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Abstract

Despite previous inquiry into the fermentative bacterial community of kimchi, there has been little 

insight into the impacts of starting ingredients on the establishment and dynamics of the microbial 

community. Recently some industrial producers have begun to utilize vegan production methods 

that omit fermented seafood ingredients. The community-level impacts of this change are 

unknown. In this study, we investigated the differences in the taxonomic composition of the 

microbial communities of non-vegan kimchi and vegan kimchi prepared through quick 

fermentation at room temperature. In addition to tracking the community dynamics over the 

fermentation process, we looked at the impact of the constituent ingredients and the production 

facility environment on the microbial community of fermenting kimchi. Our results indicate that 

the bacterial community of the prepared vegan product closely mirrors the progression and final 

structure of the non-vegan final product. We also found that room temperature-fermented kimchi 

differs minimally from more traditional cold-fermented kimchi. Finally, we found that the 

bacterial community of the starting ingredients show a low relative abundance of the lactic acid 

bacteria in fermented kimchi, whereas the production facility is dominated by these bacteria.
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1. Introduction

Kimchi, a fermented food commonly made from cabbage, radish, and various seasonings, is 

a staple of traditional Korean cuisine (Jung et al., 2011). It is also growing in popularity in 

the United States and around the world, where both commercial and artisanal preparations 

are sold in Asian supermarkets and high-end retail stores. The process of making kimchi is 

thought to be largely dependent on microbial composition, the ingredients used, and 

fermentation conditions (Cheigh and Park, 1994; Ick, 2003). Because kimchi is made 
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without the use of a starter culture, the raw ingredients play a key role in establishing the 

bacterial community that is responsible for fermenting kimchi (Jung et al., 2011; S. H. Lee 

et al., 2015). Temperature is also a known determinant of microbial composition in kimchi 

(J.-Y. Jang et al., 2015). Warmer temperatures pose problems for kimchi fermentation and 

preservation, so kimchi has historically been produced during the fall and winter (Cho et al., 

2006). This cold-fermented process usually takes about thirty days (Jung et al., 2011; J.-S. 

Lee et al., 2005; M. Lee et al., 2017). This practice has been extended throughout the year 

with the advent of modern refrigeration (Cho et al., 2006; D. J. Jang et al., 2015). Today, 

industrial refrigeration is used to produce kimchi at near-freezing temperatures, mimicking 

traditional fermentation conditions (Cho et al., 2006). Fermentation at room temperature can 

expedite kimchi production; however, it is unknown whether the development of microbial 

communities in these fast-fermented preparations differs from that of more traditional 

kimchi (M. Lee et al., 2017).

Within Korea, the ingredients used vary by the region in which the kimchi is produced (M. 

Lee et al., 2017). Cabbage and radish are the main ingredients used to prepare kimchi, but 

seasonings frequently include ginger, scallion, onion, red pepper, radish, salt, and fermented 

seafood (jeotgal) (Jung et al., 2011). Previous studies have shown that the microbial 

composition of kimchi is impacted by the types and amounts of ingredients used (Ahmadsah 

et al., 2015; Cheigh and Park, 1994; Ick, 2003; M. Lee et al., 2017). Though the microbial 

composition of kimchi can vary during the initial stages of kimchi preparation, lactic acid 

bacteria (LAB) are the dominant microorganisms by the end of fermentation (Cheigh and 

Park, 1994; Ick, 2003; J.-S. Lee et al., 2005). LAB are known to enhance the shelf life, 

flavor, and nutritional properties of food through the production of organic acids, 

bacteriocins, vitamins, and flavor compounds (Cheigh and Park, 1994; H. Lee et al., 2011; 

Settanni and Corsetti, 2008; Turpin et al., 2011). It has been proposed that certain LAB can 

even act as probiotics to promote human health and microbiome stability (Ji et al., 2013; 

Ljungh and Wadström, 2006). Whether or not this perspective is accurate, the purported 

health benefits of kimchi have contributed to increased popularity and consumption in the 

United States.

Recent advances in high throughput sequencing technology have allowed researchers to 

examine the community structure of the kimchi microbiome using culture-independent 

techniques. The advent of 16S rRNA amplicon sequencing technology has made it possible 

to systematically analyze the kimchi microbiome before, during, and after fermentation. Lee 

et al. found that, at the end of fermentation, the bacterial community of kimchi is dominated 

by species of the genera Lactobacillus, Leuconostoc, Weissella, and Lactococcus (M. Lee et 

al., 2017). The same technology has been used to show that certain ingredients have a more 

significant effect on the bacterial community than others. Kimchi with a lower salt 

concentration has been correlated with more unique operational taxonomic units (OTUs) (M. 

Lee et al., 2017). Large amounts of garlic are associated with more kimchi-associated LAB 

in the final product (S. H. Lee et al., 2015). A greater proportion of the bacterial community 

is made up of Weissella spp. when red pepper powder is used as an ingredient (Jeong et al., 

2013).
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Rates of vegetarianism and veganism in the United States are on the rise; according to a 

2012 Gallup poll, 5% of Americans identify as vegetarian, while 2% of Americans identify 

as vegan (Radnitz et al., 2015). These populations have historically been unable to consume 

kimchi, because traditional Korean kimchi is made with jeotgal, or fermented seafood, often 

in the form of fish sauce (Guan et al., 2011). This fermented component is high in 

glutamate-containing compounds, which contribute to the rich umami flavor characteristic of 

kimchi (Li et al., 2002). However, use of animal-derived ingredient prevents consumption of 

traditional kimchi by vegetarians and vegans. To accommodate this segment of consumers, 

American artisanal kimchi producers are swapping jeotgal for miso paste. Miso paste, made 

by fermenting soybeans and grains, offers a depth of flavor comparable to jeotgal but 

contains no animal products. While both jeotgal and miso paste are dominated by LAB, the 

taxonomic composition of each ingredient differs. Jeotgal contains genera Bacillus, 
Brevibacterium, Micrococcus, and Lactobacillus among others (Koo et al., 2016), while 

miso primarily consists of Tetragenococcus and Enterococcus (Onda et al., 2003). Since 

both fermented ingredients contain their own unique LAB, it is possible that these 

fermentative bacteria could contribute differently to the final microbial community. 

Currently, it is unknown if or how this substitution affects the microbial composition of 

vegan kimchi.

To profile the impacts of vegan versus non-vegan ingredients, we assessed how the microbial 

community of kimchi is established and how it changes over the course of rapid room 

temperature fermentation, which is a method commonly used for large-scale commercial 

preparation because of its faster fermentation time. We investigated the roles of raw 

ingredients and environmental conditions in establishing the initial bacterial community of 

kimchi and the changes in community structure throughout fermentation. We found that, 

despite initial differences in microbial composition between vegan and non-vegan kimchi, 

there was no notable difference in the final products. Ultimately, the microbial community of 

both vegan and non-vegan kimchi is dominated by Lactobacillaceae and Leuconostocaceae, 
and lacks the Enterobacteriaceae found in the fish sauce or miso paste.

2. Materials and Methods

2.1. Kimchi Preparation and Sampling Methods

Kimchi was prepared for commercial sale during June 2017 by a small-batch kimchi 

producer in a facility near Providence, Rhode Island. The facility produces approximately 

20,000 pounds of kimchi per year and makes both vegan and non-vegan varieties. All 

samples were collected from one production run of both vegan and non-vegan kimchi. Napa 

cabbage was salted for three hours before being drained of excess water. Ginger, scallion, 

onion, garlic, red pepper, sugar, and radish were then added to the salted cabbage. The 

mixture was then separated into two batches: vegan and non-vegan, which were mixed with 

miso paste or fish sauce, respectively. The vegan formulation was prepared as a 600 lbs. 

batch, and the non-vegan formulation was prepared as a 900 lbs. batch. Salt concentration of 

representative batches was 2.25% ± 0.03% for non-vegan kimchi and 1.86% ± 0.07% for 

vegan kimchi. These salt concentrations are within the expected range for kimchi (M. Lee et 

al., 2017), and show that there is a small difference between the two preparations.
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Both kimchi batches were placed into multiple plastic drums for a 72-hour fermentation 

period within the same fermentation room. The temperature of the fermentation environment 

was controlled at a range of 21.1–23.9°C. Successful fermentation is ensured by a pH 

measure of 4.6 or below at the end of fermentation, according to industry safety standards; 

representative samples of both types of kimchi showed a pH of 3.90 ± 0.02 for non-vegan 

kimchi and 3.80 ± 0.03 for vegan kimchi, indicating that both fermentations reached 

completion during the same period of time (Jung et al., 2011).

Samples were collected using Pasteur pipettes from fermenting vegan and non-vegan kimchi 

drums throughout fermentation at 24 hours intervals in triplicate: at day zero (0 hours), day 

one (24 hours), day two (48 hours), and day three (72 hours). Ingredient samples were 

collected in triplicate prior to the production run; approximately 0.5 g of each ingredient was 

placed into a 1.5mL Eppendorf tube containing 500 μL of nuclease-free water. This liquid 

collection protocol was conducted in accordance with previous work, and collects only the 

planktonic cells in the fermentation batch (Jung et al., 2011). It is important to acknowledge 

that some fermenting bacteria may be found in biofilms, and would be missed using this 

method.

To sample the environment of kimchi production, the surfaces of the production table, the 

industrial sink, and the floor within the production facility were swabbed in triplicate with 

flocked sterile swabs (Zymo Research, Irvine, CA, U.S; Cat: C1052), which were stored 

individually in Zymo Research DNA/RNA Shield Lysis Tubes (Zymo Research, Irvine, CA, 

U.S; Cat: R1103). To sample the air and dust in the production facility, empty Petri dishes 

were left uncovered in the facility from day zero through day three and subsequently 

swabbed in the manner described above (Adams et al., 2013). Aliquots of liquid from 

finished kimchi jars that were being stored in the facility walk-in refrigerator were collected 

in 1.5 mL Eppendorf tubes. All samples were immediately transported to the laboratory on 

ice after collection and stored at −80°C until processing.

2.2. DNA Extraction, 16S Library Preparation and Sequencing

DNA was extracted from kimchi, environmental, and ingredient samples using the 

ZymoBIOMICS DNA Microprep Kit (Zymo Research, Irvine, CA, U.S; Cat: D4305) 

according to the manufacturer’s instructions. The V4 hypervariable region of the bacterial 

16S rRNA gene was targeted for PCR amplification according to the Earth Microbiome 

Project 16S Illumina Amplicon Protocol, with an 806Rb reverse primer 

(GGACTACCAGGGTATCTAATCC) and a barcoded 515F forward primer 

(CAGCAGCCGCGGTAAT) (Caporaso et al., 2010; 2012; Thompson et al., 2017; Walters et 

al., 2016). PCR was performed using Phusion High-Fidelity polymerase (New England 

BioLabs, Ipswich, MA, U.S.) under the following conditions: 98 °C for 3 minutes followed 

by 35 cycles of 98 °C for 45s, 50 °C for 60s, and 72 °C for 90s, with a final elongation step 

of 72 °C for ten minutes. A negative control was performed using the same reaction 

conditions using nuclease-free water instead of extracted DNA. The concentrations of 

resulting PCR amplicons were assessed using the using the Qubit 3.0 Fluorometer and the 

dsDNA-HS kit (Thermo Fisher Scientific, Waltham, MA, U.S.; Cat: Q32854) according to 

the manufacturer’s instructions. Equal masses of PCR amplicons from each sample were 
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pooled, concentrated, and gel purified using the Machery-Nagel NucleoSpin Gel and PCR 

Clean-Up kit (Machery-Nagel, Düren, Germany; Cat: 740609) according to the 

manufacturer’s instructions. Samples were pooled and submitted to the Rhode Island 

Genomics and Sequencing Center at the University of Rhode Island (Kingston, RI, USA) for 

quality control and sequencing. Amplicons were paired-end sequenced (2 × 250 bp) on an 

Illumina MiSeq platform using a 500-cycle kit using standard protocols.

2.3 Rarefaction and Sequencing Analysis

Raw paired-end FASTQ files were demultiplexed using idemp (https://github.com/yhwu/

idemp/blob/master/idemp.cpp) and imported into QIIME2 (ver. 2017.9.0, https://

qiime2.org/). Sequences were quality filtered, trimmed, de-noised, and merged using 

DADA2 (Callahan et al., 2016). Chimeric sequences were identified and removed via the 

consensus method in DADA2. Taxonomy was assigned to all ribosomal sequence variants in 

QIIME2 using a feature classifier trained with the SILVA 99% OTU database trimmed to the 

V4 region of the 16S rRNA gene (DeSantis et al., 2006). Contaminating mitochondrial and 

chloroplast sequences were filtered from the resulting OTU table. Representative sequences 

were aligned with MAFFT and used for phylogenetic reconstruction in FastTree (Katoh and 

Standley, 2013; Price et al., 2009). Diversity metrics were calculated using the core-diversity 

plugin within QIIME2.

One complication to the analysis of microbial communities from multiple sources is that 

some are of intrinsically low density. As a result, several ingredient and environmental 

samples yielded insufficient sequencing reads for certain forms of analysis. We excluded all 

samples with fewer than 1500 reads from analysis altogether and samples with fewer than 

3398 reads from diversity analyses. This resulted in the exclusion of 17 of our original 74 

samples from diversity analyses and 14 samples from our taxa bar plots. While this is 

computationally important for diversity analysis, we acknowledge it is a potential source of 

bias. In total, 13 of the 17 excluded samples belonged to the same five sources (three onion 

samples, three radish samples, three salt samples, two sugar samples, and two garlic 

samples). These consistently low counts likely result from a low abundance of bacteria in 

these samples.

2.4 Statistical Analysis

Shannon diversity was compared via unpaired t-test in Prism (version 7.0). To visualize 

differences in microbial community structure between and within sample groups, Bray-

Curtis dissimilarity and weighted and unweighted UniFrac was plotted using principal 

coordinate analysis (PCoA) in QIIME2. Testing for differential abundance was performed by 

non-parametric negative binomial Wald test available within the DESeq2 package in R 

(version 3.3.2, https://www.r-project.org/) (Love et al., 2014). P values were adjusted to 

account for FDR using the default Benjamini-Hochberg method (Benjamini and Hochberg, 

1995).
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3. Results & Discussion

We observed a wide range of variation in the alpha diversity of constituent ingredients, 

assessed using the Shannon diversity index (Figure 1A). The mean Shannon diversity of 

ingredients ranged from as low as 1.2 (n = 1) for garlic to as high as 5.9 for ginger (±0.5 

SD). Miso paste, the fermented food ingredient in vegan kimchi and a fermented vegetable 

product itself, had relatively low alpha diversity. The lack of diversity in the miso paste 

bacterial community is likely due to the dominance of the LAB that drive vegetable 

fermentation (Onda et al., 2003). However, fish sauce, the fermented food ingredient in non-

vegan kimchi, had surprisingly high levels of alpha diversity. Finally, we found that the 

environmental samples taken from the facility—particularly the air samples—were among 

the most diverse communities sampled.

The initial day zero mixtures of ingredients for both vegan and non-vegan preparations were 

found to have high diversity [Shannon 4.4 (±0.2 SD) for non-vegan kimchi and 3.6 (±0.1 

SD) for vegan kimchi]. This diversity reflects the range of bacteria present in the constituent 

ingredients of kimchi. We found that non-vegan kimchi had a higher starting alpha diversity 

than its vegan counterpart. We attribute this to the high alpha diversity of fish sauce, the key 

differentiating ingredient in non-vegan kimchi.

Despite this difference, by day one, the alpha diversity of both preparations decreased 

significantly, converging to a similar level. Over the next two time points, the material 

maintained the low alpha diversity seen at day one (Figure 1A). The precipitous reduction in 

diversity likely reflects the selective pressure for LAB exerted by the fermentation process, 

and indicates proper fermentation progression. There appeared to be no significant 

difference in alpha diversity between the final vegan and non-vegan preparations (Figure 

1A). This suggests that, despite the difference in initial diversity, both products achieved the 

same final low diversity state.

This finding is also supported by beta diversity metrics, which we assessed using weighted 

Unifrac and visualized using PCoA (Gower, 1966). As seen in Figure 1B, the initial bacterial 

compositions of both vegan and non-vegan kimchi clustered separately from each other. This 

is likely due to the difference in the bacterial communities present in miso paste and fish 

sauce, as these two ingredients are the only ones that differ between the two preparations. 

This also corresponds to the differences in alpha diversity observed between these two 

ingredients. However, by day one, the composition of both types of kimchi shifts and 

converges such that the two preparations are mostly indistinguishable. This is likely due to 

the selective pressure of the fermentative environment. They remain stable for the remainder 

of the fermentation period, through jarring and storage. By the time the product is ready for 

sale, there is no notable difference in the beta diversity of the microbial communities of the 

vegan and non-vegan kimchi varieties.

Figure 1B shows that many of the raw ingredients clustered with the kimchi samples at day 

zero, likely because the initial total mixture had not undergone fermentation and most of the 

bacteria in the day zero kimchi was a combination of the bacterial communities of the raw 

ingredients. Interestingly, the bacterial community of miso paste clustered closely with the 
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final product of both types of kimchi, while fish sauce clustered separately from any of the 

other samples collected. This may be a result of miso paste being a fermented vegetable 

product, whereas fish sauce is made from fermenting seafood. These observations are in line 

with the trends in alpha diversity that we previously observed. The environmental samples 

collected from the production facility showed no clear pattern of clustering except within 

sample groups (Figure 1B, Figure S2).

We next examined the taxonomic structure of the bacterial communities at the phylum, 

order, and family levels (Figure S1). At the phylum level, both vegan and non-vegan kimchi 

become very similar over time (Figure 2A). Though the bacterial taxa present in both types 

of kimchi vary at the beginning of fermentation, Firmicutes represent almost the entire 

bacterial community in both vegan and non-vegan kimchi by the time the product is ready to 

be jarred and sold. Most of the ingredients used to prepare both vegan and non-vegan kimchi 

had high levels of Proteobacteria and low abundance of Firmicutes. The two fermented 

ingredients, fish sauce or miso paste, are composed primarily of Firmicutes and thus likely 

contribute this phylum to the starting communities. Both the vegan and non-vegan kimchi at 

day zero reflect the characteristics of both these groupings. The bacterial community of 

vegan kimchi at day zero consists of mostly Firmicutes, with a smaller proportion of 

Proteobacteria. Non-vegan kimchi is similar, with a community dominated by Firmicutes, 

followed by Proteobacteria. Between the two, non-vegan kimchi has a greater proportion of 

Firmicutes as compared to the vegan kimchi at day zero. However, the bacterial populations 

are indistinguishable and dominated by Firmicutes by day one. This pattern persists through 

jarring of the final product. These results are in line with those previous published by Lee et 

al. 2017 (M. Lee et al., 2017).

The environmental samples from the facility are similar to the samples of kimchi ingredients 

in that they are composed of mostly Firmicutes and Proteobacteria, with some 

Actinobacteria and Bacteroidetes present. The production table in the facility is particularly 

high in Firmicutes, possibly because most of the kimchi production process is conducted on 

or around this table. The large quantities of kimchi and constituent ingredients that pass 

through the premises on a regular basis likely contribute to the increased proportion of 

Firmicutes present in the environment.

At the order level, we observe new trends in addition to those evident at higher taxonomic 

levels. The bacterial compositions of vegan and non-vegan kimchi at day zero continue to 

differ from one another (Figure 2B). At this time point, non-vegan kimchi is composed of 

high proportions of Lactobacillales, with smaller proportions of Clostridiales, 

Enterobacteriales, Sphingomonadales, and Bacillales. Vegan kimchi shows a smaller 

proportion of Lactobacillales than the non-vegan kimchi, with more notable proportions of 

Bacillales, Enterobacteriales, and Pseudomonadales. The bacterial communities present in 

the ingredients continue to diverge at this level of analysis.

At the family level, we can ascertain the aforementioned trends at a higher level of 

taxonomic resolution (Figure 4C). We observe more notable differences in the bacterial 

composition of vegan and non-vegan kimchi at day zero; whereas non-vegan kimchi is 

predominantly composed of Lactobacillaceae and Leuconostocaceae at the beginning of 

Zabat et al. Page 7

Food Microbiol. Author manuscript; available in PMC 2019 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fermentation, vegan kimchi contains small proportions of Lactobacillaceae and 

Leuconostocaceae with larger proportions of Enterococcaceae, Staphylococcaceae, and 

Enterobacteriaceae. Fish sauce and miso paste also appear more distinct, with miso paste 

consisting almost entirely of Enterococcaceae and Staphylococcaceae and fish sauce having 

a more diverse community. This might account for the differences between vegan and non-

vegan kimchi at day zero. As previously observed, the bacterial communities of both types 

of kimchi at day zero seem to originate from the ingredients used to prepare them. 

Interestingly, there is a high proportion of Staphylococceaceae in miso paste, and some of 

this carries over into the day zero vegan kimchi, though it is ultimately outcompeted by 

LAB.

Over the first 24 hours of fermentation, there is a dramatic shift in the taxonomic 

composition at the family level of both vegan and non-vegan kimchi. By day one, both 

communities consist entirely of Lactobacillaceae and Leuconostocaceae (Figure 4C). On day 

one, non-vegan kimchi contains more Lactobacillaceae and vegan kimchi contains more 

Leuconostocaceae, but by day three they are indistinguishable in their respective bacterial 

communities.

Traditionally, kimchi is fermented at cold temperatures, and that product can be referred to 

as cold-fermented kimchi. However, the popularization of kimchi around the world and the 

demand for large-scale commercial production has necessitated a more efficient, quicker 

way to produce this traditionally slow-fermented food. Thus, an increasing number of 

industrial producers have turned to room temperature fermentation for a shorter fermentation 

time. The kimchi we sampled was of the quick-fermented variety. In commercial cold-

fermented kimchi analyzed by Lee et al. 2017, Proteobacteria were present in most kimchi 

samples but were quickly overtaken by Firmicutes, which remained dominant through the 

end of fermentation (M. Lee et al., 2017). Bacteria from genus Weissella were dominant at 

the beginning of fermentation, while Lactobacillaceae and Leuconostocaceae were common 

during the later periods of fermentation (Jeong et al., 2013; M. Kim and Chun, 2005; J. S. 

Lee, 2002; M. Lee et al., 2017). The quick-fermented kimchi we analyzed also initially 

contained Proteobacteria and then became dominated by Firmicutes (specifically, 

Lactobacillaceae and Leuconostocaceae). Weissella was detected at day zero and declined 

over the fermentation period, but at no point was this genus dominant in the microbial 

community of either kimchi preparation (Figure 3).

The initial ingredients contributed very little to the final composition of the fermented 

products. It appears that the two families that dominate the final community are present only 

in very small proportions in the day zero samples, ingredients, and the environment (Figure 

2C). There are a few other minimally represented families of bacteria at day zero in both 

vegan and non-vegan kimchi, but for both preparations the major LAB families present at 

the end of fermentation are Lactobacillaceae and Leuconostocaceae (Figure 4C). The 

highest-abundance taxon common to both fermented ingredients is Enterococcaceae (Figure 

4C). Thus, it seems that the fermentation conditions rapidly select for a bloom of low 

abundance taxa.
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Since Lactobacillus, Leuconostoc, Tetragenococcus, and Weissella appeared to be the most 

prevalent LAB genera in the kimchi, ingredient, and environmental samples, we further 

examined the patterns exhibited by these genera and how their proportions within larger 

communities change over time (Figure 2D). These data are represented in Figure 3 and 

Figure S3. Lactobacillus is found at very low levels in most ingredients. Similarly, it is also 

found at low levels on day zero for both vegan and non-vegan kimchi. In both preparations 

of kimchi, this proportion increases over the first 24 hours of fermentation, and then 

stabilizes at around 50% by the end of fermentation. These trends are nearly identical for 

Leuconostoc. Tetragenococcus, the dominant LAB in miso paste and fish sauce, is initially 

found in high proportions in both ingredients. However, this prevalence in the fermented 

food ingredients does not persist through kimchi fermentation. This may be due to the 

differences in the characteristic salinity of fish sauce, miso paste, and kimchi. The salinity of 

fish sauce has been found to be around 25% (Nakano et al., 2017), and the salinity of 

commercial miso paste has been found to be around 10–12% (Watanabe et al., 1982). By 

contrast, the salinity of kimchi has been measured at about 1.62% (J.-A. Kim et al., 2012). 

Similarly, the salinity of the vegan and non-vegan kimchi we sampled was also much lower 

than the characteristic values of salt concentration for fish sauce and miso paste. Overall, 

these data show the dominant role that LAB play in the kimchi fermentation process—and 

how quickly they dominate the fermentation environment.

Interestingly, we found that the terminal LAB families in kimchi are also present in high 

abundance in the environmental samples from the production facility (Figure 3 and Figure 

S3). These results suggest the final kimchi product may contribute to the bacterial 

community of the factory. However, it may also be the case that the cycle of continuous 

fermentation in the production facility contributes LAB to each new batch of kimchi, acting 

as a form of starter culture for the fermentation process. The higher proportion of LAB in 

the environment than in the starting ingredients points to this as a possibility, although this 

observation would need additional confirmation in the future. Additionally, because both 

non-vegan and vegan kimchi were produced in the same facility, it is also possible that the 

high degree of similarity between the two communities resulted from introduction of LAB 

already present in the facility. This would present a form of inadvertent cross-contamination 

between the two samples. In sum, our analysis reveals that, despite the significant 

differences between the microbial communities of fish sauce and miso paste and between the 

starting communities of non-vegan and vegan kimchi on day zero of fermentation, there is 

no substantial difference in their microbial communities by the end of fermentation. This 

may be important for industrial production and consumer consumption of kimchi. For 

kimchi producers, it signifies more flexibility in the method of kimchi preparation employed 

in order to produce a very similar final product; for consumers, it means that people who 

adhere to vegetarian or vegan diets might be able to consume a food traditionally off-limits 

to them. Especially since fermented foods are gaining notoriety for their bacterial content, 

the lack of notable difference between the taxonomic composition of vegan and non-vegan 

kimchi may enhance the growing popularity of this traditional fermented food.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The bacterial community of vegan kimchi closely mirrors the non-vegan final 

product

• Lactobacillaceae and Leuconostocaceae dominate the final kimchi microbial 

community

• LAB in fish sauce and miso paste do not carry over to the kimchi microbiome

• Vegetable ingredient bacteria do not contribute markedly to the kimchi 

microbiome

• Production facility is enriched with high-abundance kimchi LAB
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Figure 1. Comparison of diversity indices for kimchi ingredients, production environment, and 
non-vegan and vegan kimchis during 3-day fermentation
(A) Alpha diversity of microbial communities shown as Shannon values. Significance of 

change between samples determined by unpaired t-test (vegan d0 vs. subsequent days and 

vegan d0 vs. vegan jar: ** p< 0.01; non-vegan d0 vs. subsequent days and non-vegan d0 vs. 

non-vegan jar: *** p < 0.001; vegan jar – non-vegan jar: ns, not significant). Error bars 

depict the standard error of the mean. (B) Beta diversity of all kimchi, ingredient, and 

environmental samples as measured by weighted-UniFrac and visualized by PCoA.
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Figure 2. Relative abundance (%) of taxa in kimchi, ingredient, and environment samples
Error bars depict the standard error of the mean. Relative abundance of bacteria across all 

samples at the (A) phylum, (B) order, (C) family, and (D) genus levels. Low abundance taxa 

grouped as “other” and greyed out.
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Figure 3. Relative abundance (%) of LAB genera across all sample types
Error bars depict the standard error of the mean.
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