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Abstract The bacteriophages (phages) in the watery

kimchis (Baek-kimchi and Dongchimi) were characterized

to determine the phage ecology of lactic acid bacteria

(LAB). Kimchi obtained from the Seoul markets had an

average of 2.1 log phage particles/mL, corresponding to

28% of the bacterial counts on a log scale. High counts of

5.5–6.5 log particles/mL of phages were noted in the early

phase of fermentation (reaching pH 4), and 2.1–3.0 log

phage particles/mL were found in the later phase, with

some fluctuation in numbers. The LAB hosts changed from

Weissella and Leuconostoc to Lactobacillus during Dong-

chimi fermentation. Fifteen phages, except for those of

Lactobacillus, were isolated from diverse strains in the

early phase. Five Weissella phages were Podoviridae, and

all 10 Leuconostoc phages were Myoviridae. Phages had

narrow and different host infection spectra to strains of the

same species and high acidic stability. Therefore, the

mortality and diversity of LAB during natural kimchi fer-

mentation may be related to the specific phages of the

hosts.

Keywords Bacteriophage � Lactic acid bacteria � Watery

kimchi � Population � Host specificity

Introduction

Although there have been various studies on kimchi, a few

have focused on the bacteriophages (phage) present in it;

thus, the population and characteristics of lactic acid bac-

teria (LAB) phages in kimchi require investigation. LAB

exist widely in nature and, as starters for fermentation, are

known to produce organic acids for flavoring and food

preservation. There are various LAB involved in kimchi

fermentation, comprising three primary genera (Weissella,

Leuconostoc, and Lactobacillus) and 20 different species

(Jung et al., 2014; Lee et al., 2017). Among the related

LAB, there are some population dynamics in the commu-

nity, due to the three stages of fermentation (early, middle,

and late) determined by pH and titratable acidity (TA).

During the fermentation process, succession occurs for the

predominant genera Weissella, Leuconostoc, and Lacto-

bacillus; Weissella and Leuconostoc are dominant in the

early and middle phases, and Lactobacillus is dominant in

the late stage because of its high acid tolerance (Lee et al.,

2015b). Recently, kimchi microbiota has been analyzed

using metagenomics, and phages have been detected during

fermentation (Jung et al., 2011). Additionally, Weissella,

Leuconostoc, and Lactobacillus phages have been detected

during pickle fermentation (Lu et al., 2003). Therefore,

phages have been suggested to affect LAB succession in

kimchi (Jung et al., 2011; Lee et al., 2015b).

Phages are abundant and ubiquitous in nature; they are

estimated that there are 1031 particles, which is 10 times

the estimated number of bacteria (Weitz et al., 2012). More

than 90% of phages belong to the dsDNA order Caudovi-

rales, including the families Myoviridae, Siphoviridae, and

Podoviridae (Raya and H’bert, 2009). Phages have lytic

and lysogenic life cycles that substantially contribute to

bacterial mortality and diversity in environmental
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ecosystems (Parsley et al., 2010). Typically, 20–50% of

daily prokaryotic mortality arises from viral infections and

is a major source of dissolved organic matter in nature

(Weinbauer, 2004; Wommack and Colwell, 2000). Phages

are now considered to be an important component and play

crucial roles in bacterial ecology, even in LAB-fermented

food (Marco et al., 2017). During cheese fermentation,

phages attack the LAB starter so that low acid production

delays cheese formation (Chopin et al., 1976). A phage

infecting a Weissella cibaria starter was isolated from

Nham sausage in Thailand, and LAB phages have been

isolated from sauerkraut (Kleppen et al., 2012; Lu et al.,

2012). Phages induce the destruction of the principal genes

by phage transduction into the prophage and obtain foreign

genes for superinfection immunity and resistance to envi-

ronmental stresses (Fortier and Sekulovic, 2013; Modi

et al., 2013). Such evolution may lead to population

changes in the microecosystem during fermentation.

However, there has been few research on the direct suc-

cession of LAB in complex microbes during natural

fermentation.

Kimchi is a traditional fermented Korean dish that is

known to be a health-promoting food (Cho et al., 2014;

Jung et al., 2014). Kimchi is generally classified into two

types based on water content: watery kimchi is primarily

composed of kimchi cabbage and radish (but not red pep-

per) and contains organic acids in a carbonated water soup.

The components besides cabbage and radish are salt, gin-

ger, green onion, and garlic, according to the region and

manufacturer. Watery kimchi was thought to be a good

model for this study because the bacterial diversity is rel-

atively simple, and the experimental approaches and

analysis are easy. There are precise and rapid methods for

phage quantification and detection, including flow cytom-

etry, epifluorescence microscopy, and transmission elec-

tron microscopy (TEM), that do not require the phage host

for a plaque assay (Brussarrd et al., 2000; Duhamel and

Jacquet, 2006; Park et al., 2018). Thus, it would be possible

to investigate the phage microbiota in kimchi using these

methods to quantify direct total counts, and the acquired

data would elucidate the role of phages in kimchi fer-

mentation. Therefore, LAB and phages in watery kimchi

were quantitatively analyzed, and their characteristics and

roles were examined to gain insight into the kimchi fer-

mentation process.

Materials and methods

Kimchi samples Thirty kimchi samples, including 15 cab-

bage kimchi (kimchi cabbage with red pepper), 12 Dong-

chimi (radish kimchi in water without red pepper), and

three Baek-kimchi (cabbage kimchi in water without red

pepper), were purchased from a market in the capital area

of Seoul. Each kimchi contained cabbage or radish as its

major component, and the samples were in different fer-

mentation stages. For Baek-kimchi and Dongchimi fer-

mentation experiments, samples were collected

immediately after preparation by the kimchi producers.

The major components in watery kimchi were cabbage

(Baek-kimchi), radish (Dongchimi), garlic, carrot, green

onion, ginger, pear, sugar, apple, and salt.

Enumeration of microbes and determination of TA The

TA was determined by the lactic acid standard, according

to Park’s method (Park and Lee, 2005). A 25 g sample was

mixed with 225 mL of tris-ethylenediaminetetraacetic

acid buffer, homogenized using a stomacher (B&F Korea,

Seoul, Korea), diluted, and applied to the media. The total

bacterial counts (TBCs) on the plate count agar (PCA;

Becton, Dickinson and Company, Franklin Lakes, NJ,

USA) were determined after incubation at 37 �C for 24 h.

For LAB determination, samples were applied to PCA with

bromocresol purple (BCP) and grown overnight at 30 �C in

an anaerobic jar (Becton, Dickinson and Company). Yel-

low colonies were selected and then confirmed as LAB on

de Man, Rogosa, and Sharpe (MRS) agar (Oxoid, Hamp-

shire, UK) (Lin et al., 2006).

Phage counting in commercial kimchi and Baek-kimchi

was performed via epifluorescence microscopy after

removing the bacteria with a 0.22-lm syringe filter (Mil-

lipore, MA, USA) (Ortman and Suttle, 2009). The sample

was applied to a 0.02 lm AnodiscTM 25 (Whatman,

Darmstadt, Germany) on a 0.45 lm cellulose nitrate

membrane filter (Whatman) and filtered using negative

pressure. Anodisc was stained with SYBR Green (Invit-

rogen, Carlsbad, CA, USA) in the dark and dried. Pro-

LongTM Gold Antifade Reagent (Invitrogen) was applied to

the surface. Phages were counted three times at each of the

three spots using an epifluorescence microscope (Optika

SRL, Ponderanika, Italy) at 1000 9 magnification and then

quantified according to the following equation:

Nv ¼ Pt � At

Ft � Af � Vt
;

where Nv = phage mL–1, Pt = total number of phage

counted, Ft = total number of fields, At = total area filtered

(lm2), Af = area of each field (lm2), Vt = volume of

sample filtered (mL).

The phage count for Dongchimi fermentation was

determined using a flow cytometer (Accuri C6; Becton,

Dickinson, and Company), according to the manufacturer’s

protocol. The fluorescence height (FL-H) and side scatter

height (SSC-H) were used to determine the bacterial and

viral spots (Park et al., 2018).

Isolation and identification of LAB phage hosts Among

the acid-producing bacteria on BCP agar, 96 strains from
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Baek-kimchi and Dongchimi were employed as putative

phage hosts. Before use, LAB were cultured anaerobically

in MRS broth (Oxoid) at 30 �C overnight, and the culture

was stored in glycerol stock at - 80 �C. For genus iden-

tification of the host, polymerase chain reaction (PCR) was

performed using specific primers (Schillinger et al., 2008;

Zhao et al., 2013). The selected LAB strains were identi-

fied further using 16S rRNA gene sequencing. The 16S

ribosomal DNA was extracted using the AccuPrep Geno-

mic DNA Extraction Kit (Bioneer, Daejeon, Korea) and

amplified using preMix (Bioneer) and the universal primers

27F and 1492R (Pringsulaka et al., 2011). PCR products

were sequenced by Bioneer and Macrogen (Seoul, Korea)

and analyzed by comparing consensus sequences in the

GenBank database (http://www.ncbi.nlm.nih.gov/genbank)

using the Basic Local Alignment Search Tool (Benson

et al., 2002). A phylogenetic tree for evolutionary analysis

was constructed using Mega 7 software (www.megasoft

ware.net) (Kumar et al., 2016).

For the microbial community analysis of LAB during

Dongchimi fermentation, pyrosequencing (454 GS FLX

system; Roche/454, Pleasanton, CA, USA) was performed,

and the V1/V2 regions of 16S rRNA were amplified and

analyzed (Nam et al., 2012).

Phage isolation and identification To isolate phages

from kimchi samples via spot assay, 96 strains were

employed as putative hosts. The samples were collected

and the bacteria were removed using a 0.22-lm syringe

filter (Millipore). Thereafter, 10 lL of solution was applied

to each host in MRS broth and cultivated. The 50 lL

culture solution was applied to an MRS agar plate overlaid

with 0.6% soft agar and the host, and again cultivated at

28 �C in an anaerobic jar. Phages from the different pla-

ques on MRS agar were isolated and stored in 10% glyc-

erol stock at - 80 �C.

To differentiate the isolated phages, restriction enzyme

mapping and protein pattern analyses were performed. To

extract phage DNA, 8–9 log plaque forming unit (PFU) /

mL phages were prepared and concentrated with poly-

ethylene glycol (PEG; MW 8000; Sigma-Aldrich, St Louis,

MO, USA). The phage concentrate was treated with

DNase, RNase, proteinase K, and then chloroform:isoamyl

alcohol:phenol (24:1:24) (Sigma-Aldrich). The purified

phage DNA was concentrated again with isopropanol and

ethanol and suspended in diethyl pyrocarbonate water

(Bioneer). Next, the DNA was digested with restriction

enzymes (Sigma-Aldrich) and separated via electrophoresis

on a 1% agarose gel. The fragments were visualized using

ultraviolet light after staining with ethidium bromide (1 lg/

mL) (Lee et al., 2013). Sodium dodecyl sulfate–polyacry-

lamide gel electrophoresis (SDS-PAGE) was performed to

analyze the structural proteins of the isolated phages. The

phage lysate (concentrated to a titer of 1010 PFU/mL) was

mixed with 59 sample buffer and incubated at 100 �C for

10 min. Proteins were separated using SDS-PAGE at

200 V for 60 min and 130 V for 30 min. The gel was

stained with Coomassie Brilliant Blue G-250 (Bio-Rad,

Hercules, CA, USA) for 1 h and decolorized with de-

staining solution for 2 h (Ortman and Suttle, 2009).

Characterization of the isolated phage To analyze the

host range, each isolated phage (titer of C 109 PFU/mL)

was spotted on a bacterial lawn and incubated at 30 �C
overnight. Plaque formation indicated phage infection and

lysis of the strain (Ortman and Suttle, 2009). The mor-

phological characteristics of the isolated phages were

analyzed via TEM. The phage solution was concentrated to

109–10 PFU/mL using 20% PEG (MW 8000; Sigma-

Aldrich). To remove damaged phages from the concen-

trated phage solution, CsCl ultracentrifugation at

28,0009g was performed for 1 h. The purified phage was

applied to a copper grid (200 mesh; Ted Pella, Inc., Red-

ding, CA, USA) and dyed with 1% uranyl acetate. Purified

phages were stained with 2% (w/v) uranyl acetate on a

carbon-coated grid and then observed via TEM (H-7600;

HITACHI, Tokyo, Japan) at 80 kV (Ackermann, 2009).

The one-step growth curve for latent and burst size was

analyzed after cultivating infected hosts that were prepared

after infection with phages for 10 min and then centrifuged

to remove the uninfected phage. To determine the pH

stability of the phages, they were exposed to the low pH of

SM buffer for 30 and 60 min, followed by a spot assay.

The number of plaques was compared to that in the control

group.

Results and discussion

Microbial and phage populations in kimchi Thirty kimchi

samples were collected from around the capital area of

Seoul and analyzed for bacterial populations using con-

ventional culture methods and epifluorescence microscopy

for phage quantification (Table 1). The pH of kimchi ran-

ged from 3.9 to 5.8 (mean pH 4.3) and the TA was

0.51–2.3% (mean 1.25%), which is mostly in the ripened

status. Mheen and Kwon (1984) report that the best kimchi

flavor is achieved at pH 4.2 and TA 0.7%. The TBC ranged

from 5.1 to 8.3 log CFU/mL and the total LAB ranged from

5.2 to 8.9 log CFU/mL.

Phage counts using epifluorescence microscopy ranged

from 0.2 to 3.6 log phage particles/mL and varied broadly

according to the samples. A mean count of 2.1 log phage

particles/mL was detected at each 7.5 CFU/mL of TBC and

LAB counts regardless of kimchi type. Jung et al. (2011)

report a surprisingly large amount of phage DNA in kimchi

(7% of the genome). The high number of phage sequences

indicates that many phages may exist as template phages or

123

Bacteriophages in watery kimchi 951

http://www.ncbi.nlm.nih.gov/genbank
http://www.megasoftware.net
http://www.megasoftware.net


prophages in kimchi. However, fewer phages exist in

kimchi than in other fermented food and environmental

habitats (Kleppen et al., 2012; Lu et al., 2003; Park, 2017;

Pringsulaka et al., 2011). Park et al. (2011) report that less

complex viral communities appear in fermented food than

in other environments. Therefore, the phage count found in

kimchi was low compared to the bacterial population; it

was approximately 28% of the TBC on a log scale. To the

best of our knowledge, this is the first report of direct viral

counts in kimchi.

Microbes and bacteriophages during Baek-kimchi and

Dongchimi fermentation Baek-kimchi and Dongchimi were

collected immediately after preparation by each producer

and fermented at 7 �C and 20 �C for population analyses

(Fig. S1). The pH during fermentation ranged from 3.8 to

6.4 for Baek-kimchi and from 3.8 to 6.0 for Dongchimi,

which were within the ranges previously reported (Jeong

et al., 2013; Kyung et al., 2015; Park et al., 2008). The

TBC was 4.9–8.5 log CFU/mL for Baek-kimchi and 7–8

log CFU/mL for Dongchimi during fermentation. The

viable counts of LAB on BCP agar were 4.8–8.1 log CFU/

mL for Baek-kimchi and 5.3–7.6 log CFU/mL for Dong-

chimi. Therefore, the bacteria in Baek-kimchi and Dong-

chimi were nearly 100% LAB, which was in accordance

with previous reports (Kyung et al., 2015; Park et al.,

2008).

The phage count obtained via epifluorescence micro-

scopy for Baek-kimchi was 4.0–5.5 log particles/mL at the

beginning of fermentation and decreased to 0.3–2.1 log

particles/mL at the later stage on day 15. Phage counts

obtained using flow cytometry for Dongchimi were 6.5 log

events/mL at the beginning and decreased to 2.8 log

events/mL at the end, with some fluctuations, which might

be due to host changes that are related to the succession of

LAB during fermentation. Park et al. (2008) report the

analyses of the viral metagenome in this environment, and

suggest that the richness and quantity of viruses may be

largely determined by the corresponding microbial com-

munity. Lu et al. (2012) also suggest that LAB mortality

and bacterial ecology may be influenced by abundant and

diverse phages in commercial cucumbers, affecting the

dynamics of fermentation.

Therefore, the phage count decreased from a high

number at the beginning of fermentation to a low number

when an acidic pH was reached, and fluctuations were

confirmed.

LAB population changes during Dongchimi fermenta-

tion To analyze microbial population changes during fer-

mentation, pyrosequencing was performed to analyze the

microbial community (Fig. 1). During fermentation at

7 �C, Leuconostocaceae and Lactobacillaceae were ini-

tially present at low numbers and then rapidly increased to

become the principal LAB for further fermentation. At the

end of fermentation, the dominant family was Lactobacil-

laceae, which rapidly increased in the same pattern as that

under fermentation at 20 �C (data not shown).

For the genus analysis, Streptophyta from plants com-

prised more than 70% of the total at the beginning, and the

Table 1 Quantitative analyses of pH, titratable acidity (TA), total bacteria count (TBC), lactic acid bacteria (LAB), and phages from market

kimchi

Kimchi type and no pH TAa TBb LABc Phaged Kimchi type and no pH TA TBC LAB Phage

Cabbage kimchie (1) 4.40 1.44 8.33 8.34 1.53 Dongchimi (1) 3.90 0.90 7.21 7.57 1.50

(2) 4.46 1.44 8.23 8.61 0.16 (2) 4.18 0.54 7.04 7.19 2.22

(3) 4.07 1.98 8.34 8.29 1.96 (3) 4.15 0.72 6.80 7.10 3.02

(4) 4.20 1.80 8.75 8.88 1.04 (4) 4.13 1.26 7.07 7.46 2.85

(5) 4.34 2.34 8.44 8.27 3.58 (5) 3.74 0.90 7.25 7.39 2.61

(6) 4.01 1.80 8.49 8.48 2.46 (6) 4.25 0.90 7.84 7.71 2.79

(7) 4.21 1.44 8.86 8.78 2.13 (7) 4.17 0.72 6.69 7.19 2.93

(8) 5.10 2.16 7.55 8.56 2.04 (8) 4.15 1.26 7.51 7.53 2.39

(9) 4.29 1.08 6.24 5.20 0.26 (9) 3.97 1.08 6.75 6.75 2.47

(10) 4.06 1.62 8.11 7.94 2.78 (10) 4.05 1.08 6.18 6.06 2.93

(11) 5.82 1.26 5.26 5.70 1.29 (11) 4.04 0.90 7.84 8.16 2.26

(12) 4.17 1.98 8.04 8.36 2.79 (12) 3.88 0.90 6.74 7.61 2.06

(13) 5.32 0.72 5.30 7.39 0.93 Baek-kimchi (1) 3.89 1.26 8.09 8.48 1.86

(14) 5.66 1.44 6.11 8.61 2.62 (2) 4.17 0.54 5.10 7.84 2.86

(15) 4.17 1.62 8.17 8.50 2.84 (3) 5.51 0.51 7.14 7.39 2.70

The TA and TBC were counted using the conventional culture method, and bacteriophages were counted using fluorescence microscopy. Units:
a(%), b(log CFU/mL), c(log CFU/mL), d(log particles/mL), and ecabbage kimchi with red pepper
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proportions of Leuconostoc, Weissella, and Lactobacillus

were very low, as shown in Fig. S2. However, Leuconostoc

and Lactobacillus increased remarkably with the reduction

of Streptophyta on day 1. In particular, Leuconostoc

rapidly increased and comprised more than 45% of the total

population. On day 3, Leuconostoc decreased, and Lacto-

bacillus increased. Finally, Lactobacillus was the dominant

genus at the end of fermentation. However, Lactobacillus

was dominant from day 2 to the late stage of fermentation

at 20 �C. To identify LAB species during fermentation,

sequencing reads were further classified at the species

level. The randomly isolated species in the early phase (day

1) were W. cibaria and Leu. lactis, whereas Leu. inhae,

Leu. lactis, and Leu. kimchi were confirmed in the middle

phase (days 3–7). Lac. brevis and Lac. plantarum were the

dominant species at the later phase (data not shown).

Jeong et al. (2013) report that the genera Leuconostoc,

Lactobacillus, Pseudomonas, Pantoea, and Weissella exist

at the beginning of fermentation, and Leuconostoc is the

dominant population during fermentation. LAB show suc-

cession among the three predominant genera of Leu-

conostoc, Lactobacillus, and Weissella in cabbage kimchi,

with Weissella and Lactobacillus predominating at the late

fermentation stage. Generally, the predominant genera

Weissella, Leuconostoc, and Lactobacillus show succes-

sion during fermentation depending on the materials and

fermentation temperature (Cho et al., 2006; Lee et al.,

2015b) (Fig. 1).

Therefore, there were major population changes in

Weissella, Leuconostoc, and Lactobacillus during Dong-

chimi fermentation, and sequential succession was

confirmed.

Characteristics of phages isolated during Baek-kimchi

fermentation A total of 29 phages were isolated from 19

host strains at 7 �C by day 3. The hosts for the phages were

identified as four Weissella spp. and 15 Leuconostoc spp.

using specific PCR primers for the genera. Among the 29

phages, seven showing a high titer of 9 log PFU/mL were

selected. The phages were identified by their morphologies

as three Weissella (all Podoviridae) and four Leuconostoc

(all Myoviridae) using TEM (Fig. 2). The phage hosts were

identified using 16S rRNA sequencing, and three W.

cibaria and four Leu. citreum strains were confirmed using

phylogenetic trees (data not shown).

The head diameter sizes for Leuconostoc phages ranged

from 41 to 49 nm and the tails were 110–126 nm long with

78–100 PFU/infected cells from burst size analysis.

Regarding the host range analysis, these phages infected

only four Leu. citreum strains among seven Leu. citreum,

eight Weissella spp., five Lactobacillus spp., two Lacto-

coccus spp., and one Leuconostoc sp. The narrow host

spectrum seemed to be different from that reported in other

Fig. 1 Quantitative counts of

total bacteria, lactic acid

bacteria (LAB), and phages for

Baek-kimchi I (A) and

Dongchimi (B) according to pH

changes during fermentation at

7 �C. Symbols: pH (s), phage

(d), total bacteria (h), and

LAB (j)

Fig. 2 Morphology and pH

stability of ALC093 (A) and

ALC219 (B) in Baek-kimchi

after exposure to acidic

conditions for 30 and 60 min.

Symbols: closed bar, control;

open bar, 30 min exposure; gray

bar, 60 min exposure
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studies (Lu et al., 2012; Pujato et al., 2017). ALC093 and

ALC219 among the Leuconostoc phages had high pH sta-

bilities even after exposure to pH 2.0 for 30 min, with 15%

and 52% survival, respectively (Fig. 2).

The characteristics of Weissella phages have been

reported in a previous paper (Kong and Park, 2020).

Profile and characteristics of phages during Dongchimi

fermentation A total of 10 Dongchimi phages were isolated

from 17 host strains by day 3 using the same procedures as

those for Baek-kimchi. The hosts were identified using 16S

rRNA sequencing, and comprised two W. cibaria, 12 Leu.

lactis, and three Leu. citreum (Fig. S3). Lactobacillus

phages were not isolated on any day during Dongchimi

fermentation. Interestingly, the host strains, even in the

same species, were slightly different from the Baek-kimchi

phage hosts in terms of their 16S rRNA sequences. The

strains involved in natural fermentation have been reported

to be very diverse and different, even in the same species

Table 2 Bacteriophages and their infection spectra for hosts isolated from Dongchimi

Hosts Phage isolates at fermentation day for the LAB host

Day 0 Day 1 Day 2 Day 3 Day

5

Day

7

Day

10

A0D4.04 A0D4.58 A1D4.01 A1D4.21 A1D4.62 A1D4.63 A2D4.26 A
3D4.40

A
3D4.46

A
3D4.96

NDb ND ND

W. cibaria
0D4.04a

? ?

W. cibaria
0D4.58

? ?

Leu. lactis
1D4.01

?

Leu. lactis
1D4.12

? ?

Leu. lactis
1D4.21

?

Leu. lactis
1D4.49

?

Leu. lactis
1D4.56

?

Leu. lactis
1D4.62

? ?

Leu. lactis
1D4.63

? ?

Leu.
citreum
2D4.26

?

Leu. lactis
3D4.01

?

Leu.
citreum
3D4.40

? ?

Leu. lactis
3D4.46

?

Leu. lactis
3D4.71

?

Leu. lactis
3D4.72

? ?

Leu. lactis
3D4.93

? ?

Leu.
citreum
3D4.96

? ?

aLAB hosts of Weissella and Leuconostoc for phage isolation at each day of fermentation at 7 �C. bND = Phage not detected. ? = infection

123

954 W.-J. Park et al.



(Ledormand et al., 2020; Lee et al., 2015a). Therefore, the

strain diversity of starters might be necessary for successful

fermentation in the presence of phages in kimchi

microecosystems.

Initially, two phages were isolated from two W. cibaria

hosts. Eight phages were isolated from Leu. lactis and Leu.

citreum by day 3 at pH 4.0. No Lactobacillus phages were

isolated at further stages of fermentation (Table 2). Two

Weissella phages, A0D4.04 and A0D4.58, infected two

different hosts, W. cibaria 0D.4.4 and W. cibaria 0D4.58,

respectively, and did not infect the 16 other Leuconostoc

spp. The structural and genetic differences in the Weissella

phages were confirmed using SDS-PAGE and EcoR1/

HindIII digestion. These phages were Podoviridae with a

non-isometric oval head and a head diameter of 67–86 nm

(Fig. 3: 1, 2). The phages showed typical Weissella mor-

phologies described in previous reports (Kleppen et al.,

2012; Kong and Park, 2020; Pringsulaka et al., 2011).

Eight phages were confirmed by restriction enzyme

mapping, protein structure, and host range (data not

shown). All the phages for Leuconostoc were Myoviridae

with an isometric hexagonal head 41–57 nm in diameter

and a contractile tail 105–165 nm long (Fig. 3: 3–10).

The pH stabilities in Weissella (A0D4.04 and A0D4.58)

and four Leuconostoc (A1D4.01, A1D4.63, A2D4.26, and

A3D4.40) phages were determined. These phages were

stable at pH 3.0 for 30 min, and had similar stabilities to

Leuconostoc phages from Baek-kimchi, except for

A2D4.26 and A3D4.40 (Fig. S4). Jończyk et al. (2011)

report that phages may generally be stable in acidic envi-

ronments. In conclusion, the Dongchimi microbial com-

munity analysis suggested that Leuconostoc was dominant

during fermentation, followed by Lactobacillus, as reported

in other studies (Jeong et al., 2013; Kyung et al., 2015;

Park et al., 2008). During fermentation, various Leu-

conostoc phages existed and might contribute to the mor-

tality of the Leuconostoc population. In addition, the

phages showed very limited host infections and did not

infect other strains of the same species, which might lead to

diverse starters during natural fermentation.

Therefore, Weissella and Leuconostoc phages might

contribute to LAB succession by killing their hosts, and no

Lactobacillus phages would be helpful for the predomi-

nance of Lactobacillus spp. at the end of fermentation.
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