
Gut Microbiome Structure and Association with Host Factors in
a Korean Population

Mi Young Lim,a Seungpyo Hong,a So-Jung Bang,b Won-Hyong Chung,a Ji-Hee Shin,a Jung-Ha Kim,c Young-Do Nama

aResearch Group of Healthcare, Research Division of Food Functionality, Korea Food Research Institute, Jeollabuk-do, Republic of Korea
bGraduate School of Biotechnology and Institute of Life Science and Resources, Kyung Hee University, Gyeonggi-do, Republic of Korea
cDepartment of Family Medicine, Chung-Ang University Hospital, Chung-Ang University College of Medicine, Seoul, Republic of Korea

Mi Young Lim and Seungpyo Hong contributed equally to this work. Author order was determined by drawing straws.

ABSTRACT Characterizing the gut microbiome in the healthy population is the first
step in elucidating its associations with host health conditions. Populations with differ-
ent diet patterns, lifestyles, and genetic backgrounds harbor different gut microbes. In
this study, we characterized the gut microbiome of 890 healthy Koreans using 16S
rRNA sequencing. The Korean population harbored a relatively large fraction of the
Prevotella enterotype and presented a distinctive gut microbiome, compared to that in
the populations of other countries. Additionally, we determined the clusters of cooc-
curring microbes that were quantitatively correlated with each other. We found that
microbe composition of the gut was strongly associated with age. We identified that
the abundance of members of Bacteroidia and Clostridia differed with the host dietary
patterns, body mass index, and stool frequency. The gut microbiome data obtained in
this study would be an important resource for future studies addressing microbial con-
tributions in health and disease.

IMPORTANCE Comparing the gut microbiomes of healthy controls and disease patients
showed that the composition of the gut microbiome is associated with various host
health conditions. The gut microbiome in healthy Western populations is well charac-
terized, while that of non-Western populations, with different diet patterns, lifestyles,
and genetic backgrounds, is not clearly defined. In this study, we characterized the
microbiome of 890 healthy Korean individuals using 16S rRNA sequencing and found
that Koreans have a gut microbiome different from that in the individuals of neighbor-
ing countries. The members of Bacteroidetes and Firmicutes cooccurred and were
quantitatively associated with each other. Additionally, we found that the gut micro-
bial composition is strongly associated with the host’s age. The microbiome data pre-
sented here represent the gut microbiome of a healthy Korean population and could
be used to unveil gut microbiome-associated host conditions in this population.

KEYWORDS dietary pattern, enterotype, gut microbiome, host factor, host-
microbiome, microbial cluster

The gut microbiota plays a crucial role in human health and diseases, such as infec-
tions, allergies, obesity, diabetes, and even cancer (1). This has sparked interest in

the study of the microbiome and its potential application for enhancing the diagnosis,
prognosis, and treatment of microbiome-related diseases. However, recruiting partici-
pants, collecting fecal samples, selecting case and control groups, and analyzing the
associations between microbes and diseases have been challenging. The last two prob-
lems ensue because individuals harbor a wide variety of microbes and the normal sta-
tus of the microbiome is not clearly defined. Large-scale studies have been conducted
to characterize the normal microbiome in various countries, such as the United States
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(2, 3), China (4), Belgium (5), and the Netherlands (6). The gut microbiome differs
among countries (7, 8), and there are significant regional variations within a country
(4). Therefore, to accurately explore microbe-host associations, it is essential to obtain
microbiome data from many individuals who share similar genetic backgrounds and
lifestyles. Previous studies on Koreans demonstrated that the gut microbial composi-
tion of Koreans was different from that of the Americans, Chinese, and Japanese (9,
10). However, these studies targeted a small number of Korean individuals, 19 and 20
samples. It is necessary to determine the microbial composition from a larger number
of Korean samples. South Korea is a place where nearly half the population live in the
metropolitan area of Seoul and have a rice-based diet enriched with fermented foods
and vegetables (11). Due to these distinctive traits, it would be valuable to characterize
the gut microbiome of the Korean population.

Here, we aimed to characterize the microbiome composition of the normal gut of
the Korean population living in the metropolitan area of Seoul using 16S rRNA
sequencing. The microbiome from healthy Korean donors was compared to that of
those from other countries including neighboring countries, such as China and Japan,
and the interactions among the microbes were investigated. In addition, we evaluated
the influence of host factors in the development of the gut microbiome. The gut
microbiome data set provided in this study delineates the gut microbial compositions
of healthy Koreans, and it could be utilized as the control group for case-control stud-
ies, for understanding the interaction between the gut microbes and the host.

RESULTS
Taxonomic structure of the Korean gut microbiome. We recruited 890 healthy

volunteers from the Seoul metropolitan area (77.5% female; mean age [SD] of the pop-
ulation, 55.6 [15.0] years; see Table S1 in the supplemental material). Their gut micro-
biome was profiled using 16S rRNA sequencing and amplicon sequence variant (ASV)
analysis. We named the ASVs after their lowest-level assigned taxonomy name and
their rank of total read count. For example, Faecalibacterium prausnitzii ASV 1 is the
most abundant ASV among ASVs annotated as F. prausnitzii, and Bacteroides ASV 2 is
the second most abundant ASV among the ASVs classified as Bacteroides but not classi-
fied at the species level. Additionally, in this study, the prevalence of taxonomic
groups, or ASVs, refers to the proportion of individuals having nonzero reads for a tax-
onomic group.

We first investigated the abundance and prevalence of the taxonomic groups.
Bacteroidetes and Firmicutes were the most abundant phyla in the Korean population,
accounting for 48.8% and 42.8% of the total read counts, respectively, and they were
observed in all the samples (Fig. S1A). Proteobacteria and Actinobacteria constituted
only 5.9% and 1.5% of the total read counts, respectively, yet these microbes were
found in 99.9% and 98.3% of the study subjects, respectively (Fig. S1A). At the genus
level, Bacteroides and Prevotella, which belong to the Bacteroidetes phylum, were the
most abundant, accounting for 25.4% and 16.0% of the total read counts, respec-
tively. Prevotella was observed in 81.7% of the population, while Bacteroides was
found in all individuals. Prevotella was abundant in a group of individuals who have a
relatively low abundance of Bacteroides (Spearman’s correlation coefficient = 20.74,
P= 3.72� 102152) (Fig. S1B and C). Faecalibacterium, Oscillospira, and Ruminococcus,
all belonging to the phylum Firmicutes, accounted for 13.2%, 2.6%, and 2.4% of the
total reads; they were found in 99.6%, 99.6%, and 99.0% of the study individuals,
respectively.

We assessed the enterotype (ET) distribution of the gut microbiome of healthy donors,
by clustering individuals based on their gut microbiome composition (weighted UniFrac
distance). Korean individuals formed two distinct clusters, here termed Bacteroides ET and
Prevotella ET, based on the dominating genus in each ET (Fig. 1A). Approximately 60%
(n=536) of the study subjects belonged to the Bacteroides ET, while the remaining 40%
(n=354) belonged to the Prevotella ET. The Bacteroides ET primarily consisted of
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Bacteroides (35.3%), Faecalibacterium (14.2%), and Prevotella (2%), while the Prevotella ET
comprised Prevotella (37.1%), Faecalibacterium (11.7%), and Bacteroides (10.4%) (Fig. 1B).

Prevotella copri can be grouped into four clades—A, B, C, and D—depending on
their genetic structure; clade A was ubiquitously found among both the Westernized
and non-Westernized populations, while clades B, C, and D were predominantly found
in non-Westernized populations, whose diet contains more fibers and complex carbo-
hydrates (12). As Koreans consume more vegetables than the Western populations
(11), we evaluated whether the Korean population has P. copri clades typical of non-
Westernized populations. Consequently, we found that P. copri ASVs of the Korean gut
microbiome mostly belonged to clade A. This indicates that the gut microbiome of the
Koreans is similar to that of the Westernized populations, pertaining to the P. copri
clade (Table S2).

Korean microbiome in the context of that of other countries. We compared the
gut microbiome from the Korean population to the gut microbiomes of the popula-
tions from other countries. Data sets from China (two data sets with 412 and 25 sam-
ples) (13, 14), Japan (n=468) (15), Spain (n=40) (16), Chile (n=41) (17), and Nigeria
(n=48) (18) were analyzed. Only data sets targeting the V3-V4 region of the 16S rRNA
gene were included in the analysis to minimize methodological artifacts.

The overall structure of the Korean microbiome was compared to that of the sam-
ples from each of the other countries using permutational multivariate analysis of var-
iance (PERMANOVA) tests. The overall structure of the Korean gut microbiome varied
from that of each non-Korean gut microbiome (PERMANOVA, P, 0.001, for each of the
six data sets). The differences in the overall structure may originate from the differen-
ces in their substructures, such as enterotypes. Therefore, we compared the enterotype
ratio of the Korean gut microbiome to that of the populations from the other coun-
tries. We evaluated for the similarity between the samples, both Korean and others,
belonging to the same enterotype.

In the principal-coordinate analysis (PCoA) plots, a larger number of samples from
other countries were closer to the Korean Bacteroides ET samples than to the Korean
Prevotella ET (Fig. 2). Therefore, we evaluated whether the ET distribution of the Korean
population is statistically different from that of the populations from the other countries.
Each sample of non-Korean origin was classified as Bacteroides ET or Prevotella ET, based
on the ET of the Korean sample with the shortest UniFrac distance to the analyzed sample.
We found that the proportion of Korean Bacteroides ET samples (60%) was lower than that
of samples with Chinese origin, from both Beijing/Hangzhou (79.4%, chi-squared test
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FIG 1 Taxonomic structure of the Korean gut microbiome. (A) Principal-coordinate analysis (PCoA) plot of the gut microbiome, based on the weighted
UniFrac distance matrix. Points are colored based on the enterotype of each individual. (B) The relative abundances of the 10 most abundant genera in the
Korean gut microbiome for the total samples and the two enterotypes.
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P=1.66� 10211) and Shanghai (88.0%, 9.32� 1023), and the samples from Japanese (99.4%,
1.20� 10223), Spanish (90.0%, 2.95� 1024), and Chilean (73.2%, 0.13) populations. However,
the proportion of Bacteroides ET samples in the Nigerian samples was significantly
lower (30%, 6.93� 1025) than that of the Korean samples.

There are two enterotypes; and therefore, the microbiome can be thought of as a
mixture of two different microbial structures. Therefore, we separated the samples
based on their enterotype and compared the microbial structure within the same
enterotype. First, we compared the Korean Bacteroides ET samples with the corre-
sponding samples from the geographic neighbor countries, China and Japan. The over-
all microbial structure of Korean Bacteroides ET samples was different from that of
Bacteroides ET samples from each of the Chinese and Japanese samples (PERMANOVA,
P, 0.001, for each of the three data sets). However, the center of the Korean samples
was distant from that of the Beijing, Hangzhou, and Japanese samples, but it was close
to the center of the samples from Shanghai (Fig. 2A, B, and C). Further, we evaluated
whether the samples from other countries are different from those from the Korean
population within each enterotype, by comparing the distributions of the average dis-
tance between these countries’ samples and the Korean samples and those between
the Korean samples. A significant number of Bacteroides ET samples from Beijing/
Hangzhou residents had a longer distance from the Korean Bacteroides ET samples,
compared to the distances between the Korean Bacteroides ET samples (Mann-Whitney
U test, P=3.02� 10221) (Fig. 2A). However, the distances between a part of Bacteroides
ET samples from Beijing/Hangzhou residents and the Korean Bacteroides ET samples
were relatively small. The distance distribution of Shanghai residents was more similar
to that of the Korean samples than that of the Beijing/Hangzhou residents; however, it

FIG 2 Comparison of the gut microbiome from the Korean population with the gut microbiomes of the populations from other countries. Principal-
coordinate analysis (PCoA) plots of gut microbiomes from Korean and (A) Chinese (Beijing/Hangzhou), (B) Chinese (Shanghai), (C) Japanese, (D) Spanish, (E),
Chilean and (F) Nigerian populations. Green and red dots represent Korean samples with the Bacteroides and the Prevotella ET, respectively. The samples of
other countries are represented by filled blue squares and empty blue squares for Bacteroides and Prevotella ET, respectively. The centers of the Korean
samples and the other country’s samples were marked with X’s. The left bottom inset illustrates the relative abundances of the 10 most abundant genera
in the Korean gut microbiome, using the same color code described in Fig. 1A. The distribution of average weighted UniFrac distances between samples is
plotted in the right bottom inset. The distribution between Korean Bacteroides (green) and Prevotella (red) ET samples was plotted in the upper and lower
panels, respectively. The distributions between the Korean samples and the samples from the other countries are shown in blue.
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was statistically significantly different from that of the Korean samples (Mann-Whitney
U test, P=5.09� 1023) (Fig. 2B). Japanese samples rarely overlapped Korean samples on
the PCoA plot, and a significant number of Japanese Bacteroides ET samples were dissimi-
lar from the Korean Bacteroides ET samples (Mann-Whitney U test, P=9.64� 10237)
(Fig. 2C). The microbial composition of the Japanese population was considerably differ-
ent from that of the Korean population. The Japanese gut microbiome possessed only a
small fraction of genera that were abundant in the Korean gut microbiome, while having
high proportions of Blautia (17.0%) and Bifidobacterium (11.1%), which were rarely
observed in the Korean gut microbiome (0.8% and 1.4%, respectively) (Fig. 2C).

We compared the Korean Bacteroides ET samples to those from Spanish, Chilean,
and Nigerian populations. The overall microbial structure of the Korean Bacteroides ET
samples was significantly different from that of the Bacteroides ET samples from each
of the other countries (PERMANOVA, P, 0.001, for each of the three countries).
However, the centers of samples from Spaniards and Chileans were located close to
the center of samples from the Koreans, while the center of Nigerian samples was dis-
tant from that of the Korean samples (Fig. 2D, E, and F). We statistically compared the
distances to the Korean samples, and the distance distribution was similar to that
among the Korean population (Mann-Whitney U test, P=0.10) (Fig. 2D). This suggests
that the microbial compositions of the Spanish and Korean individuals belonging to
Bacteroides ET would be similar, despite their large geographical distance and ethnic
differences. Statistically, a slightly larger number of Chilean Bacteroides ET samples
were more dissimilar to the Korean Bacteroides ET samples (Mann-Whitney U test,
P=9.23� 1024) (Fig. 2E). A part of the Nigerian Bacteroides ET samples possessed mi-
crobial compositions similar to that of the Korean Bacteroides ET samples, but when
the entire set of samples was considered, they were significantly different from that of
the Korean Bacteroides ET samples (Mann-Whitney U test, P=1.11� 1023) (Fig. 2F).

We compared the Korean Prevotella ET samples with that from each of the other
countries. The Korean Prevotella ET samples were significantly different from the
Chinese (Beijing/Hangzhou), Chilean, and Nigerian Prevotella ET samples (PERMANOVA,
P, 0.001, for each of the three data sets). There were only a small number of
Prevotella ET samples from Chinese (Shanghai), Japanese, and Spanish populations,
and therefore, it is unclear whether the Prevotella ET samples of these populations are
similar or dissimilar to those of the Korean population.

Microbial clusters of Korean gut microbiome. We investigated the interactions
among the microbes that constitute the Korean gut microbiome. Such interactions can
be determined by the statistical analysis of microbial abundance correlations and niche
overlapping (19–21). We determined the pairs of ASVs, which were present in the
same sample with positively correlated abundances. These ASV pairs were used to con-
struct the interaction network of ASVs. In this network, ASVs within the same phylum
tended to be connected to each other (Fig. S2). We grouped those ASVs and defined
them as microbial clusters, which were named after the taxonomic name of the most
abundant ASV in the cluster (Fig. 3).

The ASVs that belonged to Firmicutes interacted with each other and formed six mi-
crobial clusters (Fig. 3 and Fig. S2). The Faecalibacterium cluster consisted of F. prausnit-
zii ASVs that were highly abundant and prevalent in the Korean microbiome, but the
ASVs in this cluster were weakly correlated with each other (Fig. 3). Lachnospiraceae,
Ruminococcaceae, Oscillospira, and Streptococcus clusters were composed of ASVs
belonging to Firmicutes (Fig. 3 and Fig. S2). The ASVs of these clusters were less in
abundance but were highly connected to each other.

ASVs from Bacteroidetes formed seven microbial clusters. The Bacteroides C1 and C2
clusters were composed of ASVs annotated as the same genus, Bacteroides; however,
the two clusters were disjointed in the network (Fig. 3). Bacteroides ASVs in the
Bacteroides C1 cluster were highly prevalent and highly abundant, while those in the
Bacteroides C2 cluster were less prevalent and less abundant. The Bacteroides C3 cluster
was composed of three Bacteroides ASVs, B. uniformis, B. ovatus, and B. caccae, and
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others including Parabacteroides and Alistipes putredinis. Prevotella copri, Bacteroides
ovatus, and Parabacteroides clusters comprised ASVs annotated to the same species
(Fig. 3). The Proteobacteria ASVs formed three separated clusters in the network,
Enterobacter, Klebsiella, and Sutterella (Fig. 3).

We further investigated the pairs of microbes whose abundances were positively
correlated with each other, regardless of their cooccurrence. The abundances of ASVs
belonging to the same phylum were strongly correlated (Fig. S3A and B). However, a
relatively small number of ASVs were negatively correlated, and such associations were
found mostly between Bacteroides ASVs and P. copri ASVs (Fig. S3C).

Demographic differences in the Korean gut microbiome. We investigated the
host-gut microbe interactions by analyzing the statistical association between host fac-
tors and the prevalence and abundance of ASVs. At first, the associations of the gut
microbiome with the two major demographic variables, age and sex, were evaluated.
A number of ASVs, such as F. prausnitzii, were more prevalent in the older groups than
in the younger groups, regardless of sex (hypergeometric distribution, false-discovery
rate [FDR], 0.1) (Fig. 4A). Age positively correlated with the alpha diversity in both the
sexes (Spearman’s correlation test, male P = 1.7� 1025, female P = 9.0� 1026) (Fig. 4C).
However, some ASVs like Bifidobacterium longum 1 ASV and Oscillospira 6 ASV were
more prevalent in the youngest populations (Fig. 4A). Correlation analysis between
age and ASV abundance revealed that the abundances of ASVs in Lachnospiraceae C1
and C2, Oscillospira, Bacteroides C1, and Bacteroides C3 clusters decreased with age
while ASVs’ abundance in Streptococcus, P. copri, and Klebsiella clusters increased with
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age (Fig. 4B). The difference in the prevalence of ASVs between the male and female
individuals was smaller than that observed among the different ages; however, P. copri
ASVs and Sutterella ASVs were more frequently found in males, while Clostridium ASV 1
and Clostridium symbiosum ASV 1 were more frequently observed in females (hyper-
geometric distribution, FDR, 0.1) (Fig. 4A).

Association of gut microbiome with clinical and lifestyle features. We examined
the associations of ASV abundance with host health status and lifestyle factors. During the
analysis of the microbe-host factor association, the contribution of age was considered if
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the age was significantly associated with the host factor (Wald test). A number of ASVs
were significantly associated with host factors including stool frequency, waist circumfer-
ence, body mass index (BMI), and food intake patterns (FDR, 0.2) (Table S3).

The ASVs that showed significant associations with BMI and stool frequency were
analyzed. The abundances of P. copri 1 and P. copri 2 ASVs, in the P. copri cluster, were
positively associated with BMI, while Bacteroides uniformis 1 and Bacteroides 10 ASVs,
in the Bacteroides C3 cluster, and the four ASVs in the Ruminococcaceae cluster were
negatively associated with BMI (Fig. 5A). In the Lachnospiraceae C2 cluster, the abun-
dance of Blautia obeum 1 ASV was negatively associated with BMI, but that of Blautia 2
and Collinsella aerofaciens 1 ASVs were positively correlated with BMI (Fig. 5A). The
abundances of 11 ASVs of the Ruminococcaceae cluster and five ASVs of the
Bacteroides C3 cluster were negatively associated with stool frequency (Fig. 5B).

Association of gut microbiome with dietary pattern. The microbial composition is
affected by the diet of the host (22, 23); we evaluated which microbes were affected
by this factor. A relatively small number of ASVs was associated with a single dietary
group (Table S3). However, 17 and 3 ASVs were associated with the second and the
first principal components of dietary pattern, respectively (Table S3). The first principal
component (PC1) was largely dominated by grain intake, while the second principal
component (PC2) differentiated the Westernized diet—marked by the intake of noo-
dles, snacks, and meat—from the traditional diet—marked by vegetables, seaweed,
and soybean intake—and was negatively associated with age (Spearman’s correlation
coefficient = 20.51, P=3.54� 10261) (Fig. 6A and B). Three ASVs were positively associ-
ated with the diet PC1 at an FDR of ,0.2: Sutterella ASV 4 (Wald test, P=3.4� 1024),
Coprococcus ASV 6 (P=5.3� 1024), and Paraprevotella ASV1 (P=5.8� 1024). The diet
PC2 was positively associated with Lachnospiraceae ASV 14 (P=6.3� 1026) and Dorea
longicatena ASV1 (P=9.6� 1026) and negatively associated with Streptococcus ASV 3
(P=4.0� 1026) and Haemophilus parainfluenzae ASV 5 (P=8.7� 1024) (Fig. 6C).

DISCUSSION

We characterized the gut microbial compositions of healthy donors of the Korean
population living in the Seoul metropolitan area using 16S rRNA sequencing. The
Korean gut microbiome consisted of two enterotypes, Bacteroides and Prevotella. The
Korean diet includes a wide variety of vegetables; therefore, we investigated whether
the high abundance of P. copri ASVs in the Korean population was linked to the
Prevotella clades B, C, and D, which are predominantly found in the hunter-gatherer
societies that consume abundant fiber and complex carbohydrates (12). The P. copri
ASVs in the Korean gut microbiome predominantly belonged to clade A, indicating
that the Korean gut microbiome was similar to the gut microbiome of Westernized
populations. Although the Korean diet consists of various side dishes, including a vari-
ety of vegetables, the staple is boiled rice, and therefore, the consumption of fiber and
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complex carbohydrates might not be sufficient to foster the growth of Prevotella clades
B, C, and D.

The overall structure of the Korean microbiome was different from that of the
microbiomes from the other countries; specifically, the Korean gut microbiome has a
lower proportion of Bacteroides ET and a higher proportion of Prevotella ET than those
in the microbiomes from other countries, with the exception of that from Nigeria.
There were two distinct enterotypes in the Korean gut microbiome; therefore, we fur-
ther compared the microbial structures of each enterotype individually. The overall
structure of the Korean Bacteroides ET samples was still significantly different from that
of the samples from other countries. However, the average distance distribution
between the Korean samples and the samples from Spaniards was not significantly dif-
ferent from that among the Korean samples. Considering that the Korean, Chinese,
and Japanese populations are genetically closer to each other, compared to the
European population (24), there is a similarity in the microbial composition between
the Koreans and Spaniards, and a dissimilarity among the Korean, Chinese, and
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Japanese populations. This suggests that the microbial composition could be more
strongly influenced by the nongenetic host factors, such as dietary intake pattern,
health status, and lifestyle.

Groups of ASVs of the Korean gut microbiome were preferentially observed in the
same individuals, and they were positively correlated quantitatively. Some of the
groups were composed of ASVs annotated to the same taxonomic group. However,
each member of the group could be associated differently with the host factors.
Considering that the microbes annotated as the same species could harbor different
sets of genes (25), the differential association suggested that the microbes represented
by different ASVs could have different functions and various effects on host health.
Therefore, it is important to characterize the genomes of these ASVs and investigate
their functionalities.

Among the host factors, age was positively associated with the diversity of the gut
microbiome, and the prevalence of a number of ASVs increased with age. These results
suggest that the human gut may retain newly introduced microbes and gradually
expand its microbial repertoire. There are several examples showing the positive associa-
tions between microbiome diversity and age in various populations. In European adults
(age 20 to 69), age was the nongenetic host factor that had the strongest positive corre-
lation with microbiome diversity (26). In the Japanese population, the microbiome diver-
sity was steadily maintained between ages 20 and 30 and then it increased between
ages 40 and 90 (15). However, the observed age-associated diversity increment pla-
teaued after the age of 40 among the adults from the United States, the United
Kingdom, and Colombia (27). These results indicate that microbial diversity increases
with age but that the patterns of increase across the age groups vary, depending on the
study population. A meta-analysis of the gut microbiome from various populations
would help resolve the relationship between microbial diversity and age.

The biological sex of a host can affect the host-gut microbe interactions. However,
the ASV-host factor association analysis, performed separately on the female and male
populations, indicated a smaller number of associations in the male group than in the
female group (see Table S3 in the supplemental material). In the female samples, 28 and
14 ASVs were associated with BMI and stool frequency, respectively, but there was no
statistically meaningful association with the male samples. This could be attributed to
the sample size of the male group (n=200), which was not sufficient to reveal statisti-
cally significant associations between ASVs and host factors; we were able to find only
relatively weak associations even when using the total data. The evaluation of a higher
number of male samples is necessary to accurately analyze sex-related associations.

The abundances of ASVs were associated with host factors such as BMI, stool fre-
quency, and diet. BMI was positively associated with P. copri cluster ASVs but nega-
tively associated with Bacteroides and Ruminococcaceae cluster members. The posi-
tive correlation between P. copri and BMI is consistent with the report that the
family Prevotellaceae is enriched in obese individuals (28). Ruminococcaceae can pro-
tect the host from weight gain (29). The members of Ruminococcaceae are well-
known butyrate producers, along with Lachnospiraceae and Bacteroidetes (30); short-
chain fatty acids can reduce lipogenesis and ameliorate obesity (31). Therefore, it
should be evaluated whether the reported ASVs could lower the BMI. The abundances
of 11 Ruminococcaceae cluster ASVs were negatively associated with stool frequency.
This observation is consistent with the previously reported negative association of stool
frequency with unclassified Ruminococcaceae (32). Considering that stool frequency is
negatively associated with colonic transit time (33), increased colonic transition time or
low stool frequency would increase the abundance of Ruminococcaceae. This is consist-
ent with the previous reports that the abundance of Ruminococcaceae is positively cor-
related with colonic transit time (34) and that harder stool (indicative of longer transit
time) is associated with a higher abundance of Ruminococcaceae (35). A faster transit
supports fast-growing bacteria (36). The abundance of Ruminococcaceae significantly
increases with the decrease in the dilution rate in a continuous fecal microbiota culture
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(36), indicating that Ruminococcaceae is slow growing, and therefore, the increased co-
lonic transit time supports the growth of Ruminococcaceae. Further studies are required
to elucidate how colonic transit rate modulates the growth of specific bacteria.

Considering that nearly 900 individuals were examined in this study, only a small
number of microbe-host factor associations were found. This could be because this
study was designed to determine the characteristics of the gut microbiome of a
healthy population. The data set was obtained from the general healthy population;
therefore, the distribution of each host factor would represent that of healthy people,
lacking the biased values of a specific group of individuals, or patients. We believe that
our data set could be used as a control data set in future studies that assess disease-
associated gut microbes. We have labeled the ASVs up to species level. However, the
taxonomic classification of microbes using a single marker (V3-V4 region of 16S rRNA)
could be inaccurate. Therefore, further studies using metagenomics sequencing are
necessary to classify microbes at the species and strain levels (37).

In this study, we reported the characteristics of the gut microbiomes of a healthy
Korean population, especially focusing on ASVs and microbial clusters. Additionally, we
found their associations with age, host dietary pattern, BMI, and stool frequency. We
also demonstrated that the microbiome of the Korean population is different from that
in the populations from other countries, including a higher proportion (40%) of the
Prevotella enterotype in the Korean samples. These findings emphasize the importance
of microbiome data collection in each country for developing microbiome-based diag-
nosis or therapeutics for a specific population. We believe that the data set from this
study could be used as a control in future studies aiming to explore the role of gut
microbes in health and disease.

MATERIALS ANDMETHODS
Study population. Healthy subjects were recruited from the health care center of Chung-Ang

University Hospital (Seoul, South Korea). The exclusion criteria included individuals who were adminis-
tered antibiotics within 3 months before the start of the study, those who had a history of major gastro-
intestinal surgery or active uncontrolled gastrointestinal disorders or diseases, or those diagnosed with a
cancer or a chronic clinically significant cardiovascular, pulmonary, renal, or hepatic disease. Women
who were pregnant or lactating were also excluded. In total, 897 volunteers were recruited, but data
from seven participants were excluded from the analysis due to poor 16S rRNA sequencing results that
did not pass the quality threshold described under “ASV analysis” below.

Metadata and sample collection. All participants underwent blood tests and anthropometrical
measurements at the clinic. They also completed a questionnaire addressing their lifestyle and clinical
history and a food frequency questionnaire covering 106 food items (38). The daily intake of each food
item was calculated based on the intake frequency and portion size indicated in the questionnaire and
then divided into 17 food groups. Among the metadata, quantitative categorical attributes were
mapped to numeric values, and nominal categorical attributes were converted into Boolean variables
using one-hot encoding. The entire list of 82 metadata variables used in this study is shown in Table S4
in the supplemental material. The blood test data of two participants were partially missing, and they
were excluded from the associational analysis.

The participants collected fecal samples at home within 48 h of the study using the OMNIgene-GUT
tubes (DNA Genotek, Ottawa, Canada), according to the manufacturer’s instructions.

DNA extraction and 16S rRNA sequencing. DNA extraction and 16S rRNA sequencing were per-
formed as described previously (39). Briefly, DNA was extracted from the fecal samples using a QIAamp
DNA stool minikit (Qiagen, Hilden, Germany). Each fecal sample (250 ml) was transferred to a 2-ml tube
containing 0.3 g sterile 0.1-mm zirconia beads (BioSpec, Bartlesville, OK, USA) and 1.2ml ASL lysis buffer
(Qiagen). After vortexing for 3min, the samples were heated at 95°C for 15min and then bead beaten
twice at a frequency of 30Hz for 1min using a Qiagen TissueLyser II sample disruptor. After centrifuging,
1.2ml of the supernatant was treated with an InhibitEX tablet. The subsequent DNA extraction steps
were performed using a QIAcube system (Qiagen). The extracted DNA samples were stored at 220°C
until use. Library construction of the V3-V4 hypervariable regions of the bacterial 16S rRNA gene was
performed following the 16S metagenomic sequencing library preparation Illumina protocol (part no.
15044223 rev. B; Illumina, San Diego, CA, USA). Amplicon libraries for each sample were pooled at equi-
molar quantities, and they were sequenced using a MiSeq 2� 300 instrument (Illumina).

Bioinformatics analysis. (i) ASV analysis. Sequencing data for the 16S rRNA gene were converted
into a frequency table of ASVs. Briefly, we filtered out short sequences that did not match either the for-
ward or reverse primer sequence, by aligning primer sequences onto the short reads and removing the
matched region. The short reads with five or more mismatches to the primer sequence were also
excluded. An ASV table was generated using the DADA2 pipeline (40) of the QIIME2 software (version
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2019.01) (41), with forward and reverse truncation lengths of 270 and 220, respectively. Samples with
.10,000 reads were included in the analysis. Default values were used for the other options.

(ii) Taxonomy analysis. Taxonomical classifications were annotated to the ASVs using the naive
Bayesian classifier (42) trained on V3-V4 fragments of the Greengenes 13_8 99% operational taxonomic
units (43). The prevalence of each taxonomic group, or ASV, was calculated as the number of samples
with nonzero reads for a taxonomic group, divided by the total number of samples. For each sample,
the relative abundance of each taxonomic group was calculated as the number of reads for the taxo-
nomic group divided by the total number of reads of that sample.

(iii) Diversity analysis and enterotype detection. Alpha-diversity and principal-coordinate analysis
were performed using the “diversity” (core-metrics-phylogenetic) module of the QIIME2 platform (41).
Among the beta-diversity measures, the results based on weighted UniFrac distances were used in this
study. The Adonis function in the Vegan package (version. 2.5-6) was used for the permutational multi-
variate analysis of variance (PERMANOVA) (44). The enterotypes were generated by clustering samples
with the Gaussian mixture model in the “Scikit-learn” Python package (version 0.22.1) (45), using the
weighted UniFrac distance matrix.

Inference of clade of Prevotella copri ASVs. The reconstructed genome sequences of Prevotella
copri by Tett et al. (12) were collected and converted into a BLAST database using the BLAST1 package
(46). The sequence of each ASV was queried to the database using BLAST (version 2.9.01) (46), and the
reconstructed genomes containing the ASV sequence (perfect matches) were retrieved. The clades of
these genomes were assigned as the clade of the ASV.

Data sets from other countries. To compare the Korean gut microbiome data with the data of healthy
populations from other countries, we used 16S rRNA sequence data targeting the V3-V4 regions from the
National Center for Biotechnology Information: BioProject PRJDB4360 (Japan) (15), PRJNA480547 (China,
Beijing/Hangzhou) (13), PRJNA382861 (China, Shanghai) (14), PRJEB16755 (Chile) (17), and PRJNA350839
(Spain) (16). Data from Nigerian subjects were retrieved from MG-RAST (mgp83994) (18). We used only data
from healthy adult samples, samples from healthy control groups (case-control studies), or “before” samples
(intervention studies).

For the quality control, we checked the presence of two short sequences (59-TATTGGACAATGGGCGC-39
and 59-CCTGTTCGCTCCCC-39), instead of the primer sequences. These sequences are well conserved and
located at the tips of the V3-V4 region, which enabled us to incorporate data sets for which the primer
sequences were already trimmed off. Forward and reverse truncation lengths of 250 and 200, respectively,
were applied during the sequence filtering step of the DADA2 pipeline.

Population comparison analysis. The data sets of the populations from South Korea and other
countries were merged into a single data set, and ASV analysis, taxonomy annotation, and diversity anal-
ysis were performed together. The weighted UniFrac distance matrix generated from this single data set
was used to compare the Korean gut microbiome with that of the populations from the other countries.
The samples from other countries were designated Bacteroides ET or Prevotella ET based on the entero-
types of the Korean samples with the shortest UniFrac distance to them. The statistical difference of the
Bacteroides ET ratios was evaluated using chi-squared tests, with the chi2_contingency function of the
“SciPy” Python package (version 1.4.1) (47).

Microbial cluster analysis. The association between the pairs of ASVs was evaluated with respect to
two aspects: whether they were statistically more or less frequently found together and whether they
were quantitatively associated. For the evaluation of cooccurrence, Fisher’s exact test was performed
using the contingency table with the numbers of samples in which the two ASVs were observed to-
gether, only one ASV was observed, and none was observed. Quantitative association was evaluated by
calculating the P values for the Spearman correlation coefficients between the logarithm-transformed
nonzero abundances of the two microbes. In the quantitative association analysis, only the samples with
nonzero reads for both ASVs were used in order to highlight quantitative association. In cooccurrence
and quantitative association analyses, only the ASVs that were observed in 10% or more of samples
were used. The statistical significance of cooccurrence and quantitative association was defined at the
false-discovery rate (FDR) of 1026 and 1023, respectively. A stringent statistical cutoff was applied for
cooccurrence evaluation in order to keep a balance between the number of cooccurring and quantita-
tively correlated associations. The number of associations for the two statistical cutoffs is listed in
Table S5. The “SciPy” Python package (version 1.4.1) was used for the statistical analysis (47).

We constructed a network using the cooccurring and quantitatively correlated ASV pairs as edges
and the ASVs as nodes. We sought for the cliques with size 3, or three mutually connected nodes, and
the connected cliques were merged into groups. We manually disjointed the groups to have the same
phylum and joined the ASVs that are connected to an ASV with the same taxonomic label. The groups
were then designated microbial clusters, and the clusters were labeled according to the taxonomic
name of the most abundant ASVs.

Prevalence difference among the demographic groups. The statistical significance of a microbe
being more or less prevalent in a specific demographic group was evaluated using the hypergeometric
distribution. It was assumed that n samples in the demographic group were drawn from the entire data
set with N samples, where K samples possess the microbe. The P value of finding k samples having the
microbe was calculated. The statistical significance of the identified microbe-demographic group associ-
ation was adjusted using the Benjamini-Hochberg method to control the FDR under 0.1. The “SciPy”
Python package was used for the statistical analysis (47).

Host factor association analysis. (i) Feature transformation. Before the association analysis, out-
liers in the host factor metadata were identified and their values were replaced with the outlier cutoff
values. For each numeric feature, the interquartile range (IQR) was calculated, and samples of which
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value is smaller than the first quartile minus 1.5 times IQR (lower cutoff) or larger than the third quartile
plus 1.5 times IQR (upper cutoff) were regarded as outliers. The value of outliers was replaced with the
lower and upper cutoff values accordingly. This transformation was employed to limit the influence of
outlier data points on the final association outcome as the f-statistic based on the residual sum of
squares was used to search for the associations.

(ii) Association analysis. The association between a host factor and an ASV abundance was eval-
uated by constructing a linear model predicting the value of the host factor with the abundance of the
ASV and testing the statistical significance of the model with f-statistic (Wald test). The abundance of
the ASV was log-transformed before analysis. When the abundance of the ASV was more strongly associ-
ated with age than a host factor, age and the host factor were both used as independent variables of
the linear model. The statistical significance was then adjusted using the Benjamini-Hochberg method
to control the FDR under 0.2. The “SciPy” Python package (version 1.4.1) was used in the statistical analy-
sis (47), and the “Scikit-learn” Python package (version 0.22.1) was used to build linear models (45).

(iii) Graphical representation of the feature association. The ASV interaction network was con-
verted into Cytoscape XML format files, with nodes representing microbes at the ASV level and with
edges representing the quantitative associations, using in-house Python script (Python version 3.6.9).
The statistical association of ASV abundance with each host factor was visualized as the color of the
nodes. The microbial clusters and their association with host factors were illustrated with Cytoscape (ver-
sion 3.8.0) (48).

Ethics approval and consent to participate. This study was approved by the Institutional Review
Board (IRB) of Chung-Ang University Hospital (IRB number 1750-002-281). All participants gave written
informed consent.

Data availability. The data set supporting the conclusions of this article is available in the European
Nucleotide Archive repository, under accession no. PRJEB33905.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, JPG file, 2.3 MB.
FIG S2, JPG file, 2.3 MB.
FIG S3, JPG file, 2.6 MB.
TABLE S1, XLSX file, 0.01 MB.
TABLE S2, XLSX file, 0.01 MB.
TABLE S3, XLSX file, 0.01 MB.
TABLE S4, XLSX file, 0.01 MB.
TABLE S5, XLSX file, 0.01 MB.

ACKNOWLEDGMENTS
This research was supported by the Main Research Program (E0170600-05) of the

Korea Food Research Institute (KFRI) funded by the Ministry of Science and ICT. The
funders had no role in study design, data collection and interpretation, or the decision
to submit the work for publication.

REFERENCES
1. Lynch SV, Pedersen O. 2016. The human intestinal microbiome in health

and disease. N Engl J Med 375:2369–2379. https://doi.org/10.1056/
NEJMra1600266.

2. Human Microbiome Project Consortium. 2012. Structure, function and di-
versity of the healthy human microbiome. Nature 486:207–214. https://
doi.org/10.1038/nature11234.

3. McDonald D, Hyde E, Debelius JW, Morton JT, Gonzalez A, Ackermann G,
Aksenov AA, Behsaz B, Brennan C, Chen Y, DeRight Goldasich L, Dorrestein
PC, Dunn RR, Fahimipour AK, Gaffney J, Gilbert JA, Gogul G, Green JL,
Hugenholtz P, Humphrey G, Huttenhower C, Jackson MA, Janssen S, Jeste DV,
Jiang L, Kelley ST, Knights D, Kosciolek T, Ladau J, Leach J, Marotz C, Meleshko
D, Melnik AV, Metcalf JL, Mohimani H, Montassier E, Navas-Molina J, Nguyen
TT, Peddada S, Pevzner P, Pollard KS, Rahnavard G, Robbins-Pianka A,
Sangwan N, Shorenstein J, Smarr L, Song SJ, Spector T, Swafford AD, Thackray
VG, Thompson LR, Tripathi A, Vázquez-Baeza Y, Vrbanac A, Wischmeyer P,
Wolfe E, Zhu Q, The American Gut Consortium, Knight R. 2018. American Gut:
an open platform for citizen science microbiome research. mSystems 3:
e00031-18. https://doi.org/10.1128/mSystems.00031-18.

4. He Y, Wu W, Zheng HM, Li P, McDonald D, Sheng HF, Chen MX, Chen ZH,
Ji GY, Zheng ZDX, Mujagond P, Chen XJ, Rong ZH, Chen P, Lyu LY, Wang
X, Wu C, Yu N, Xu YJ, Yin J, Raes J, Knight R, Ma WJ, Zhou HW. 2018. Re-
gional variation limits applications of healthy gut microbiome reference

ranges and disease models. Nat Med 24:1532–1535. https://doi.org/10
.1038/s41591-018-0164-x.

5. Falony G, Joossens M, Vieira-Silva S, Wang J, Darzi Y, Faust K, Kurilshikov A,
Bonder MJ, Valles-Colomer M, Vandeputte D, Tito RY, Chaffron S, Rymenans
L, Verspecht C, De Sutter L, Lima-Mendez G, D’hoe K, Jonckheere K, Homola
D, Garcia R, Tigchelaar EF, Eeckhaudt L, Fu J, Henckaerts L, Zhernakova A,
Wijmenga C, Raes J. 2016. Population-level analysis of gut microbiome vari-
ation. Science 352:560–564. https://doi.org/10.1126/science.aad3503.

6. Zhernakova A, Kurilshikov A, Bonder MJ, Tigchelaar EF, Schirmer M,
Vatanen T, Mujagic Z, Vila AV, Falony G, Vieira-Silva S, Wang J, Imhann F,
Brandsma E, Jankipersadsing SA, Joossens M, Cenit MC, Deelen P, Swertz
MA, LifeLines cohort study, Weersma RK, Feskens EJM, Netea MG, Gevers
D, Jonkers D, Franke L, Aulchenko YS, Huttenhower C, Raes J, Hofker MH,
Xavier RJ, Wijmenga C, Fu J. 2016. Population-based metagenomics anal-
ysis reveals markers for gut microbiome composition and diversity. Sci-
ence 352:565–569. https://doi.org/10.1126/science.aad3369.

7. Yatsunenko T, Rey FE, Manary MJ, Trehan I, Dominguez-Bello MG,
Contreras M, Magris M, Hidalgo G, Baldassano RN, Anokhin AP, Heath AC,
Warner B, Reeder J, Kuczynski J, Caporaso JG, Lozupone CA, Lauber C,
Clemente JC, Knights D, Knight R, Gordon JI. 2012. Human gut micro-
biome viewed across age and geography. Nature 486:222–227. https://
doi.org/10.1038/nature11053.

Gut Microbiome Association in a Korean Population

July/August 2021 Volume 6 Issue 4 e00179-21 msystems.asm.org 13

https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJEB33905
https://doi.org/10.1056/NEJMra1600266
https://doi.org/10.1056/NEJMra1600266
https://doi.org/10.1038/nature11234
https://doi.org/10.1038/nature11234
https://doi.org/10.1128/mSystems.00031-18
https://doi.org/10.1038/s41591-018-0164-x
https://doi.org/10.1038/s41591-018-0164-x
https://doi.org/10.1126/science.aad3503
https://doi.org/10.1126/science.aad3369
https://doi.org/10.1038/nature11053
https://doi.org/10.1038/nature11053
https://msystems.asm.org


8. Gupta VK, Paul S, Dutta C. 2017. Geography, ethnicity or subsistence-spe-
cific variations in human microbiome composition and diversity. Front
Microbiol 8:1162. https://doi.org/10.3389/fmicb.2017.01162.

9. Do Nam Y, Jung MJ, Roh SW, Kim MS, Bae JW. 2011. Comparative analysis
of Korean human gut microbiota by barcoded pyrosequencing. PLoS One
6:e22109. https://doi.org/10.1371/journal.pone.0022109.

10. Lee S, Sung J, Lee JE, Ko GP. 2011. Comparison of the gut microbiotas of
healthy adult twins living in South Korea and the United States. Appl En-
viron Microbiol 77:7433–7437. https://doi.org/10.1128/AEM.05490-11.

11. Kim SH, Kim MS, Lee MS, Park YS, Lee HJ, Kang S, Lee HS, Lee KE, Yang
HJ, Kim MJ, Lee YE, Kwon DY. 2016. Korean diet: characteristics and his-
torical background. J Ethn Foods 3:26–31. https://doi.org/10.1016/j.jef
.2016.03.002.

12. Tett A, Huang KD, Asnicar F, Fehlner-Peach H, Pasolli E, Karcher N,
Armanini F, Manghi P, Bonham K, Zolfo M, De Filippis F, Magnabosco C,
Bonneau R, Lusingu J, Amuasi J, Reinhard K, Rattei T, Boulund F,
Engstrand L, Zink A, Collado MC, Littman DR, Eibach D, Ercolini D, Rota-
Stabelli O, Huttenhower C, Maixner F, Segata N. 2019. The Prevotella
copri complex comprises four distinct clades underrepresented in Wes-
ternized populations. Cell Host Microbe 26:666–679.e7. https://doi.org/
10.1016/j.chom.2019.08.018.

13. Wan Y, Wang F, Yuan J, Li J, Jiang D, Zhang J, Li H, Wang R, Tang J, Huang
T, Zheng J, Sinclair AJ, Mann J, Li D. 2019. Effects of dietary fat on gut
microbiota and faecal metabolites, and their relationship with cardiome-
tabolic risk factors: a 6-month randomised controlled-feeding trial. Gut
68:1417–1429. https://doi.org/10.1136/gutjnl-2018-317609.

14. Wang J, Wang Y, Zhang X, Liu J, Zhang Q, Zhao Y, Peng J, Feng Q, Dai J,
Sun S, Zhao Y, Zhao L, Zhang Y, Hu Y, Zhang M. 2017. Gut microbial dys-
biosis is associated with altered hepatic functions and serum metabolites
in chronic hepatitis B patients. Front Microbiol 8:2222. https://doi.org/10
.3389/fmicb.2017.02222.

15. Odamaki T, Kato K, Sugahara H, Hashikura N, Takahashi S, Xiao J-Z, Abe F,
Osawa R. 2016. Age-related changes in gut microbiota composition from
newborn to centenarian: a cross-sectional study. BMC Microbiol 16:90.
https://doi.org/10.1186/s12866-016-0708-5.

16. Bressa C, Bailén-Andrino M, Pérez-Santiago J, González-Soltero R, Pérez M,
Montalvo-Lominchar MG, Maté-Muñoz JL, Domínguez R, Moreno D, Larrosa
M. 2017. Differences in gut microbiota profile between women with active
lifestyle and sedentary women. PLoS One 12:e0171352. https://doi.org/10
.1371/journal.pone.0171352.

17. Fujio-Vejar S, Vasquez Y, Morales P, Magne F, Vera-Wolf P, Ugalde JA,
Navarrete P, Gotteland M. 2017. The gut microbiota of healthy Chilean
subjects reveals a high abundance of the phylum Verrucomicrobia. Front
Microbiol 8:1221. https://doi.org/10.3389/fmicb.2017.01221.

18. Ayeni FA, Biagi E, Rampelli S, Fiori J, Soverini M, Audu HJ, Cristino S,
Caporali L, Schnorr SL, Carelli V, Brigidi P, Candela M, Turroni S. 2018.
Infant and adult gut microbiome and metabolome in rural Bassa and
urban settlers from Nigeria. Cell Rep 23:3056–3067. https://doi.org/10
.1016/j.celrep.2018.05.018.

19. Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, Mende DR,
Fernandes GR, Tap J, Bruls T, Batto J-M, Bertalan M, Borruel N, Casellas F,
Fernandez L, Gautier L, Hansen T, Hattori M, Hayashi T, Kleerebezem M,
Kurokawa K, Leclerc M, Levenez F, Manichanh C, Nielsen HB, Nielsen T,
Pons N, Poulain J, Qin J, Sicheritz-Ponten T, Tims S, Torrents D, Ugarte E,
Zoetendal EG, Wang J, Guarner F, Pedersen O, de Vos WM, Brunak S, Doré
J, MetaHIT Consortium, Antolín M, Artiguenave F, Blottiere HM, Almeida
M, Brechot C, Cara C, Chervaux C, Cultrone A, Delorme C, Denariaz G,
Dervyn R, et al. 2011. Enterotypes of the human gut microbiome. Nature
473:174–180. https://doi.org/10.1038/nature09944.

20. Cardona C, Lax S, Larsen P, Stephens B, Hampton-Marcell J, Edwardson
CF, Henry C, Van Bonn B, Gilbert JA. 2018. Environmental sources of bac-
teria differentially influence host-associated microbial dynamics. mSys-
tems 3:e00052-18. https://doi.org/10.1128/mSystems.00052-18.

21. Barberán A, Bates ST, Casamayor EO, Fierer N. 2012. Using network analy-
sis to explore co-occurrence patterns in soil microbial communities. ISME
J 6:343–351. https://doi.org/10.1038/ismej.2011.119.

22. Wu GD, Chen J, Hoffmann C, Bittinger K, Chen Y, Keilbaugh SA, Bewtra M,
Knights D, Walters WA, Knight R, Sinha R, Gilroy E, Gupta K, Baldassano R,
Nessel L, Li H, Bushman FD, Lewis JD. 2011. Linking long-term dietary pat-
terns with gut microbial enterotypes. Science 334:105–108. https://doi
.org/10.1126/science.1208344.

23. Cotillard A, Kennedy SP, Kong LC, Prifti E, Pons N, Le Chatelier E, Almeida
M, Quinquis B, Levenez F, Galleron N, Gougis S, Rizkalla S, Batto JM,
Renault P, ANR MicroObes consortium, Doré J, Zucker JD, Clément K,

Ehrlich SD. 2013. Dietary intervention impact on gut microbial gene rich-
ness. Nature 500:585–588. https://doi.org/10.1038/nature12480.

24. Lee S, Seo J, Park J, Nam JY, Choi A, Ignatius JS, Bjornson RD, Chae JH,
Jang IJ, Lee S, Park WY, Baek D, Choi M. 2017. Korean Variant Archive
(KOVA): a reference database of genetic variations in the Korean popula-
tion. Sci Rep 7:4287. https://doi.org/10.1038/s41598-017-04642-4.

25. Konstantinidis KT, Tiedje JM. 2005. Genomic insights that advance the spe-
cies definition for prokaryotes. Proc Natl Acad Sci U S A 102:2567–2572.
https://doi.org/10.1073/pnas.0409727102.

26. Scepanovic P, Hodel F, Mondot S, Partula V, Byrd A, Hammer C, Alanio C,
Bergstedt J, Patin E, Touvier M, Lantz O, Albert ML, Duffy D, Quintana-
Murci L, Fellay J, Milieu Intérieur Consortium. 2019. A comprehensive
assessment of demographic, environmental, and host genetic associa-
tions with gut microbiome diversity in healthy individuals. Microbiome
7:130. https://doi.org/10.1186/s40168-019-0747-x.

27. de la Cuesta-Zuluaga J, Kelley ST, Chen Y, Escobar JS, Mueller NT, Ley RE,
McDonald D, Huang S, Swafford AD, Knight R, Thackray VG. 2019. Age-
and sex-dependent patterns of gut microbial diversity in human adults.
mSystems 4:e00261-19. https://doi.org/10.1128/mSystems.00261-19.

28. Zhang H, DiBaise JK, Zuccolo A, Kudrna D, Braidotti M, Yu Y, Parameswaran
P, Crowell MD, Wing R, Rittmann BE, Krajmalnik-Brown R. 2009. Human gut
microbiota in obesity and after gastric bypass. Proc Natl Acad Sci U S A
106:2365–2370. https://doi.org/10.1073/pnas.0812600106.

29. Menni C, Jackson MA, Pallister T, Steves CJ, Spector TD, Valdes AM.
2017. Gut microbiome diversity and high-fibre intake are related to
lower long-term weight gain. Int J Obes 41:1099–1105. https://doi.org/
10.1038/ijo.2017.66.

30. Vital M, Karch A, Pieper DH. 2017. Colonic butyrate-producing commun-
ities in humans: an overview using omics data. mSystems 2:e00130-17.
https://doi.org/10.1128/mSystems.00130-17.

31. Heimann E, Nyman M, Degerman E. 2015. Propionic acid and butyric acid
inhibit lipolysis and de novo lipogenesis and increase insulin-stimulated
glucose uptake in primary rat adipocytes. Adipocyte 4:81–88. https://doi
.org/10.4161/21623945.2014.960694.

32. Hadizadeh F, Walter S, Belheouane M, Bonfiglio F, Heinsen F-A, Andreasson
A, Agreus L, Engstrand L, Baines JF, Rafter J, Franke A, D’AmatoM. 2017. Stool
frequency is associated with gut microbiota composition. Gut 66:559–560.
https://doi.org/10.1136/gutjnl-2016-311935.

33. Törnblom H, Van Oudenhove L, Sadik R, Abrahamsson H, Tack J, Simrén
M. 2012. Colonic transit time and IBS symptoms: what’s the link? Am J
Gastroenterol 107:754–760. https://doi.org/10.1038/ajg.2012.5.

34. Roager HM, Hansen LBS, Bahl MI, Frandsen HL, Carvalho V, Gøbel RJ,
Dalgaard MD, Plichta DR, Sparholt MH, Vestergaard H, Hansen T, Sicheritz-
Pontén T, Nielsen HB, Pedersen O, Lauritzen L, Kristensen M, Gupta R, Licht
TR. 2016. Colonic transit time is related to bacterial metabolism and muco-
sal turnover in the gut. Nat Microbiol 1:16093. https://doi.org/10.1038/
nmicrobiol.2016.93.

35. Vandeputte D, Falony G, Vieira-Silva S, Tito RY, Joossens M, Raes J. 2016.
Stool consistency is strongly associated with gut microbiota richness and
composition, enterotypes and bacterial growth rates. Gut 65:57–62.
https://doi.org/10.1136/gutjnl-2015-309618.

36. Adamberg K, Adamberg S. 2018. Selection of fast and slow growing bac-
teria from fecal microbiota using continuous culture with changing dilu-
tion rate. Microb Ecol Health Dis 29:1549922. https://doi.org/10.1080/
16512235.2018.1549922.

37. Wang J, Jia H. 2016. Metagenome-wide association studies: fine-mining
the microbiome. Nat Rev Microbiol 14:508–522. https://doi.org/10.1038/
nrmicro.2016.83.

38. Ahn Y, Kwon E, Shim JE, Park MK, Joo Y, Kimm K, Park C, Kim DH. 2007.
Validation and reproducibility of food frequency questionnaire for Korean
genome epidemiologic study. Eur J Clin Nutr 61:1435–1441. https://doi
.org/10.1038/sj.ejcn.1602657.

39. Lim MY, Song E-J, Kim SH, Lee J, Nam Y-D. 2018. Comparison of DNA
extraction methods for human gut microbial community profiling. Syst
Appl Microbiol 41:151–157. https://doi.org/10.1016/j.syapm.2017.11.008.

40. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP.
2016. DADA2: high-resolution sample inference from Illumina amplicon
data. Nat Methods 13:581–583. https://doi.org/10.1038/nmeth.3869.

41. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA,
Alexander H, Alm EJ, Arumugam M, Asnicar F, Bai Y, Bisanz JE, Bittinger K,
Brejnrod A, Brislawn CJ, Brown CT, Callahan BJ, Caraballo-Rodríguez AM,
Chase J, Cope EK, Da Silva R, Diener C, Dorrestein PC, Douglas GM, Durall
DM, Duvallet C, Edwardson CF, Ernst M, Estaki M, Fouquier J, Gauglitz JM,
Gibbons SM, Gibson DL, Gonzalez A, Gorlick K, Guo J, Hillmann B, Holmes

Lim et al.

July/August 2021 Volume 6 Issue 4 e00179-21 msystems.asm.org 14

https://doi.org/10.3389/fmicb.2017.01162
https://doi.org/10.1371/journal.pone.0022109
https://doi.org/10.1128/AEM.05490-11
https://doi.org/10.1016/j.jef.2016.03.002
https://doi.org/10.1016/j.jef.2016.03.002
https://doi.org/10.1016/j.chom.2019.08.018
https://doi.org/10.1016/j.chom.2019.08.018
https://doi.org/10.1136/gutjnl-2018-317609
https://doi.org/10.3389/fmicb.2017.02222
https://doi.org/10.3389/fmicb.2017.02222
https://doi.org/10.1186/s12866-016-0708-5
https://doi.org/10.1371/journal.pone.0171352
https://doi.org/10.1371/journal.pone.0171352
https://doi.org/10.3389/fmicb.2017.01221
https://doi.org/10.1016/j.celrep.2018.05.018
https://doi.org/10.1016/j.celrep.2018.05.018
https://doi.org/10.1038/nature09944
https://doi.org/10.1128/mSystems.00052-18
https://doi.org/10.1038/ismej.2011.119
https://doi.org/10.1126/science.1208344
https://doi.org/10.1126/science.1208344
https://doi.org/10.1038/nature12480
https://doi.org/10.1038/s41598-017-04642-4
https://doi.org/10.1073/pnas.0409727102
https://doi.org/10.1186/s40168-019-0747-x
https://doi.org/10.1128/mSystems.00261-19
https://doi.org/10.1073/pnas.0812600106
https://doi.org/10.1038/ijo.2017.66
https://doi.org/10.1038/ijo.2017.66
https://doi.org/10.1128/mSystems.00130-17
https://doi.org/10.4161/21623945.2014.960694
https://doi.org/10.4161/21623945.2014.960694
https://doi.org/10.1136/gutjnl-2016-311935
https://doi.org/10.1038/ajg.2012.5
https://doi.org/10.1038/nmicrobiol.2016.93
https://doi.org/10.1038/nmicrobiol.2016.93
https://doi.org/10.1136/gutjnl-2015-309618
https://doi.org/10.1080/16512235.2018.1549922
https://doi.org/10.1080/16512235.2018.1549922
https://doi.org/10.1038/nrmicro.2016.83
https://doi.org/10.1038/nrmicro.2016.83
https://doi.org/10.1038/sj.ejcn.1602657
https://doi.org/10.1038/sj.ejcn.1602657
https://doi.org/10.1016/j.syapm.2017.11.008
https://doi.org/10.1038/nmeth.3869
https://msystems.asm.org


S, Holste H, Huttenhower C, Huttley GA, Janssen S, Jarmusch AK, Jiang L,
Kaehler BD, Kang K, Bin Keefe CR, Keim P, Kelley ST, Knights D, Koester I,
Kosciolek T, et al. 2019. Reproducible, interactive, scalable and extensible
microbiome data science using QIIME 2. Nat Biotechnol 37:852–857.
https://doi.org/10.1038/s41587-019-0209-9.

42. Bokulich NA, Kaehler BD, Rideout JR, Dillon M, Bolyen E, Knight R,
Huttley GA, Gregory Caporaso J. 2018. Optimizing taxonomic classifica-
tion of marker-gene amplicon sequences with QIIME 2’s q2-feature-
classifier plugin. Microbiome 6:90. https://doi.org/10.1186/s40168-018
-0470-z.

43. DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, Huber T,
Dalevi D, Hu P, Andersen GL. 2006. Greengenes, a chimera-checked 16S
rRNA gene database and workbench compatible with ARB. Appl Environ
Microbiol 72:5069–5072. https://doi.org/10.1128/AEM.03006-05.

44. Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D,
Minchin PR, O’Hara RB, Simpson GL, Solymos P, Stevens MHH, Szoecs E,
Wagner H. 2019 vegan: community ecology package.

45. Pedregosa F, Varoquax G, Gramfort A, Michel V, Thirion B, Grisel O,
Blondel M, Prettenhofer P, Weiss R, Dubourg V, Brucher M. 2011. Scikit-
learn: machine learning in Python. J Mach Learn Res 12:2825–2830.

46. Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K,
Madden TL. 2009. BLAST1: architecture and applications. BMC Bioinfor-
matics 10:421. https://doi.org/10.1186/1471-2105-10-421.

47. Virtanen P, Gommers R, Oliphant TE, Haberland M, Reddy T, Cournapeau
D, Burovski E, Peterson P, Weckesser W, Bright J, van der Walt SJ, Brett M,
Wilson J, Millman KJ, Mayorov N, Nelson ARJ, Jones E, Kern R, Larson E,
Carey CJ, Polat _I, Feng Y, Moore EW, VanderPlas J, Laxalde D, Perktold J,
Cimrman R, Henriksen I, Quintero EA, Harris CR, Archibald AM, Ribeiro AH,
Pedregosa F, van Mulbregt P, SciPy 1.0 Contributors. 2020. SciPy 1.0: fun-
damental algorithms for scientific computing in Python. Nat Methods
17:261–272. https://doi.org/10.1038/s41592-019-0686-2.

48. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, Amin N,
Schwikowski B, Ideker T. 2003. Cytoscape: a software environment for
integrated models of biomolecular interaction networks. Genome Res
13:2498–2504. https://doi.org/10.1101/gr.1239303.

Gut Microbiome Association in a Korean Population

July/August 2021 Volume 6 Issue 4 e00179-21 msystems.asm.org 15

https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1128/AEM.03006-05
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1101/gr.1239303
https://msystems.asm.org

	RESULTS
	Taxonomic structure of the Korean gut microbiome.
	Korean microbiome in the context of that of other countries.
	Microbial clusters of Korean gut microbiome.
	Demographic differences in the Korean gut microbiome.
	Association of gut microbiome with clinical and lifestyle features.
	Association of gut microbiome with dietary pattern.

	DISCUSSION
	MATERIALS AND METHODS
	Study population.
	Metadata and sample collection.
	DNA extraction and 16S rRNA sequencing.
	Bioinformatics analysis.
	Inference of clade of Prevotella copri ASVs.
	Data sets from other countries.
	Population comparison analysis.
	Microbial cluster analysis.
	Prevalence difference among the demographic groups.
	Host factor association analysis.
	Ethics approval and consent to participate.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

