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Introduction 

Centenarians are individuals of exceptionally advanced

age [1, 2]. These individuals have been reported to present

lower incidence of chronic illness, reduced morbidity and

an extended healthy lifespan [3-6]. Because of the

suppressed mortality and morbidity, centenarians have

been regarded as a model for healthy aging and some

studies have been performed to find the genetic and/or

environmental factors that might play a role in healthy and

disease free aging [7]. However, information on longevity

factors is limited and further studies are necessary to find

such longevity attributes. 

Recently, several studies revealed that the human gut

microbiome shows differences based on the age, place of

residence, and diet of different individuals [8, 9]. Association
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Several studies have attempted to identify factors associated with longevity and maintenance

of health in centenarians. In this study, we analyzed and compared the gut microbiota of

centenarians in longevity villages with the elderly and adults in the same region and

urbanized towns. Fecal samples were collected from centenarians, elderly, and young adults

in longevity villages, and the gut microbiota sequences of elderly and young adults in

urbanized towns of Korea were obtained from public databases. The relative abundance of

Firmicutes was found to be considerably higher in subjects from longevity villages than those

from urbanized towns, whereas Bacteroidetes was lower. Age-related rearrangement of gut

microbiota was observed in centenarians, such as reduced proportions of Faecalibacterium and

Prevotella, and increased proportion of Escherichia, along with higher abundances of

Akkermansia, Clostridium, Collinsella, and uncultured Christensenellaceae. Gut microbiota of

centenarians in rehabilitation hospitals were also different to those residing at home. These

differences could be due to differences in diet patterns and living environments. In addition,

phosphatidylinositol signaling system, glycosphingolipid biosynthesis, and various types of

N-glycan biosynthesis were predicted to be higher in the gut microbiota of centenarians

(corrected p < 0.05). These three metabolic pathways of gut microbiota can be associated with

the immune status and healthy gut environment of centenarians. Although further studies are

necessary to validate the function of microbiota between groups, this study provides valuable

information on centenarians’ gut microbiota. 

Keywords: Centenarian, gut microbiota, longevity village, rehabilitation hospital

S

S



430 Kim et al.

J. Microbiol. Biotechnol.

of the human gut microbiome with metabolic disorder,

obesity, inflammatory bowel disease, and infections has

also been analyzed [10, 11]. The possible determination of

healthy aging by gut microbiome was proposed due to its

effects on human metabolism and immune system [12, 13].

Studies reported that with aging there was a reduction of

bacterial diversity and increased colonization of opportunistic

pathogens, such as Staphylococcaceae, Enterobacteriaceae, and

Enterococcaceae, along with a reduction of beneficial

microbes such as short-chain fatty acid (SCFA)-producing

bacteria [12, 14-18]. The gut microbiota of the elderly has

been associated with the host immune homeostasis via

inflammation and can contribute to the progression of

diseases and frailty in the elderly [19-21]. However, the gut

microbiota in centenarians has higher bacterial diversity,

which is likely linked to good immunological and metabolic

health [18]. Although similar results of gut microbiota with

aging were observed in previous studies, there were

differences regarding the precise changes of gut microbiota.

These discrepancies could be due to the differences in diet,

lifestyle, genetic factors, and analysis methods [22]. In

addition, gut microbiota analyzed in previous studies (8 in

China, 7 in Japan, and 39 in Italy) could be insufficient to

characterize the gut microbiota in centenarians. Therefore,

there is a need to analyze gut microbiota of centenarians

and collect the observations in a public database. This

information and the potential modulation of gut microbiota

can improve the health of the elderly. 

The neighboring counties of Gurye, Gokseong, Sunchang,

and Damyang, located in the southwestern part of Korea,

are reported to form a longevity belt with a high prevalence

of centenarians (KOSIS, 2017). Although a previous study

has reported the differences in the gut microbiota in these

regions compared with those in urbanized towns [16], the

gut microbiota of the local centenarians were not analyzed.

The gut microbiome might be one of the important factors

in the prevalence of centenarians in these regions.

Therefore, in this study, we analyzed the gut microbiota of

centenarians living in these four regions and compared the

results to those of healthy elderly individuals and adults in

the same regions and urbanized towns. This study will

provide comprehensive information of the gut microbiota of

centenarians in longevity villages and help to characterize

the role of gut microbiota in healthy aging.

Materials and Methods 

Study Subjects and Sample Collection

Thirty centenarians (aged 95 to 108 years; average 98.9 ± 3.4), 17

elderly (aged 67 to 79 years; average 73.6 ± 3.6), and 9 adults (aged

26 to 43 years; average 34.3 ± 6.5) in longevity villages were

enrolled in this study. Of these, 20 centenarians had lived in the

community and 10 had lived in rehabilitation hospitals. Subjects

who were affected by malignant neoplasia (stage 3 or more),

uncontrolled chronic diseases (such as uncontrolled hypertension

or uncontrolled diabetes), active systemic infectious diseases, and

alcoholics were excluded from the study. In addition, subjects

who had used systemic antibiotics within one month were also

excluded. A written consent form and completed questionnaire

regarding the age, gender, past medical history, use of antibiotics,

and characteristics of diet were obtained from each of the subjects.

The study protocol was approved by the Ethical Community of

Seoul National University Hospital (IRB No: H-1210-091-435).

Fecal samples were collected from enrolled subjects and

immediately stored in ice-boxes. Samples were transported in ice-

boxes to laboratory and stored at -80°C before DNA extraction.

DNA Extraction and Pyrosequencing

Total DNA was extracted from fecal samples of subjects using a

FastDNA SPIN Extraction Kit (MP Biomedicals, USA). Variable

regions of V1-V3 in 16S rRNA gene were amplified and used to

prepare a library for pyrosequencing using barcoded fusion

primers [23, 24]. In brief, amplification was conducted in a final

volume of 50 µl with 10 × Taq buffer, dNTP mixture (Takara,

Japan), 10 µM of each barcoded primer, and 2 U of Taq polymerase

(ExTaq; Takara) using a C1000 Touch thermal cycler (Bio-Rad,

USA). Amplified products were purified using the QIAquick PCR

Purification Kit (Qiagen, USA), and the quantification of products

was performed using a PicoGreen dsDNA Assay Kit (Invitrogen,

USA). Equimolar concentrations of each product were pooled and

purified again using an AMPure Bead Kit (Agencourt Bioscience,

USA). Sequencing was conducted on a Roche/454 GS FLX+

system according to the manufacturer’s protocols. 

Sequence Data Analysis

To compare the gut microbiota of subjects in longevity villages

with healthy adults and the elderly in urbanized towns, sequence

data of individuals from urbanized towns in previous studies [16,

25] were obtained from public database (SRP052893 in NCBI short

read archive and ERP002551 in EMBL SRA database). Downloaded

sequences with low read number (< 3,300 reads after quality

filtering), and ambiguous age information (aged 20 to 48 years for

adults; aged 60 to 75 years for the elderly) were excluded in

further analyses. All obtained sequences from public database and

present study were generated from the same pyrosequencing

system. Sequences obtained from present study (n = 56) and

public database (n = 26) were analyzed using the CLC genomic

workbench (ver. 8.5.1) with the Microbial Genomics Module

(Qiagen). Sequences were separated by unique barcodes, and low-

quality reads (average quality score < 25 or read length < 300 bp)

and primer sequences were removed using USEARCH program

[26]. Chimeric sequences were removed using the UPARSE tool

[27]. Sequences were clustered into operational taxonomic units
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(OTUs) at 97% similarity, and representative sequences in each

cluster were identified using RDP classifier [28] with the EzTaxon-e

database [29]. The read numbers in each sample were normalized

by random sampling, and the diversity indices were calculated

using the Mothur program [30]. Principal coordinate analysis

(PCoA) was performed to compare the microbiota among groups,

based on the Bray-Curtis distance using Calypso [31]. Heatmap

analyses and random forest test were performed using R software

(ver. 3.2.2). The LEfSe (linear discriminant analysis coupled with

effect size measurements) was used to find potential markers

among different groups [32]. The functional prediction of

microbiota was performed using the PICRUSt (ver. 1.0.0) [33]. All

raw sequence reads obtained in this study are available in the

EMBL SRA database under study number PRJEB7507 (http://

www.ebi.ac.uk/ena/data/view/PRJEB7507).

Statistical Analysis

The differences of bacterial taxa among groups were tested by

Kruskal-Wallis rank-sum test in R software. Mann-Whitney U-test

was performed to identify statistically significant pairwise

differences between the groups. Significantly different predicted

KEGG pathways were determined using the Kruskal-Wallis H-

test, and a post-hoc test was performed using the Tukey-Kramer

method [34]. The multiple test corrections were made using

Benjamini-Hochberg False Discovery Rate. Results with p value

< 0.05 were considered statistically significant. 

Results 

Characteristics of the Enrolled Subjects 

The characteristics of the enrolled subjects in this study

are summarized in Table S1. Centenarian subjects were

90% female and 10% male, whereas the percentages of

female among the elderly and adults were 41.2% and

33.3%, respectively. All of the elderly and adults were

community-dwelling, while ten subjects among the

centenarians resided in a rehabilitation hospital and the

others were community-dwelling (at home). The mean age

of centenarians residing at home and rehabilitation hospital

was 99.1 ± 3.5 and 98.7 ± 3.6, respectively. 

The dietary data of the subjects were collected through a

food frequency questionnaire including the status of

appetite, the numbers of meals and snacks per day, and the

consumption frequency of each food group per month

(Table 1). The number of meals and snacks was higher

among centenarians and the elderly group compared with

that of the adult group (p < 0.001 and p = 0.004). The

questionnaire about the status of appetite also showed no

differences between the groups as (72.0% (18/25) of

centenarians, 53.8% (7/13) of elderly, and 77.8% (7/9) of

adults had good appetite, p = 0.411). The frequencies of

intake of each food group (meat, eggs, fish, bean curd,

fermented soybean pastes, dairy products, and fruits) were

compared and it was found that adults (17.7 ± 13.3/month)

consumed eggs more frequently than the centenarians (8.1

± 8.3/month) and the elderly (6.7 ± 5.7/month) (p = 0.015).

Although statistically insignificant, the adults consumed

meat more frequently, while the centenarians and the

elderly consumed fish and bean curd more frequently. The

frequency of intake of protein-containing food (sum of

meat, eggs, fish, and bean curd) was not significantly

different between the centenarians, elderly, and adults (p =

Table 1. Dietary characteristics of each group.

Centenarians Elderly Adult p value

Subjects (n) 25 13 9

Number of meals (per day) 2.84 ± 0.37 3.00 ± 0.00 2.33 ± 0.50 <0.001

Number of snacks (per day) 1.06 ± 0.82 1.69 ± 0.85 0.50 ± 0.61 0.004

Frequency of intake (per month) Centenarians Elderly Adult p value

Subjects (n) 22 12 9

Meat 13.5 ± 22.7 10.8 ± 12.1 16.4 ± 13.0 0.787

Eggs 8.1 ± 8.3 6.7 ± 5.7 17.7 ± 13.3 0.015

Fish 8.8 ± 9.7 8.6 ± 10.6 5.0 ±2.5 0.536

Bean curd 12.7 ± 12.9 19.1 ± 25.0 9.0 ±5.8 0.354

Fermented soybean pastes 28.6 ± 27.1 35.8 ± 28.2 9.8 ± 5.4 0.061

Dairy products 6.2 ± 9.3 9.2 ± 12.8 4.3 ± 3.9 0.510

Fruits 12.7 ± 13.2 20.4 ± 20.2 21.7 ±14.5 0.237

Eat protein 43.1 ± 37.3 45.1 ±25.8 48.1 ±26.7 0.925
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0.925). In addition, the frequency of intake of fermented

soybean pastes by the centenarians (28.6 ± 27.1/month)

and the elderly (35.8 ± 28.2/month) was higher than that

by the adults (9.8 ± 5.4/month) (p = 0.061). 

Comparison of Gut Microbiota between Subjects in

Longevity Villages and Urbanized Towns

Sequences obtained from this study (30 centenarians, 17

elderly, and 9 adults) and public database (2 adults in

longevity village, 22 adults in urbanized town, and 4

elderly in urbanized town were used after quality filtering)

were compared using the same sequence analysis pipeline.

Although the observed OTUs and Shannon diversity

indices were higher in subjects of urbanized towns than in

longevity villages, these differences were not statistically

significant (p > 0.05) (Fig. 1). The gut microbiota of subjects

in longevity villages were separated from subjects in

urbanized towns in PCoA plot (Fig. 1C). The relative

abundances of Firmicutes were higher in subjects of

longevity villages than in urbanized towns (p < 0.05),

whereas the proportions of Bacteroidetes were higher in

urbanized towns (Fig. 1D). The significance of phyla

pairwise difference between groups is presented in Table S2.

The difference of gut microbiota between subjects in

longevity villages and urbanized towns was also observed

in heatmap analysis based on the proportion of selected

taxa (Fig. S1). The compared taxa were selected from

consistent results from LEfSe analysis and random forest

analysis between subjects in longevity villages and

urbanized towns. The relative abundances of taxa in

cluster I were higher in subjects of urbanized towns,

whereas those in cluster II were higher in subjects in

longevity villages. Frequently detected genera (greater

than 0.5% of average proportions in all subjects) were

compared among groups. Twelve genera were significantly

different between subjects in longevity villages and

Fig. 1. Comparison of the gut microbiota among groups. 

(A) Comparison of observed OTUs between centenarians, elderly, and adults in longevity villages and urbanized towns. (B) Comparison of

Shannon diversity indices among the groups. (C) The gut microbiota among groups was compared using the PCoA plot based on Bray-Curtis

distance. (D) Phylum composition was compared among groups. L_C, centenarians in longevity villages; L_E, elderly in longevity villages; L_A,

adults in longevity villages; U_E, elderly in urbanized town; U_A, adults in urbanized town.
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urbanized towns (Fig. S2). The relative abundances of

Intestinibacter, Romboutsia, Turicibacter, and Eubacterium_g5

were higher in subjects of longevity villages than in

subjects from urbanized towns (p < 0.05). The proportion of

Ruminococcus_g2 was higher in the elderly in longevity

villages than adults in longevity villages and urbanized

towns (p < 0.05). Lactobacillus was more abundant in subjects

of longevity villages than the elderly and adults in urbanized

towns (p < 0.05). The proportion of Dialister was lower in

centenarians than adults in urbanized towns (p < 0.05),

whereas Blautia were higher in subjects of longevity villages

than adults in urbanized towns (p < 0.01). In contrast, the

proportions of Lachnospira, uncultured Lachnospiraceae,

Roseburia, and Bacteroides were higher in subjects of

urbanized towns than longevity villages (p < 0.05).

Comparison of Gut Microbiota among Adults, Elderly,

and Centenarians in Longevity Villages

Diversity indices of gut microbiota obtained in this study

after normalized reads are presented in Table S2. A total of

355,462 sequences were analyzed from the 56 fecal samples

after filtering low quality reads (202,613 sequences from

centenarians, 102,022 sequences from the elderly, and

50,827 sequences from adults). The highest number of

OTUs (512) was detected in the centenarian sample of C28

and the lowest number (143) was detected in the adult

sample of A4. The median values of observed OTUs and

Shannon diversity indices in samples of centenarians and

the elderly were higher than that of adults (Figs. 1A and

1B). However, these differences were not statistically

significant (p > 0.05).

Two phyla, Firmicutes and Bacteroidetes predominated,

followed by Proteobacteria, Tenericutes, and Actinobacteria in

the gut microbiota of longevity villages (Fig. 1C). The

average phyla composition of centenarians was different

from those of the elderly and adults in the same region

(significances of difference in Table S2). More diverse

phyla were detected in the microbiota of centenarians

compared to the elderly and adults. The relative

abundance of Verrucomicrobia was significantly higher in

centenarians (2.52%) than the elderly (0.12%; p < 0.05). The

relative abundances of Proteobacteria (8.05%), Actinobacteria

(2.17%), and Verrucomicrobia (2.52%) were significantly

higher in centenarians than those of adults (0.06% with

p < 0.001, 0.61% with p < 0.05, and 0.00% with p < 0.01,

respectively). The compositions of phyla from the elderly

were also different from those of adults. The proportion of

Proteobacteria was higher in the elderly (6.47%) than in

adults (p < 0.05), whereas Bacteroidetes was lower in the

elderly (14.25%) than in adults (27.50%; p < 0.05).

Fig. 2. Comparison of most frequently detected genera among groups. 

Genera that comprised more than 0.5% of all subjects were selected and compared. The significance of the differences between groups was tested

using the Mann-Whitney test. L_C, centenarians in longevity villages; L_E, elderly in longevity villages; L_A, adults in longevity villages; U_E,

elderly in urbanized town; U_A, adults in urbanized town. (*** p < 0.001; ** p < 0.01; * p < 0.05). 
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The difference in the bacterial composition among

centenarians, the elderly, and adults were detailed at genus

level (Fig. 2). Frequently detected genera were compared

among groups. The relative abundances of Akkermansia,

Clostridium, Collinsella, Escherichia, Streptococcus, and

uncultured Christensenellaceae were higher in centenarians

than the elderly and adults in longevity villages (p < 0.05).

In contrast, the proportions of Faecalibacterium and Prevotella

were lower in centenarians than the elderly and adults

(p < 0.05). The decreased proportions of Faecalibacterium and

Prevotella were also detected in subjects of urbanized towns

according to aging. The heatmap analysis of genera was

used to compare the gut microbiota among centenarians,

the elderly, and adults in longevity villages using the

Spearman rank correlation (Fig. 3). Although the microbiota

of centenarians, the elderly, and adults were not separated

clearly, microbiota of centenarians in rehabilitation hospitals

were clustered together, apart from those of community-

dwelling centenarians. 

Predicted Functions of Gut Microbiome from Adults,

Elderly, and Centenarians in Longevity Villages

The function of gut microbiota was predicted by the

PICRUSt using KEEG pathway categories. The relative

abundances of the highest KEGG categories were compared

among groups in longevity villages (Fig. 4A). The

proportion of genes related to metabolism was higher in

gut microbiota of centenarians and adults than that in the

elderly (p < 0.05). Genetic information processing of gut

microbiome was reduced by aging (p < 0.05). The proportion

of environmental information processing was higher in the

gut microbiomes of centenarians and the elderly than that

in adults. The significantly different metabolic pathway

was selected using Kruskal-Wallis H-test with Benjamini-

Hochberg correction (Table S4). A total of 26 categories

were selected by corrected p value < 0.05. Most of the

selected metabolic pathways were found to alter according

to aging. Three metabolic pathways among the selected 26

categories were predicted centenarian-specific pathways,

Fig. 3. Heatmap analysis of genera detected in the gut microbiota of subjects in longevity villages. 

Clustering analysis was conducted using the Spearman rank correlation. Yellow green indicates centenarians, blue indicates the elderly, red

indicates adults, yellow indicates community-dwelling (CD), and gray indicates rehabilitation hospital (RH). 
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regardless of aging (Figs. 4B-4D). The proportion of

phosphatidylinositol signaling system was higher in the

gut microbiomes of centenarians than those in the other two

groups. Glycosphingolipid biosynthesis-related microbiota

was higher in centenarians and adults than that in the

elderly. The proportion of various types of N-glycan

biosynthesis was higher in the gut microbiomes of

centenarians than those in the elderly and adults.

Comparison of Obtained Centenarian Gut Microbiota

between Community-Dwelling and Rehabilitation Hospital

Residents

In the heatmap analysis, the gut microbiota obtained

from centenarians in rehabilitation hospitals was relatively

clustered together, and separated from community-dwelling

centenarians (Fig. 3). The difference in gut microbiota

between centenarians from rehabilitation hospitals and

community-dwelling subjects was analyzed. The diversity

indices (observed OTUs and Shannon diversity) of the

community-dwelling centenarians were higher than that of

the centenarians in rehabilitation hospitals (Figs. 5A and

5B). However, the difference of diversity indices was not

statistically significant (p > 0.05). The average compositions

of phyla in bacterial communities also showed differences

between centenarians who were community-dwelling and

those living in rehabilitation hospitals (Fig. 5C). The

proportions of Firmicutes (67.0%) and Tenericutes (3.0%) were

higher in gut microbiota of community-dwelling subjects

than those (61.2% and 1.1%) in rehabilitation hospitals,

whereas Bacteroidetes, Proteobacteria, Actinobacteria, and

Fig. 4. Comparison of predicted KEGG pathway between groups. 

(A) The highest KEGG categories were compared among groups. (B) The proportions of phosphatidylinositol signaling system among groups

(corrected p < 0.05). (C) The comparison of predicted glycosphingolipid biosynthesis from gut microbiome among groups (corrected p < 0.05). (D)

The comparison of various types of N-glycan biosynthesis among groups (corrected p < 0.05). 
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Verrucomicrobia were higher in the centenarians in

rehabilitation hospitals. The significantly different genera

between community-dwelling subjects and rehabilitation

hospital subjects were detected (Fig. 5D). Detected genera

were higher in community-dwelling centenarians than

subjects in rehabilitation hospitals. The differences of

microbiota functions between these two groups were also

analyzed. Two metabolic pathways were selected by Kruskal-

Wallis H-test with Benjamini-Hochberg correction (p < 0.1)

(Table S5). Carbohydrate metabolism was significantly

different between the two groups (corrected p value < 0.05).

Discussion

In this study, the gut microbiota of 30 centenarians in

longevity villages in South Korea was analyzed and

compared with those of the elderly and adults in the same

regions and urbanized towns. The gut microbiota were

different between subjects in longevity villages and

urbanized towns and the different members of gut

microbiota obtained from these two groups were detailed

at each taxonomic level. The gut microbiota of centenarians

was also different from those of the elderly and adults in

the same regions. Furthermore, the predicted functions of

gut microbiota can be associated with beneficial effects in

centenarians. 

The decreased ability to chew, loss of teeth, and loss of

gustatory perception could change the habits of diet and

appetite of the elderly and the changed diet could affect the

gut microbiota [12, 35]. In this study, the investigation

about the dietary characteristics of centenarians living in

longevity villages showed that these individuals had the

Fig. 5. Comparison of the gut microbiota between centenarians in rehabilitation hospital and community-dwelling groups. 

(A) Comparison of observed OTUs between rehabilitation hospital and community-dwelling groups. (B) Comparison of estimated Shannon

diversity indices between the groups. (C) The average composition of gut microbiota obtained from two groups. (D) Frequently detected genera

were compared between groups. The significance of the differences between groups was tested using the Mann-Whitney test. (** p < 0.01; * p < 0.05).
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dietary habit of eating regular three meals with appetite.

Although the frequencies of intake of eggs were lower in

the centenarians compared with that in adults, the

frequencies of consuming other food groups and protein-

containing food were not different to the elderly and adults

in the same regions. These results are in accordance with a

previous study that included 91 elderly people over 90

years old residing in the same southwestern longevity belts

in Korea [36]. They reported that the characteristic dietary

feature of the elderly people over 90 years included having

three regular meals a day and taking meals with their

family. In addition, most subjects had good appetite and

felt the pleasure of eating. These results suggested that the

centenarians living in the longevity villages could take

sufficient and diverse foods during their meals. 

The gut microbiota of subjects in longevity villages was

significantly different to those in urbanized towns.

Differences of gut microbiota between subjects in longevity

villages and urbanized towns were reported in a previous

study [16]. They reported that the proportions of Bacteroidetes

were higher in subjects of longevity villages than urbanized

towns and Firmicutes was lower in longevity villages.

However, these results were in contrast to our observations

in this study (Fig. 1). This discrepancy could be due to the

number of compared subjects, age of subjects, and analysis

methods. Most of the downloaded sequences used in the

previous study were removed by criteria of read number,

age information, and quality filtering step. The number of

young adults (n = 2) was relatively small, and the

centenarians were not included in the previous study.

However, 11 young adults in longevity villages and 22

adults in urbanized towns from two different studies were

included in this study. 

The relative abundances of Intestinibacter, Romboutsia,

Turicibacter, and Eubacterium_g5 were higher in subjects of

longevity villages than urbanized towns in this study

(Fig. S2). Intestinibacter is resistant to oxidative stress and

indicative of an indirect involvement in mucus degradation

[37]. Romboutsia is a commensal bacteria in the gut and is

adapted to a nutrient-rich environment [38]. Turicibacter

was implicated in the production of butyrate in response to

a fat-rich diet [39]. However, the relative abundances of

Lachnospira, Roseburia, and Bacteroides were lower in

subjects of longevity villages than those of urbanized

towns. Lachnospira and Roseburia can produce butyrate in

the colon and are known pectin degraders that play

important roles in the colonic fermentation of dietary fibers

[40, 41]. The higher proportion of Bacteroides in gut

microbiota is associated with dietary patterns of protein

and animal fats and fiber-utilizing bacteria [9, 42]. These

bacteria are commensal bacteria in gut environments and

the differences observed could be due to the long-term diet

patterns between longevity villages and urbanized towns.

Gut microbiota can have an influence on host health

through the amounts and profiles of short-chain fatty acids

(SCFAs) produced from the same carbohydrate substrates

[43]. Thus, the different gut microbiota between longevity

villages and urbanized towns could have an influence on

healthy aging. A total of 146 predicted pathways of gut

microbiota were significantly different between subjects of

longevity villages and urbanized towns (corrected p < 0.05;

Table S6). This result also shows that the influence of gut

microbiota on host health could be different among

subjects from longevity villages and urbanized towns.

The composition of gut microbiota in the centenarians

showed different characteristics from those of the elderly

and the adults even within the same longevity villages. The

proportions of Bacteroidetes were higher in centenarians,

whereas those of Firmicutes were lower compared to that of

the elderly (Fig. 1C). Similar results in the centenarians

were reported in previous study [14], the composition of

phylum Firmicutes was decreased, while the composition of

phylum Bacteroidetes was increased in the centenarians.

Bacteroides spp., within Bacteroidetes phylum, are commensal

bacteria in the human gut and degrade polysaccharides

and isoflavones to absorb energy sources [44, 45].

Isoflavone can be produced by eating soy protein; thus the

relatively high abundance of Bacteroides in centenarians

could be related with their diet (Fig. S2). The relative

abundances of Faecalibacterium and Prevotella were lower in

centenarians compared with other groups, and Escherichia

within Proteobacteria was increased along with aging (Fig.

2). This result was similar to the age-related rearrangement

of gut microbiota in previous studies [12, 14, 15, 17, 18].

With increasing age, a decreased capability of coping with

exogenous stressors, increased level of pro-inflammatory

markers, and chronic low-grade inflammation were found

[46]. The chronic low-grade inflammation in the elderly can

be common pathogenic mechanisms of age-related diseases

such as metabolic syndrome, type 2 diabetes, and

cardiovascular diseases [46, 47]. However, the centenarians

had increased anti-inflammatory characteristics with

increased level of pro-inflammatory markers, allowing them

to counterbalance the chronic low-grade inflammation

associated with aging [47, 48]. Good immunological and

metabolic health-related bacteria, such as Akkermansia,

Christensenellaceae, and Lactobacillus, were higher in

centenarians than other groups, similar to previous report
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(Figs. 2 and S2) [18, 49]. The relative abundance of

Clostridium was higher in centenarians in longevity

villages, compared with other groups in longevity villages

and urbanized towns, similar to previous studies [50, 51].

The commensal Clostridium plays a key role in modulating

gut homeostasis during the entire lifespan. The abundance

of Collinsella can be associated with dietary patterns [52,

53]. We propose that the centenarians’ dietary habits and

taking diverse foods from their meals may affect the gut

microbiota and promote the abundance of those associated

with healthy aging in the centenarians.

Three metabolic pathways of gut microbiota were

predicted to be abundant in the centenarians, regardless of

aging (Fig. 4). The phosphatidylinositol signaling system

can be more highly enriched in centenarians than in the

elderly and adults. Previous studies reported that the

phosphatidylinositol signaling system is associated with

gut inflammation, regulation of immune system, and

maintaining energy homeostasis [54, 55]. Dysregulation of

the phosphatidylinositol signaling system can promote

inflammation and various diseases. Therefore, the higher

abundance of predicted phosphatidylinositol signaling

system in gut microbiota of centenarians can be associated

with anti-inflammation and healthy status of the gut.

Glycosphingolipid biosynthesis pathway was predicted to

be higher in centenarians and adults than in the elderly.

Glycosphingolipid can reduce the invariant NKT cells in

the lamina propria and decrease severity of disease in

mouse model study [56]. Thus, the higher proportion of

glycosphingolipid biosynthesis in centenarians can be

associated with healthy function of gut microbiota. Various

types of N-glycan biosynthesis were predicted to be higher

in the gut microbiota of centenarians than in the elderly

and adults. N-glycan biosynthesis can enhance bacterial

fitness by protecting bacterial proteins from gut proteases

[57]. This pathway can be associated with the stability of

gut microbiome in centenarians. Therefore, predicted

functions of the gut microbiota of centenarians in this

study could be associated with their health compared to

those from the elderly and adults. 

When comparing the composition of gut microbiota

between the centenarians living in the community and

rehabilitation hospitals, the proportions of Bacteroidetes and

Proteobacteria were higher in rehabilitation hospital subjects

and the bacterial diversity was lower compared to the

centenarians who were community-dwelling (Fig. 5). The

proportion of Faecalibacterium, whose abundance is age-

related, was lower in the centenarians living in rehabilitation

hospitals than in the community-dwellers (p < 0.01). The

dietary habits between community-dwelling centenarians

and those in rehabilitation hospitals were detected

(Table S7). Previous study also reported that the elderly

subjects living in the community consumed diverse healthy

food and a concomitant gut microbiota diversity, while the

elderly subjects living in rehabilitation hospitals ate less

diverse healthy food and had less gut microbiota diversity

[12]. Therefore, the gut microbiota of centenarians were

influenced by living environment and dietary lifestyle.

There are several limitations to this study. The gut

microbiota of centenarians were compared with the elderly

and adults subjects with a cross-sectional design at a single

time point. The characteristics of gut microbiota of the

elderly and adults, which can be healthy aging, could

not be identified, as this would necessitate long-term

investigations. The information of centenarians’ offspring,

genetic and environmental and lifestyle determinants of

health aging could not be analyzed. In addition, the age-

matched subjects for the elderly in urbanized towns were

relatively small due to the criteria of a sequence quality

filtering process in the present study. However, the present

study analyzed 30 centenarians in longevity villages, and

differences of gut microbiota and predicted functions are

provided. This information could contribute to the

modulation of gut microbiota for healthy aging. Further

studies with a larger sample size, metabolomics, and

analyses of host-microbiome interactions with host genetic,

immunologic, and metabolic factors are needed to identify

the role of gut microbiota in centenarians.

In conclusion, we identified the different members of gut

microbiota in centenarians compared with those in the

elderly and adults in longevity villages and urbanized

towns. The dietary characteristics of the centenarians in

longevity villages showed that the centenarians had

regular dietary habits with diverse food intake. This can

influence the composition of the gut microbiota of

centenarians. Different gut microbiota in centenarians were

predicted to be associated with the phosphatidylinositol

signaling system, glycosphingolipid biosynthesis, and

various types of N-glycan biosynthesis. These functions of

gut microbiota can be related to the healthy gut

environment of centenarians. Further studies are needed to

validate the function of the gut microbiota of the

centenarians and the influences of diet in longevity villages

on the formation of the gut microbiota in centenarians. This

study provides information on the gut microbiota of

centenarians and helps to identify characteristics of gut

microbiota that enable healthy aging in human beings.
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