Because kimchi is a fermented
food, fermentation progresses during the distribution process and
quality changes rapidly, with taste varying depending on fermen-
tation degree. Although the ingestion of overfermented kimchi is
not problematic, as kimchi quality is not constant, it is difficult for
consumers to select product according to preference or to purchase
early-tasting kimchi. Numerous studies on delayed ripening have
attempted to address this problem, including many investigating
early-stage microbial control technologies such as physical (e.g., heat
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treatment and irradiation), chemical (e.g., preservatives), and biologi-
cal (e.g., microbial strain inoculation) treatment methods (Jung et al.,
2012; Kim et al., 2006). Each carries advantages and disadvantages,
with the easiest and most efficient technique being pasteurization.
Pasteurization technology is primarily used for foods that undergo
quality changes at high temperatures and constitutes a means of re-
ducing microbial load by heating at a low temperature for a short
time.

Kimchi is generally distributed in cans, glass bottles, plastic
containers, or pouches. However, volume expansion and package
leaking and breakage owing to carbon dioxide (CO,) generation and
pressurization from ongoing fermentation are problematic (Jeong &
Yoo, 2016). This shortens kimchi shelf life, resulting in waste and eco-
nomic loss. Moreover, improved packaging techniques such as CO,
permeability control (Lee & Yoo, 2017) and adsorbent usage (Lee,
2016) remain insufficient to fully address these issues. Alternatively,
knowledge of kimchi shelf life facilitates product sale and manage-
ment as it allows anticipation of the returns resulting from packaging
damage in advance. Although current practice utilizes CO, control
technologies to minimize packaging expansion and breakage, the re-
moval of all CO, in kimchi packaging is not desirable as CO, is a ben-
eficial gas that improves kimchi taste and quality (Lee et al., 2012).
To control volume expansion while minimizing CO, loss, it is thus
necessary to establish a proper CO, concentration standard in kim-
chi packaging. For this, prediction of the amount of CO, emissions
and establishing a CO, control plan during the distribution process
would be required.

The purpose of this study was to investigate the correlation
between kimchi fermentation and quality characteristics based on
microbial communities. Furthermore, the applicability of pasteur-
ization as a technique to delay lactic acid bacteria growth was ex-
amined. To prevent damage caused by packaging breakage during
distribution and to respond effectively, the regression analysis of
shelf life estimation via the acidity and CO, regression equation
was presented.

2 | MATERIALS AND METHODS

2.1 | Kimchi preparation and pasteurization

Because each ingredient affects kimchi quality in various ways, in
this study, a model kimchi in the form of baik-kimchi was manufac-
tured by minimizing the factors that could affect the experiment.
Ingredients were purchased from a nearby offline market and manu-
factured as follows. First, kimchi cabbage was cut to 3 x 4 cm size
and then pickled in refined salt for 1 hr. Then, garlic (ground using
a blender [HR-1372, Philips, Guangdong, China]) and water were
added (kimchi cabbage 90%, refined salt 1.8%, garlic 2.5%, and water
5.7%). Next, 150 g of the prepared kimchi was placed in a pouch
(17.5 x 25 x 0.01 cm) and sealed using a sealing machine (AZC-070,
INTRISE, Ansan, South Korea). Pasteurization was performed in a
water bath at 55 and 65°C, with sterilization for 30 min. Each sample
was stored at 4°C for 4 weeks.

2.2 | pH, titratable acidity, and salinity
determination

Samples were placed in a beaker and the pH was measured using a
digital pH electrode (TitroLine Easy, SI Analytics, Mainz, Germany).
The titratable acidity was titrated to 10 ml of the filtrate by adding
0.1 N NaOH until pH 8.3, and the consumed 0.1 N NaOH amount
was calculated and converted to lactic acid content in %. The salin-
ity was measured by taking 10 ml of 100-fold diluted kimchi filtrate,
adding 2% K,CrO,, titrating with 0.02 N AgNO, until dark brown,
and calculating the consumed amount.

2.3 | Confirmation of microbial population changes

For analysis of microbial population changes, samples (10 g) were
obtained aseptically and diluted 10-fold with 0.85% NaCl solution in
a sterile filter bag, homogenized with a stomacher (Bagmixer R400,
Interscience, Saint Nom, France) for 1 min, and then diluted stepwise
with 0.85% NaCl solution. Sample dilutions were plated onto plate
count agar (Difco, Spark, MD, USA) for total viable bacteria and MRS
agar (Lactobacilli MRS agar) for lactic acid bacteria. Colony numbers
were then counted by incubating at 30°C for 48 and 72 hr, respec-
tively, and expressed as log CFU/g.

2.4 | Texture and CO, measurement

Kimchi texture was measured in a one cycle test mode using a CT3
texture analyzer (AMETEK Brookfield, Middleboro, MA, USA) and
knife edge probe (TA-7, 60 mm). The test and posttest speeds were
0.5 and 2 mm/s, the trigger load was 2 g, and after reaching the trig-
ger load, the depth was compressed to 50% of the cabbage surface.
Measurements were repeated 10 times per sample, and data were
calculated using Texture Pro CT V1.3 software (AMETEK Brookfield).
CO, was measured in the headspace and the kimchi juice. Each CO,
concentration was measured directly in the packaging using an ISM
InPro 5000i CO, sensor (Mettler Toledo, Greifensee, Switzerland).

2.5 | Microbial community analysis

Total DNA was extracted from kimchi using a PowerSoil DNA
Isolation Kit (Cat. No. 12888, MO BIO Laboratories, Carlsbad,
CA, USA). DNA concentration and purity were measured using
NanoDrop ND 2000 (Thermo Fisher Scientific Inc., Waltham, MA,
USA). Polymerase chain reaction (PCR) was performed using prim-
ers 16S V3 (5'-TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA
CAG CCT ACG GGN GGC WGC AG-3') and 16S V4 (5'-GTC TCG
TGG GCT CGG AGA TGT GTA TAA GAG ACA GGA CTA CHV GGG
TAT CTA ATC C-3'). The PCR protocol was as follows: initial de-
naturation at 95°C for 2 min, followed by 30 cycles of 95°C dena-
turation for 20 s, 72°C annealing for 15 s, and 72°C extension for
1 min, and final 72°C extension for 5 min. Sequencing using the
lllumina MiSeq platform was performed by Macrogen (Macrogen

Inc., Seoul, South Korea). After elimination of sequencing error and
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ambiguous and chimera sequences using the CD-HIT Operational
Taxonomic Unit (OTU) analysis program, clustering of sequences
with similarity 297% vyielded species-level OUT. The OTU repre-
sentative sequence was used to perform UCLUST in the reference
database (RDP Release 11, update 4: May 26, 2015) and to generate
a taxonomic assignment with the organism information of the sub-
ject having the highest homology. QIIME (v1.8) was used to analyze

microbial communities.

2.6 | Organic acid measurement

Organic acids were analyzed by high-performance liquid chroma-
tography (Ultimate 3000, Thermo Fisher Scientific). Homogenized
kimchi was centrifuged (784 x g, 10 min, GRV-50-12, VC2200,
Labogene, Seoul, South Korea), the supernatant filtered using a 0.2-
pum filter, and the filtrate used for organic acid analysis. Test and

standard (lactic acid sodium salt, citric acid, malic acid, succinic acid,

TABLE 1 Physicochemical and microbial characteristics of kimchi according to pasteurization during fermentation

Fermentation period 65°C pasteurized
(day) Nonpasteurized sample 55°C pasteurized sample sample
pH 0 6.39 +0.03t 6.14 +0.05%° 5.93 +0.044¢
7 6.43 £0.03% 6.26 +0.01"° 5.86 +0.015¢
14 5.22 +0.015¢ 6.13 +0.01% 5.80 + 0.03%°
21 4.63 +0.05 5.48 + 0.04° 5.90 + 0.03"82
28 4.34 +0.02°¢ 4.78 +0.03%° 5.86 +0.015
Acidity (%) 0 0.06 + 0.00% 0.10 + 0.00%° 0.11 + 0.00°¢
0.08 + 0.00°° 0.11 +0.00°2 0.12 + 0.00%®
14 0.17 +0.00¢ 0.13 + 0.00%¢ 0.15 + 0.00"°
21 0.24 +0.015 0.17 + 0.01%° 0.12 + 0.01¢°
28 0.35 +0.00%2 0.23 + 0.00%° 0.12 + 0.008¢
Total viable bacteria (log 0 5.20 + 0.08%2 3.01+0.01° 1.92 +0.02°¢
CFU/g) 6.39 +0.04 > 6.27 +0.00° 3.15 £ 0.045
14 8.35+0.01" 7.32 +0.03%° 5.05 + 0.045¢
21 7.80 + 0.06° 8.09 +0.01% 5.74 +0.01°°
28 8.20 + 0.005° 8.87 + 0.09" 5.64 + 0.10°°
Lactic acid bacteria (log 0 5.10 + 0.02F2 3.39 +0.12F° 1.96 +0.05°¢
CFU/g) 6.49 +0.02 P 6.38 + 0.04% 4.17 +0.045
14 9.13 + 0.06" 7.65 + 0.04° 5.12 +0.015¢
21 7.81 + 0.06 8.01 + 0.10%? 5.63 +0.14"°
28 8.18 + 0.05°" 8.72 +0.08"2 5.47 +0.02¢
Hardness (g) 0 6,300.00 + 441,524 6,056.00 + 353.75" 5,797.00 + 601.38"2
5,156.00 + 250.3852 5,232.00 + 217.68%2 5,464.00 + 207.47"82
14 4,867.00 + 386.635¢ 4,595.00 + 210.15%® 4,982.00 + 260.098¢
21 4,651.00 + 416.375¢ 4,325.00 * 429.68% 4,473.00 + 410.13
28 4,435.00 + 671.64%? 3,453.00 + 237.50°° 4,457.00 + 506.69%?
Headspace carbon dioxide 0 32.85+0.03% 27.11 +0.01%° 22.08 +0.02F¢
(mg/L) 93.18 +0.12 %2 56.06 + 0.04%° 33.70 + 0.01°¢
14 107.79 + 0.05 64.57 + 0.06%° 38.59 + 0.04%¢
21 150.85 + 0.0952 115.93 + 0.22°° 43.30 + 0.035¢
28 185.43 + 0.05"° 142.21 +0.18"° 48.35 + 0.69"°
Dissolved carbon dioxide 0 97.30 + 0.05F2 69.39 + 0.09%° 57.42 + 0.025¢
(mg/L) 214.23+0.11 ° 138.54 + 0.09° 69.70 + 0.04°
14 279.35 +0.13% 168.38 + 0.14° 76.89 +0.06%
21 343.98 + 2.01% 231.88+0.27%° 104.20 * 0.045¢
28 454.18 + 0.39" 238.01 + 0.117° 111.20 + 0.07°¢

Within columns, values with different uppercase letters are significantly different as per Duncan’s multiple range test (p < 0.05).

Within rows, values with different lowercase letters are significantly different as per Duncan’s multiple range test (p < 0.05).

TAll values are expressed as the mean + SD.
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LEE ET AL.

WILEY—

716

I

loueys3

«¥28°0

T

proe
2192y

9V 0-
€560~
1

proe
J1ewnS

«C18°0

9660
LLE°0-
T

proe
ane

«x98L°0—
«x8C6°0—
1144
++806°0-

I

pioe dlje

440
06€°0-
¢LE0
[44A0
«9¢9°0

ajeAntAd

€TT°0-
§8¢0
TLT°0
€0€°0
89T°0-
LSTO

poe
2L

¥8C°0-

«CEG0-
¥10°0

«9¢5°0-
«065°0
€910

991°0-
T

ssaupJleH

«xCT6°0
«+LE6°0
€91°0-
«0€6°0
«»+ET6'0-
981°0-
6€T°0
«G€G0-

apixolp
uogsed
aAjossig

«x508°0
#1760
GGE0-
«x8C6°0
«+076°0-
15¥7°0-
5S¢0
#+659°0-

+x696'0

Spixolp
uoqJed
aoedspeaH

«L0L°0
0040
60C°0-
0990
wxlLL 0=
¥05°0-
¥00°0
#+LCL 0=

++56L°0

«+0C8°0

elLloeq
p1oeonoe

V90
7040
¢8T°0-
#9990
«+8LL°0-
«0¢5°0-
690°0
#+89£°0-

«x36£°0

€80

«£86°0

el19)oeq
3|qeIA [e30]

"T0°0 > d,, PUB GO0 > d,, }e JuedIUSIS

#1990~
#+CE6'0~
[4TA)
«7€6'0-

«x808°0
8€T'0
S0S°0-

«£29°0

«x508°0-

«x068°0-

«G65°0-

«L6G°0—
T

Hd

«7769°0
«»7E€6°0
T61°0-
#6760
x+E6L°0—
¥¢1°0-
STv'0
£9¢9°0-

«578°0

7980

«909°0

«€19°0
#9960~
T

Aupoy

|oueyiy

p1doe 21393y
pIoe dLewn
pioe s30T
pidedleln
93eANJAd
pide d1d
ssaupJleH

apixolp
uogJed aA|ossIq

apixolp uogJed
aoedspesaH

e14930eq
pioe o139e]

e11930eq
d|qelA [ejol

Hd
ANpY

sa|qeLiep

1ydwy pazianajsed sy Ul $o13s14930eIeYD A}jenb J0) SJUSIDI}J90D uollea4i0) g 319V.L



LEE ET AL.

oxalic acid, and fumaric acid) solutions (10 ul each) were injected
and analyzed using an Rl detector (refractive index detector) at a
wavelength of 210 nm. The calibration curve was prepared using the
standard solution peak, and the organic acid content in the test solu-
tion was calculated. The analysis column was used at 40°C with a
mobile phase of 0.01 N H,SO, solution at 0.5 ml/min.

2.7 | Correlation, principal component, and
regression analyses

The correlation between kimchi quality characteristics and principal
component analysis was analyzed using Xlastate software (Xlastate
User’s Guide, Paris, France). Predicted acidity and CO, regression
and regression curves were derived using Sigmaplot 13.0 (SyStat
Software, San Jose, CA, USA).

2.8 | Statistical analysis

Statistical analyses were performed using SPSS ver. 19.0 (Chicago, Il,
USA). Two-way analysis of variance (ANOVA) and Duncan’s multiple
range comparison tests were employed to determine the level of sig-

nificance (p < 0.05).

3 | RESULTS AND DISCUSSION

3.1 | Alteration of kimchi fermentation
characteristics by microbial community changes

As the rich taste and flavor of kimchi arise from microorganisms in
the fermentation process (Hong, Lee, Kim, & Ahn, 2016), analysis of
the types of microorganism growing in kimchi is of practical value. In

this study, the 16S rRNA gene was analyzed to investigate microbial

CWILEY-Y

community changes in kimchi (Figure 1). At the beginning of fermen-
tation, Chryseobacterium sp., Methyplophilus sp., Sphingomonas sp.,
and Pedobacter sp. which are widely distributed in natural environ-
ments accounted for approximately 65%-70% of the dominant spe-
cies. These microorganisms are salt-tolerant species derived from
ingredients such as kimchi cabbage, garlic, and water. These micro-
organisms started the initial fermentation.

As kimchi storage time increased, the various microbial com-
munities began to simplify, with Leuconostoc sp. and Lactobacillus
sp. dominating from the 14th fermentation day (Figure 1.). It was
considered that the environment was changed by the metabolic
activity of various microorganisms within kimchi. In particular,
the main factor causing an environmental change was lactic acid
bacteria growth, as these bacteria produce various organic acids
and CO, by consuming saccharides derived from kimchi cabbage,
reducing pH, and increasing acidity to generate an acidic kimchi en-
vironment. This environment in turn negatively affects the growth
of microorganisms except lactic acid bacteria (Cheigh, 2004; Jung
et al., 2011). Moreover, bacteriocin produced by lactic acid bacteria
further inhibits the growth of infectious microbes (Han, Lee, Choi,
& Paik, 2013). Our findings are consistent with these observations:
kimchi pH decreased from 6.39 to 4.34 and acidity increased from
0.06% to 0.35% (Table 1). The salinity range of the kimchi was main-
tained at 2.42%-2.78% throughout the fermentation process, in
contrast to the other features. Headspace and dissolved CO, con-
centrations continuously increased up to 185.43 and 454.18 mg/L,
respectively, with lactic acid bacteria number increasing from 5.10
to 9.13 log CFU/g. Additionally, until the 7th fermentation day, the
microbial communities were not simplified to lactic acid bacteria,
and pH and acidity were not changed, thus confirming that lactic
acid bacteria were the main factor underlying kimchi environment

change.
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Upon fermentation, various lactic acid bacteria-produced or-
ganic acids are increased or decreased and penetrate into the kim-
chi and affect the taste (Kim, Kim, Lee, & Noh, 2000). Specifically,
Leuconostoc sp. and Lactobacillus sp. decompose malic acid in kim-
chi through metabolic processes that break down saccharides and
generate organic acids such as acetic and lactic acids, along with
CO, (Kim & Lee, 2013). Figure 2 shows the organic acid changes ob-
served during kimchi fermentation in this study. Whereas malic acid
decreased, lactic acid, acetic acid, and ethanol increased as fermen-
tation proceeded, which was consistent with previous studies. Lactic
and acetic acids are the main substances providing a sour taste and
sour flavor in the overfermentation period (Lee, Kim, & Kunz, 2006).
Our results thus indicate that the kimchi fermented and had a sour

taste and flavor.

3.2 | Correlation analysis of kimchi quality
characteristics

A high correlation was noted between kimchi quality characteris-
tics (Table 2) and lactic acid bacteria growth. As lactic acid bacte-
ria produce organic acids that reduce kimchi juice pH (Jung et al.,
2011), the pH, and malic, lactic, and acetic acids were highly in-
tercorrelated. Moreover, as acidity represents lactic acid content
in %, the acidity, organic acid content, and pH intercorrelation
were also high. The headspace and dissolved CO, concentra-
tions showed a high correlation of 0.969, which is proportional to
the partial pressure of the dissolved gas according to Henry's law
(Speers & Maclntosh, 2013). The headspace and dissolved CO,
intercorrelation with malic, lactic, and acetic acids also exceeded 0.9.
As heterofermentative lactic acid bacteria, such as Leuconostoc sp.,
generate CO, and organic acid from oxaloacetate (Cheigh, 2004), a

high correlation between these products was also observed.

acidity and carbon dioxide on kimchi
according to pasteurization

3.3 | Pasteurization effects on kimchi fermentation
characteristics

The observed correlations suggested that if lactic acid bacteria
growth was delayed, the quality change would be slow. We, there-
fore, assessed the effects of pasteurization on microbial commu-
nity and fermentation characteristics (Figures 1 and 2, Table 1). At
the beginning of fermentation, similar microbial communities were
identified in both the nonpasteurized and pasteurized samples at 55
and 65°C, although pasteurization reduced the initial microorganism
numbers. Leuconostoc sp. and Lactobacillus sp. were the dominant
species on the 14th day after no pasteurization and 21°%t day after
pasteurization day at 55°C, whereas lactic acid bacteria growth was
not confirmed upon 65°C pasteurization. Lactic acid bacteria growth
rate differences affected kimchi quality. Although the organic acid
increase and decrease patterns were the same for 55°C pasteurized
and nonpasteurized samples, the amount of increase or decrease
differed depending on the lactic acid bacteria growth rate. Organic
acid changes could not be confirmed in the pasteurized samples at
65°C, which was possibly due to the lack of active lactic acid bacteria
growth. Moreover, the rate of change in pH, acidity, and CO, was
dependent on the pasteurization temperature; as the pasteurization
temperature increased, kimchi ripening, as determined by quality
characteristics, was delayed.

As heating sterilization may cause soft texture, use of
a heat level that does not cause deterioration is important.
Nonpasteurized, 55°C, and 65°C pasteurized samples showed
values of 6,300, 6,056, and 5,797 g, respectively, after treat-
ment (Table 1), and the difference was not significant (p < 0.05).
However, texture decreased because of softening as storage
time passed. Such softening occurs because the « -1,4 bond of

polygalacturonic acid, which is the basic structural component
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of pectin, is hydrolyzed by polymethylgalacturonase and poly-
galacturonase, which degrade the internal structure of kimchi
cabbage and comprise microbial secretory enzymes in kimchi
(Park, Kim, & Oh, 2016). Previously reported studies indicated
that pasteurization at 65°C for 30 min was the most efficient
and that brined kimchi cabbage also had the effect of prolonging
the storage period with pasteurization at 65°C for 30 min (Lee,
2010). These pasteurization conditions prolonged the storage
period for brined cabbage in the study by Lee (2010) and in the
present study.

Figure 3 also illustrates that pasteurization delayed kimchi fer-
mentation, as determined through principal component analysis.
Headspace and dissolved CO,, acidity, total viable bacteria, acetic
acid, lactic acid, and ethanol were located in the positive direction
of F1, whereas pH, malic acid, hardness, pyruvate, and fumaric acid
were located in the F1 negative direction. The quality characteristics
that were generated or increased through the fermentation process
were in the positive F1 direction, whereas those appearing to de-
crease or disappear were in the negative direction. The spot of each
sample shown in Figure 3 demonstrates a tendency to move from
left to right in the F1 phase with increase in storage time. The com-
bination of the quality characteristic location and the sample spot
suggested that the fermentation proceeded from left to right on F1.
The rate of movement to the right was highest in the nonpasteurized
sample, followed by the 55°C pasteurized sample. The 65°C pasteur-
ized sample did not appear to progress to fermentation in terms of
microbial community, pH, and acidity, whereas it moved slowly to
the right at the negative F1 position, suggesting very slow fermen-
tation progress. Overall, the principal component analysis confirmed
that ripening was delayed when the initial microbial population was

reduced by pasteurization.

3.4 | Regression analysis for kimchi shelf life estimation

CO, plays a beneficial role in kimchi fermentation, although exces-
sive CO, generation causes volume expansion of kimchi packaging,
shortening the shelf life. Optimal CO, control is, therefore, required;
however, there is no clear understanding as to what degree of CO,
control is required. Accordingly, it was considered that the regres-
sion analysis of kimchi CO, emission and the optimal CO, concentra-
tion in the packaging would be useful for kimchi distribution and
quality control. For regression analysis of kimchi CO, emission, the
experimental results were statistically plotted as a regression line
between acidity and CO, (Figure 4). The equation for the regression
line is shown in the following Equation (1).

Y=460.2842105263X +31.1688421053, r>=0.89 (1)

The coefficients of determination in the regression equation
showed a high value of 0.89, indicating that the predicted regression
lines showed high intervariable reliability. When the acidity and CO,
values of pasteurized samples were substituted in (1), the 55°C pas-

teurized sample was included in the prediction interval, and it was
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confirmed that the amount of CO, emission relative to the acidity
could be predicted by substituting any sample in (1).

As the standards for determining the optimum CO, concentra-
tion level in kimchi packaging may vary from person to person, the
CO, concentration accumulated up to the time of packaging expan-
sion or breakage was considered when establishing a clear standard.
The standard was set using the ideal gas Equation (2) (Lee, Shin, Lee,
Kim, & Cheigh, 2001).

Ceo, = 100,000xPeo, XMco, /RT 2)

where Ccq, is the CO, concentration in the headspace (mg/ml), Pco,
is the partial pressure of CO, in the headspace (bar), MC02 isthe molar
mass of CO, (0.044 kg/mol), R is the gas constant (8.314 J/K-mol),
and T is the temperature in Kelvin.

For simplicity, the various types of kimchi packaging were clas-
sified as rigid and flexible. For rigid containers, the volume does
not change with CO, generation although the internal pressure
changes; therefore, the pressure at the time of breakage or leak-
age owing to increased internal pressure was set as a standard. For
flexible packaging, the volume rather than the pressure changes;
therefore, the pressure at the time when the internal pressure of
the flexible packaging becomes higher than the atmospheric pres-
sure was set as a standard. The maximum headspace CO, con-
centration in the package can be predicted by substituting the
standard pressure value of each type of packaging into the right
side of Equation (2).

To predict packaging breakage time during kimchi distribution,
the acidity of the packaging breaking point should be deduced
through Equations (1) and (2). The CO, concentration in the head-
space is predicted through Equation (2), and the X (acidity) value
can be derived by substituting the predicted value into the Y vari-
able in Equation (1). As acidity is a quality index that predicts the
degree of kimchi fermentation, it is possible to predict shelf life
according to the storage temperature. A model for estimating the
CO, emissions by acidity has already been proposed by Lee, Kwon,
and Ha (1997), which predicted the CO, emissions from theoret-
ical equations and experimental data. However, this modeling is
complicated and difficult to formulate, especially for application
by nonexperts, as the application standards differ according to
the effect stage. In contrast, the regression analysis proposed in
this study should be more efficient because the calculation pro-
cess is simple, and thus, the model is more practical for use in the
industry.

4 | CONCLUSIONS

Investigation of changes in kimchi fermentation characteristics in-
dicated high intercorrelation among quality characteristics. The
fermentation-retarding effect was confirmed according to qual-
ity (pH, acidity, organic acid, microbial population, and COZ) and

principal component analyses. Notably, pasteurization caused no
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significant difference in texture between the samples. It is expected
that the regression analysis developed for shelf life estimation of
kimchi would be easy to use in the field to effectively manage the
problems of kimchi packaging volume expansion and breakage.

ACKNOWLEDGMENTS

This research was supported by grants from World Institute of
Kimchi (KE1801-4 and KE1704-3), funded by the Ministry of Science
and ICT, Republic of Korea. We also wish to thank Dr. Mi-Ai Lee for

making the model kimchi recipe available for this study.

CONFLICT OF INTEREST

The authors declare that they do not have any conflict of interest.

ETHICAL STATEMENT

This study does not involve any human or animal testing.

ORCID

SeungRan Yoo https://orcid.org/0000-0003-3339-4379

REFERENCES

Ahn, D. K., Han, T. W., Shin, H. Y., Jin, . N., & Ghim, S. Y. (2003). Diversity
and antibacterial activity of lactic acid bacteria isolated from kimchi.
Journal of Microbiology and Biotechnology, 31(2), 191-196.

Cheigh, H. S. (2004). Kimchi: Fermentation and food science. Busan, South
Korea: Hyoil Publishing. https://doi.org/10.1201/9780203913550

Cui, M., Kim, H. Y., Lee, K. H,, Jeong, J. K., Hwang, J. H, Yeo, K. Y, ...
Park, K. Y. (2015). Antiobesity effects of kimchi in diet-induced obese
mice. Journal of Ethnic Foods, 2, 137-144. https://doi.org/10.1016/j.
jef.2015.08.001

Han, E. J., Lee, N. K., Choi, S. Y., & Paik, H. D. (2013). Short communi-
cation: Bacteriocin KC24 produced by Lactococcus lactis KC24 from
kimchi and its antilisterial effect in UHT milk. Journal of Dairy Science,
96, 101-104. https://doi.org/10.3168/jds.2012-5884

Hong,S.P., Lee,E. J.,Kim,Y.H., & Ahn, D. U.(2016). Effect of fermentation
temperature on the volatile composition of kimchi. Journal of Food
Science, 81, 2623-2629. https://doi.org/10.1111/1750-3841.13517

Jeong, S., & Yoo, S. R. (2016). Kimchi packaging technology: An overview.
Korean Journal of Packaging Science and Technology, 22(3), 41-47.
https://doi.org/10.20909/kopast.2016.22.3.41

Jung, J. Y., Lee, S. H., Kim, J. M., Park, M. S, Bae, J. W,, Hahn, Y., ... Jeon,
C. H. (2011). Metagenomic analysis of kimchi, a traditional Korean
fermented food. Applied and Environmental Microbiology, 77, 2264-
2274. https://doi.org/10.1128/AEM.02157-10

Jung, J. Y, Lee, S. H,, Lee, H. J,, Seo, H. Y., Park, W. S., & Jeon, C. O.
(2012). Effects of Leuconostoc mesenteroides starter cultures on mi-
crobial communities and metabolites during kimchi fermentation.
International Journal of Food Microbiology, 153, 378-387. https://doi.
org/10.1016/j.ijfoodmicro.2011.11.030

Kim, D. K., Kim, S.Y,, Lee, J. K., & Noh, B. S. (2000). Effects of xylose and
xylitol on the organic acid fermentation of kimchi. Korean Journal of
Food Science and Technology, 32(4), 889-895.

Kim, H. R., & Lee, J. H. (2013). Selection of acid-tolerant and hetero-
fermentative lactic acid bacteria producing non-proteinaceous
anti-bacterial substances for kimchi fermentation. Korean Journal
of Microbiology and Biotechnology, 41, 119-127. https://doi.
org/10.4014/kjmb.1211.11005

Kim, M. J,, Park, J. G, Kim, J. H,, Park, J. N, Lee, H. J., Kim, W. G,, ... Byun,
M. Y. (2006). Combined effect of heat treatment and gamma irra-
diation on the shelf-stability and quality of packaged kimchi during
accelerated storage condition. Korean Journal of Food Preservation,
13(5), 531-537.

Ko, J. L., Oh, C. K., Oh, M. C,, & Kim, S. H. (2009). Isolation and identifi-
cation of lactic acid bacteria from commercial kimchi. Journal of the
Korean Society of Food Science and Nutrition, 38(6), 732-741. https://
doi.org/10.3746/jkfn.2009.38.6.732

Lee, S. M. (2010). Studies on technology for extending shelf life of raw and
brined baechu cabbage and characteristics of kimchi prepared from the
stored baechu cabbage. Master’s Thesis. Pusan National University,
Busan, South Korea.

Lee, D. S. (2016). Carbon dioxide absorbers for food packaging applica-
tions. Trends in Food Science and Technology, 57, 146-155. https://doi.
org/10.1016/j.tifs.2016.09.014

Lee, J. Y, Kim, C. J,, & Kunz, B. (2006). Identification of lactic acid
bacteria isolated from kimchi and studies on their suitability for
application as starter culture in the production of fermented sau-
sages. Meat Science, 72(3), 437-445. https://doi.org/10.1016/j.
meatsci.2005.08.013

Lee, D.S., Kwon, H.R., An, D. S., Chung, M., Lee, K. S., & Yang, D. J. (2012).
Technology innovation in kimchi packaging for marketing in food sup-
ply chain. Korean Journal of Packaging Science and Technology, 18, 1-8.

Lee, D.S., Kwon, H.R., & Ha, J. U. (1997). Estimation of pressure and vol-
ume changes for packages of kimchi, a Korean fermented vegetable.
Packaging Technology and Science, 10,15-32. https://doi.org/10.1002/
(SIC1)1099-1522(199701/02)10:1<15:AID-PTS378>3.0.CO;2-A

Lee, D.S., Shin,D. H., Lee, D. U.,Kim, J. C., & Cheigh, H.S.(2001). The use
of physical carbon dioxide absorbents to control pressure buildup and
volume expansion of kimchi packages. Journal of Food Engineering,
48(2), 183-188. https://doi.org/10.1016/50260-8774(00)00156-4

Lee, H. G., & Yoo, S. R. (2017). Use of laser-etched pouches to con-
trol the volume expansion of kimchi packages during distribu-
tion: Impact of packaging and storage on quality character-
istics. Journal of Food Science, 82(8), 1876-1884. https://doi.
org/10.1111/1750-3841.13798

Lim, S. K., Kwon, M. S., Lee, J., Oh, Y. J, Jang, J. Y., Lee, J. H., ... Choi, H.
J. (2017). Weissella cibaria WIKIM28 ameliorates atopic dermatitis-
like skin lesions by inducing tolerogenic dendritic cells and regulatory
T cells in BALB/c mice. Scientific Reports, 7, 40040, 1-9. https://doi.
org/10.1038/srep40040

Park, J. H., Kim, H. N., & Oh, D. H. (2016). Quality enhancement of kim-
chi by pre-treatment with slightly acidic electrolyzed water and
mild heating during storage. Journal of the Korean Society of Food
Science and Nutrition, 45(2), 269-276. https://doi.org/10.3746/
jkfn.2016.45.2.269

Speers, R. A., & Maclntosh, A. J. (2013). Carbon dioxide solubility in beer.
Journal of the American Society of Brewing Chemists, 71, 242-247.
https://doi.org/10.1094/ASBCJ-2013-1008-01

How to cite this article: Lee H-G, Jeong S, Park JY, Yoo S.
Effect of pasteurization on delayed kimchi ripening and
regression analysis for shelf life estimation of kimchi. Food Sci
Nutr. 2019;7:711-720. https://doi.org/10.1002/fsn3.915



https://orcid.org/0000-0003-3339-4379
https://orcid.org/0000-0003-3339-4379
https://doi.org/10.1201/9780203913550
https://doi.org/10.1016/j.jef.2015.08.001
https://doi.org/10.1016/j.jef.2015.08.001
https://doi.org/10.3168/jds.2012-5884
https://doi.org/10.1111/1750-3841.13517
https://doi.org/10.20909/kopast.2016.22.3.41
https://doi.org/10.1128/AEM.02157-10
https://doi.org/10.1016/j.ijfoodmicro.2011.11.030
https://doi.org/10.1016/j.ijfoodmicro.2011.11.030
https://doi.org/10.4014/kjmb.1211.11005
https://doi.org/10.4014/kjmb.1211.11005
https://doi.org/10.3746/jkfn.2009.38.6.732
https://doi.org/10.3746/jkfn.2009.38.6.732
https://doi.org/10.1016/j.tifs.2016.09.014
https://doi.org/10.1016/j.tifs.2016.09.014
https://doi.org/10.1016/j.meatsci.2005.08.013
https://doi.org/10.1016/j.meatsci.2005.08.013
https://doi.org/10.1002/(SICI)1099-1522(199701/02)10:1%3c15:AID-PTS378%3e3.0.CO;2-A
https://doi.org/10.1002/(SICI)1099-1522(199701/02)10:1%3c15:AID-PTS378%3e3.0.CO;2-A
https://doi.org/10.1016/S0260-8774(00)00156-4
https://doi.org/10.1111/1750-3841.13798
https://doi.org/10.1111/1750-3841.13798
https://doi.org/10.1038/srep40040
https://doi.org/10.1038/srep40040
https://doi.org/10.3746/jkfn.2016.45.2.269
https://doi.org/10.3746/jkfn.2016.45.2.269
https://doi.org/10.1094/ASBCJ-2013-1008-01
https://doi.org/10.1002/fsn3.915

