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Abstract

Clostridium difficile is a spore-forming, gram-positive, anaerobic bacillus that can cause

C. difficile infection (CDI). However, only a few studies on the prevalence and antibiotic
resistance of C. difficile in healthy individuals in China have been reported. We employed a
spore enrichment culture to screen for C. difficile in the stool samples of 3699 healthy Chi-
nese individuals who were divided into 4 groups: infants younger than 2 years of age and liv-
ing at home with their parents; children aged 1 to 8 years of age and attending three
different kindergarten schools; community-dwelling healthy adult aged 23-60 years old;
and healthcare workers aged 28—-80 years old. The C. difficile isolates were analyzed for
the presence of toxin genes and typed by PCR ribotyping and multilocus sequence typing
(MLST). The minimum inhibitory concentration of 8 antimicrobial agents was determined for
all of the isolates using the agar dilution method. The intestinal carriage rate in the healthy
children was 13.6% and ranged from 0% to 21% depending on age. The carriage rates in
the 1654 community-dwelling healthy adults and 348 healthcare workers were 5.5% and
6.3%, respectively. Among the isolates, 226 were toxigenic (225 tcdA+/tcdB+ and 1 tcdA
+/tcdB+ ctdA+/ctdB+). Twenty-four ribotypes were found, with the dominant type account-
ing for 29.7% of the isolates. The toxigenic isolates were typed into 27 MLST genotypes. All
of the strains were susceptible to vancomycin, metronidazole, fidaxomicin, and rifaximin.
High resistance to levofloxacin and ciprofloxacin at rates of 39.8% and 98.3%, respectively,
were observed. ST37 isolates were more resistant to levofloxacin than the other STs. The
PCR ribotypes and sequence types from the healthy populations were similar to those from
the adult patients.

Introduction

Clostridium difficile is a spore-forming, gram-positive, anaerobic bacillus that mainly spreads
via the fecal-oral route and can cause C. difficile infection (CDI). The main pathogenic mecha-
nism is the production of enterotoxin A and cytotoxin B [1]. The clinical presentation of
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infection may range from asymptomatic colonization and self-limiting diarrhea to pseudo-
membranous colitis and even death [2]. In healthy adults, the rate of C. difficile colonization is
1-7%, whereas in infants, the rate of asymptomatic colonization can be as high as 2-75% [3-
11]. C. difficile spores can survive for many months in the environment because they are resis-
tant to most disinfectants, heat, and desiccation [12]. It is generally believed that CDI is related
to antibiotics use and hospitalization history. However, recent studies have shown that com-
munity-acquired CDI is increasing, especially in younger individuals without a history of anti-
biotic use [13-17]. Studies on the prevalence of C. difficile in healthy populations have been
conducted in a number of countries [3, 10, 18]; however, few reports from China are available.
Multiple studies have demonstrated that healthy individuals in a community may constitute a
possible reservoir for community-acquired CDI [3, 19]. However, because of differences in
geographical location and lifestyle, it remains unclear whether asymptomatic carriers play a
role in these infections. This study investigated the prevalence and molecular characterization
of C. difficile among 3699 healthy individuals in China. We also examined the antimicrobial
susceptibility patterns of C. difficile colonization in healthy individuals. This study aimed to
perform the first comprehensive epidemiological study of C. difficile colonization in healthy
populations in China.

Materials and Methods

Study subjects

In total, 3699 healthy individuals were tested for the intestinal carriage of C. difficile by stool
culture between September 2013 and September 2014. Individuals who reported diarrhea, hos-
pitalization, surgery, C. difficile infection or exposure to antimicrobial agents in the 8 weeks
prior to the study were excluded. Stool specimens were collected from each individual for isola-
tion of C. difficile.The subjects were divided into groups A, B, and C according to their age and
surrounding environment. Group A consisted of 36 infants younger than 2 year of age who live
at home with their parents. Group B included 1661 children aged 1-8 years who attend 3 kin-
dergartens located in Xingtai City (kindergarten I) and Cangzhou City (kindergarten II and
III) of Hebei Province. These cities are separated by more than 300 kilometers. Group C con-
sisted of 1654 community-dwelling healthy adults (male/female = 0.84) aged 23-60 years old.
The healthcare workers were further divided into a separate group because of their occupation.
Therefore, Group D included 348 healthcare workers (male/female = 0.61) from the Second
Hospital of Hebei Medical University aged 28-80 years old. This study was approved by the
Second Hospital of Hebei Medical University Institutional review board [approval no.2013L-
18]. Written informed consent was obtained from all of the participants and guardians of the
children enrolled in the study.

Clinical data collection

Clinical data were collected using a questionnaire. For all 36 infants, the sex, age, date of birth,
delivery route, and feeding characteristics (breast milk fed or formula milk fed and diversity of
specific food types, including eggs, millet gruel and floss) were noted in the questionnaire. For
the other subjects, sex and age data were collected. To provide a comparison with the isolates
from patients in a hospital environment, C. difficile isolates from 383 CDI inpatients in the Sec-
ond Hospital of Hebei Medical University that were evaluated in our previous study were used
in this study. Additionally, 33 C. difficile isolates recovered from adult inpatients with diarrhea
in 2011 and analyzed with PCR ribotyping and multilocus sequence typing (MLST) were
included in this study[20].
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Isolation and identification of C. difficile

Stool samples were incubated in C. difficile moxalactam-norfloxacin (CDMN, Oxoid, Cam-
bridge, UK) broth supplemented with 0.1% sodium taurocholate at 37°C for 5 days. The culture
samples were mixed with equal volumes of absolute ethanol and incubated at room tempera-
ture for 60 min. The samples were centrifuged at 3000 xg for 10 min, and 500 uL of the pellet
was plated on C. difficile selective medium (Oxoid). The plates were incubated in anaerobic
conditions at 37°C for 48 h. Presumptive C. difficile colonies were identified based on their
morphology and odor using a Vitek 2 ANC card (bioMérieux, France). The isolated strains
were stored in 15% (v/v) glycerol at -80°C.

DNA extraction

The bacteria stored in 15% (v/v) glycerol were transferred to a blood plate, and C. difficile was
grown on blood agar for 48 h. Three colonies were suspended in 1 mL of sterile ultrapure
deionized water, and DNA was extracted using a genomic DNA purification kit (TTANamp
Bacteria DNA Kit; Tiangen Biotech, Beijing, China) according to the manufacturer’s instruc-
tions. DNA samples were stored at -20°C until use.

Detection of tcdA, tcdB, and binary toxin genes

The tcdA, tcdB, cdtA, and cdtB toxin genes and 16S rDNA were analyzed by 5-plex PCR as
described by Persson et al. [21]. The PCR reactions were conducted in a reaction volume of
25 pl that consisted of 12.5 pL of 2x Taq MasterMix, 2.25 pL of double-distilled H,O, 2 pL of
DNA, and 8.25 pL of primers (Table 1). The thermal cycling conditions were as follows: 94°C
for 10 min; 30 cycles of 94°C for 50 s, 52°C for 50 s, and 72°C for 50 s; and a final extension at
72°C for 10 min. The PCR products were analyzed by electrophoresis on a 1.5% agarose gel.

PCR ribotyping

Specific oligonucleotide primers complementary to the 3' end of the 16S rRNA gene and the 5' end
of the 23S rRNA gene were used to amplify the variable-length intergenic spacer region (Table 1).
Amplification was performed as described by Bidet et al. [22]. The PCR products were separated by
electrophoresis on a 3% agarose gel for 4 h at 100 V, and the PCR ribotyping (PR) profiles were
analyzed using Quantity One software (Bio-Rad, California, USA). A 100-bp DNA ladder was used
to normalize the profiles, and reference strain 027(ATCC BAA-1870) was used in this study. Bra-
zier’s nomenclature was used to classify the PR profiles. In other cases, the HB prefix followed by
our laboratory was adopted according to the order in which the profiles appear.

MLST

MLST was performed as described by Griffiths et al. [23]. The following 7 control genes were
targeted: adk, atpA, dxr, glyA, recA, sod, and tpi (Table 1). The amplified products were sent to
Sangon Biotech (Shanghai, China) and the Beijing Genomics Institute (Beijing, China) for
sequencing. The DNA sequences of the 7 genes were submitted to the MLST database (http://
pubmlst.org/clostridiumdifficile) to obtain the sequence type (ST).

Antimicrobial susceptibility testing

The minimum inhibitory concentrations (MICs) of vancomycin, metronidazole, fidaxomicin,
rifaximin, levofloxacin, ciprofloxacin, meropenem, and chloramphenicol were determined using
the agar dilution method recommended by the Clinical and Laboratory Standards Institute (CLSI)
[24]. The MIC is defined as the lowest concentration of an antimicrobial agent that inhibits the
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Table 1. Primers used in the present study.

Analysis Gene target

5-plex PCR tcdA

tcdB

cdtA

cdtB

16S rDNA

PCR ribotyping 16—23S rDNA

MLST adk

atpA

dxr

glyA

recA

sodA

tpi

doi:10.1371/journal.pone.0151964.t001

Primer name Sequence (5'-3') Amplicon size (bp)
tcdA-F3345 GCATGATAAGGCAACTTCAGTGGTA 629
tcdA-R3969 AGTTCCTCCTGCTCCATCAAATG

tcdB-F5670 CCAAARTGGAGTGTTACAAACAGGTG 410
tcdB-R6079A GCATTTCTCCATTCTCAGCAAAGTA

tcdB-R6079B GCATTTCTCCGTTTTCAGCAAAGTA

cdtA-F739A GGGAAGCACTATATTAAAGCAGAAGC 221
cdtA-F739B GGGAAACATTATATTAAAGCAGAAGC

cdtA-R958 CTGGGTTAGGATTATTTACTGGACCA

cdtB-F617 TTGACCCAAAGTTGATGTCTGATTG 262
cdtB-R878 CGGATCTCTTGCTTCAGTCTTTATAG

PS13 GGAGGCAGCAGTGGGGAATA 1062
PS14 TGACGGGCGGTGTGTACAAG

PRB GTGCGGCTGGATCACCTCCT

PRBas CCCTGCACCCTTAATAACTTGACC

adk1F TTACTTGGACCTCCAGGTGC 635
adkiR TTTCCACTTCCTAAGGCTGC

atpA1F TGATGATTTAAGTAAACAAGCTG 674
atpA1R AATCATGAGTGAAGTCTTCTCC

dxr3F GCTACTTTCCATTCTATCTG 525
dxr4R CCAACTCTTTGTGCTATAAA

glyA1F ATAGCTGATGAGGTTGGAGC 625
glyA1R TTCTAGCCTTAGATTCTTCATC

recA2F CAGTAATGAAATTGGGAGAAGC 705
recA2R ATTCAGCTTGCTTAAATGGTG

sodA5F CCAGTTGTCAATGTATTCATTTC 585
sodAGR ATAACTTCATTTGCTTTTACACC

tpi2F ATGAGAAAACCTATAATTGCAG 640
tpi2R TTGAAGGTTTAACACTTCCACC

growth of a tested isolate. C. difficile ATCC 700057 was used for quality control in each run of the
susceptibility testing. The MIC interpretive breakpoints for metronidazole, levofloxacin, ciproflox-
acin, meropenem, and chloramphenicol were chosen according to the CLSI guidelines, and the
breakpoints for vancomycin (susceptible, MIC of 2 uL/mL; and resistant, MIC of > 2 pL/mL)
were those recommended by The European Committee on Antimicrobial Susceptibility Testing
(EUCAST) [25]. Breakpoints were not established for rifaximin and fidaxomicin.

Statistical analysis

All of the statistical analyses were performed using SPSS version 13.0 for Windows (SPSS, Chi-
cago, IL, USA). The % test or Fisher’s exact test was performed to analyze categorical variables.
The level of statistical significance was defined as P < 0.05.

Results
Prevalence of intestinal colonization

Of the 36 infants in Group A, 9 (25%) carried C. difficile, with 7 (19.4%) carrying toxigenic
(tcdA+/tcdB+) isolates. Factors that may have influenced C. difficile colonization were analyzed
for these 36 infants (Table 2).
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Table 2. Characteristics of infants aged 0-2 years with and without C. difficile.

Characteristic

Sex, M/F

Median age in months (range)

Breast milk feeding

Food diversity at time of stool collection
Delivery route (vaginal/caesarean)

C. difficile carriers (n = 9) C. difficile non-carriers (n = 27) P?
6/3 18/9 1

6 (1-18) 5 (1-24) 0.408
8 25 1

7 9 0.049

2/7 15/12 0.128

& Comparisons between carriers and non-carriers of C. difficile were performed using Fisher’s exact test.

doi:10.1371/journal.pone.0151964.t1002

Table 3 shows the number of C. difficile strains isolated from the 1661 children in the 3 kin-
dergartens (male:female = 1.34). C. difficile was isolated from the stool samples of 222 children
(13.4%), and 146 (65.8%) of the isolates were toxigenic (tcdA+/tcdB+). The carriage rates of the
children in the I, I, and III kindergartens were 13.6% (127/931), 13.1% (79/600), and 12.3%
(16/130), respectively. When analyzed according to age group, the carriage rates were 0%,
13.9%, 18.0%, 11.9%, 12.4%, and 6.3% in the infants and children aged 1, 2, 3, 4, 5 and 6 years,
respectively.

The prevalence of intestinal carriage among the 1654 community-dwelling healthy adults
was 5.5% (91/1654), and 59 of the isolates were tcdA+/tcdB+ and 1 was tcdA+/tcdB+ cdtA+/
cdtB+. Of the 348 healthcare workers, 22 were positive for C. difficile, and 13 of the isolates
were tcdA+/tcdB+.

PCR ribotyping

In total, 344 C. difficile strains isolated from healthy individuals were analyzed by PCR ribotyp-
ing. Twenty-four PRs were identified, with 5 PRs accounting for 76% (261/344) of the isolates
(Fig 1). The most virulent isolate was toxigenic PR027, and it was not identified among the
strains from the healthy individuals.

MLST

The 226 toxigenic isolates were typed into 27 MLST genotypes (Fig 2), and ST286, ST289, and
ST290 were novel. ST54 (ribotype HB06) was the dominant type and accounted for 29.2% (66/
226). The other most frequent types were ST3 (ribotype HB01) (25.7%), ST2 (ribotype HB01)
(9.7%), ST35 (ribotype HB03) (10.6%), and ST37 (ribotype HB05) (8.4%). No correlation was
found between the host population origin and the genotype. For example, ST 2, 3, 35, 37, 53,
54, and 55 were identified among the isolates from healthy individuals and adult inpatients
with diarrhea (Fig 3). The MLST genotypes were analyzed using eBURST version 3 (http://
eburst.mlst.net/) and classified into 5 groups. ST3 was identified as the group founder. ST55

Table 3. Asymptomatic intestinal C. difficile carriage rate (%) in healthy children in the 3 kindergartens(group B).

Age (years) 1-2 2-3
Kindergarten | 0/3 (0) 8/69 (11.6)
Kindergarten Il NS NS
Kindergarten llI 0/5 (0) 3/10 (30)

Total 0/8 (0) 11/79 (13.9)

Note: NS: no subjects

doi:10.1371/journal.pone.0151964.1003

3-4 4-5 5-6 6-7 7-8 Total
51/288 (17.8)  30/279 (10.8)  35/247 (14.2) 3/38 (7.9) 0/7 (0) 127/931 (13.6)
29/144 (20.1)  22/184 (12.0)  26/247 (10.5) 2/25 (8.0) NS 79/600 (13.1)

3/27 (11.1) 5/16 (31.2) 3/24 (12.5) 2/48 (4.2) NS 16/130 (12.3)

83/459 (18.0)  57/479 (11.9)  64/518 (12.4)  7/111(6.3)  0/7(0)  222/1661 (13.4)
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Fig 1. Frequency of PRs among the 344 C. difficile isolates from healthy Chinese individuals.

doi:10.1371/journal.pone.0151964.g001

and ST99 were in the second group, ST150 and ST15 were in the third group, ST37 and ST81
were in the fourth group, and ST2 and ST289 were in the last group. The other ST's (5, 26, 33,
35,39, 51, 54, 129, 139, 205, 234, 286, and 290) were singletons (Fig 3A). A comparison of our
226 isolates with the isolates in the MLST database showed that the Chinese isolates from
healthy individuals and patients were widely scattered over 7 groups (Fig 3B).

Comparison of C. difficile strains between healthy individuals and adult
patients with CDI

The PRs of the isolates from healthy individuals were compared with those from adult patients
with diarrhea. The PRs of the isolates from the patients overlapped well with those from the
healthy individuals except for 1 isolate of the non-toxigenic strain HB28, which was found in 1
patient. In addition, the MLST genotypes of the isolates from healthy individuals were com-
pared with those of 33 C. difficile strains from adult patients with diarrhea caused by CDI. The
STs 2, 3, 35, 37, 53, 54, and 55 were identified in the isolates from both the healthy population
and the patients, suggesting that the same strains circulated in patients and healthy individuals.
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@ sT3
W sT2
M ST37
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O sT26
l ST53
L [ sT8
W ST48
W ST139
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W ST205
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@ sT39
[ sT42
O sT51
[ sT55
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O sT76
[0 sT81
O sT129
l ST150

Fig 2. Abundance of STs (%) in the 3 study populations. Data on the STs of C. difficile isolates from adult inpatients with diarrhea were obtained from a
survey conducted in Chinain 2011.

doi:10.1371/journal.pone.0151964.9002
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doi:10.1371/journal.pone.0151964.9003
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Table 4. MICs of 8 antimicrobial agents for 344 C. difficile isolates determined by the agar dilution method.

Antimicrobial agent MIC breakpoint (mg/L) MICs (mg/L) MICg (mg/L) Range (mg/L) Resistance (%)
Vancomycin >2 0.25 0.5 0.03-1 0
Metronidazole > 32 0.25 0.5 0.03-1 0
Fidaxomicin® 0.06 0.125 0.0075-0.5

Rifaximin >4 0.015 0.015 0.0009-0.03 0
Levofloxacin >8 4 8 2-128 39.8
Ciprofloxacin >8 8 16 4-128 98.3
Meropenem > 16 2 4 1-16 1.45
Chloramphenicol > 32 8 16 2-64 2.0

@ Breakpoint was not established for fidaxomicin.

doi:10.1371/journal.pone.0151964.1004

Antimicrobial susceptibility

All of the strains were susceptible to vancomycin, metronidazole, fidaxomicin, and rifaximin.
However, high resistance to levofloxacin and ciprofloxacin was observed, with resistance rates
of 39.8% and 98.3%, respectively (Table 4). Additionally, we found that 1.45% and 2% of the C.
difficile isolates were resistant to meropenem and chloramphenicol, respectively, and multiple
tcdA+/tcdB+ isolates were resistant to ciprofloxacin (P<0.05, Table 5). The strains isolated
from hospitalized patients exhibited higher resistance to levofloxacin and rifaximin compared
with those from the healthy population (P<0.05). All of the isolates were susceptible to chlor-
amphenicol except for 17% of the ST35 strains (Table 6). Isolates with levofloxacin resistance
were identified in ST37 (84%), ST35 (50%), ST54 (39%), and ST2 (32%). Furthermore, ST37
was the most dominant type in the patients with CDI but was limited in healthy individuals.

Discussion

The stools of healthy individuals were cultured in this study.We look for the C. difficile carriage
rates in healthy children, adults and healthcare workers in China, which were 13.6%, 5.5% and
6.3%, respectively. In addition, a molecular characterization of the C. difficile isolates identified
24 ribotypes and typed toxigenic isolates into 27 MLST genotypes. All of the isolates were sus-
ceptible to vancomycin, metronidazole, fidaxomycin and rifaximin. To our knowledge, this is

Table 5. MICs of 8 antimicrobial agents for toxigenic and non-toxigenic C. difficile isolates as determined by using agar dilution.

Antimicrobial tcdA+/tcdB+ (n = 226 isolates) tcdA-/tcdB- (n = 118 isolates)
agent Range MIC5o MICgqo Resistance Range MIC5o MICgqo Resistance
(mg/L) (mg/L) (mg/L) (%) (mg/L) (mg/L) (mg/L) (%)

Vancomycin 0.03-1 0.25 0.5 0 0.03-1 0.25 0.5 0
Metronidazole 0.06-0.5 0.25 0.5 0 0.03-1 0.25 0.5 0
Fidaxomicin 0.0075-0.5 0.06 0.125 0 0.0075-0.5 0.06 0.125 0
Rifaximin 0.0009-0.25  0.015 0.015 0 0.0009-0.25 0.015 0.03 0
Levofloxacin 2-128 4 8 40.3 2-128 4 8 39.8
Ciprofloxacin® 4-128 16 16 99.6 4-128 8 16 95.8
Meropenem 1-16 2 4 1.8 1-16 2 4 0.8
Chloramphenicol 2-64 8 16 3.5 4-64 8 16 0.8

@ MICs between toxigenic and non-toxigenic C. difficile isolates were compared using Fisher's exact test (P < 0.05).

doi:10.1371/journal.pone.0151964.1005
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Table 6. Characteristics of the 226 toxigenic C. difficile strains: genotype and antimicrobial susceptibility.

No.of ST Vancomycin Metronidazole Fidaxomicin Rifaximin Levofloxacin Ciprofloxacin Meropenem Chloramphenicol

isolates (% R) (% R) (%R) (% R) (% R) (% R) (%R) (% R)

(%)(total

n = 226)

66 (29.2) 54° 0 0 0 0 39 100 0 3

58 (25.6) 3 0 0 0 0 24 100 3.4 2

24 (10.6) 35 0 0 0 0 50 100 0 17
22 (9.7) 2 0 0 0 0 32 100 45 5
19 (8.4) 37 0 0 0 0 84° 100 0 5
6 (2.7) 26 0 0 0 0 1/6 0 0 0
4 (1.8) 8 0 0 0 0 0 4/4 0 0
4 (1.8) 48 0 0 0 0 2/4 4/4 0 0
3(1.3) 139 0 0 0 0 3/3 3/3 0 0
2(0.9) 205 0 0 0 0 2/2 2/2 0 0
2(0.9) 99 0 0 0 0 0 2/2 0 0
1(0.4) 5 0 0 0 0 0 11 0 0
1(0.4) 15 0 0 0 0 11 11 0 0
1(0.4) 33 0 0 0 0 0 11 0 0
1(0.4) 39 0 0 0 0 11 11 0 0
1(0.4) 42 0 0 0 0 11 11 0 0
1(0.4) 51 0 0 0 0 11 11 0 0
1(0.4) 55 0 0 0 0 0 11 0 0
1(0.4) 69 0 0 0 0 11 11 0 0
1(0.4) 76 0 0 0 0 0 11 11 0
1(0.4) 81 0 0 0 0 11 11 0 0
1(0.4) 129 0 0 0 0 0 11 0 0
1(0.4) 150 0 0 0 0 11 11 0 0
1(04) 234 0 0 0 0 11 11 0 0
1(0.4) 286 0 0 0 0 0 11 0 0
1(0.4) 289 0 0 0 0 0 11 0 0
1(0.4) 290 0 0 0 0 0 0 0 0

& For ST54, ST3, ST35, ST2, and ST37, resistance is expressed as a %; for the remaining STs, the number of resistant isolates is shown.
b Resistance among the different STs was compared using Fisher's exact test (vs. levofloxacin, P < 0.05)

doi:10.1371/journal.pone.0151964.1006

the first comprehensive epidemiological study of colonized C. difficile from healthy Chinese
populations.

In the present study, the average carriage rate of C. difficile in healthy Chinese children was
13.6%, and the rate ranged from 6.3% to 21.2% depending on age. The observed carriage rate
for infants under 1 year of age was 21%, which was lower than that in other reports. Yama-
moto-Osaki et al. [11] conducted a survey at a day nursery and found that in infants younger
than 1 year, the carriage rate was 65%. Rousseau et al. [18] found that the carriage rate of C. dif-
ficile was 35% for infants under 1 year and 72% for infants aged 7-9 months. Matsuki et al.

[10] reported that the carriage rates for Japanese children aged <1, 1, 2, 3, 4, and 5 years were
100%, 75.0%, 45.5%, 24.0%, 38.5%, and 23.5%, respectively. There may be multiple reasons
why the colonization rates in our study were lower. First, it has been suggested that other intes-
tinal microorganisms can inhibit the colonization or growth of C. difficile [11, 26]. Fallani et al.
[27] reported on the fecal microbiota of 605 infants from 5 European countries and found that
the fecal microbiota composition varied depending on the geographical origin and feeding
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method. These findings suggest that the fecal microbiota composition of the Chinese infants
studied here may be different from those reported in other countries because of the different
diets and geographical origins. The mechanism by which intestinal microorganisms influence
C. difficile colonization must be explored. Second, the C. difficile carriage status may be tran-
sient in infants [28], and because we only collected a single stool sample from each infant, the
overall carriage rates may have been underestimated in this study. Third, host and environ-
mental factors may affect intestinal C. difficile carriage rates. In addition, it has been noted that
infants with food diversification have higher rates of C. difficile colonization compared with
infants without food diversification [29]. Furthermore, it has been reported that certain foods,
especially meat, contain C. difficile [30].

A C. difficile carriage rate of 5.5% was found in the community-dwelling healthy adults, and
such data have not been previously reported in China. These results are important for improv-
ing our understanding of the prevalence of C. difficile infection in China and consistent with
the results reported by Kato et al. [3]. The PRs from the healthy populations were similar to
those from the adult patients, although the HB28 genotype was only identified from adult inpa-
tients with CDI. In addition, Kato et al. [3] identified genotype clusters in community-dwelling
healthy adults based on PCR ribotyping and pulsed-field gel electrophoresis genotyping, which
suggested that cross-infection can occur among community-dwelling healthy individuals. C.
difficile in community-dwelling healthy adults may play a role in community-acquired CDI;
however, the transmission and pathogenic mechanisms are unknown.

Since the outbreak of a hypervirulent strain (ribotype 027, toxinotype III, North American
pulsed-field 1 [NAP1]) in North America and several European countries, the incidence and
severity of hospital-acquired C. difficile infections derived from this strain have increased in
recent years. In hospital settings, patients are a major source of nosocomial C. difficile contami-
nation and infection. Healthcare workers are susceptible to colonization and could act as a res-
ervoir for transmission in hospitals. The carriage rates of healthcare workers in previous
studies varied, with one study showing no C. difficile colonization in 55 healthcare workers
[31]. In addition, Hell et al. reported the absence of C. difficile stool carriage in 112 asymptom-
atic hospital staff in Austria by direct plating onto C. difficile selective agar (cycloserine/cefoxi-
tin agar) [32]; Kato et al. [3] reported that 4.3% of the hospital staff in Japan carried C. difficile;
and van Nood et al. reported a carriage rate of 13% in healthcare workers in the Netherlands
[33]. The hospital staff intestinal carriage rate (6.3%) found in this study was similar to the car-
riage rate noted for community-dwelling healthy adults. In the present study, the mean age of
the participants was 39 years, and they may be representative of a healthy adult population. In
addition, several studies have reported that the use of personal protective equipment can
reduce the carriage rates of C. difficile. Johnson and McFarland et al. showed that hand washing
and glove wearing reduced the carriage rates to zero [34,35]. Whether carriage rates observed
in this study is related to the infection prevention strategies in our hospital is not known, and
further research is required. Although hypervirulent strains were not identified in this study,
the NAP1 strain has emerged in Asia, and cases were reported in Hong Kong in 2009 and
Mainland China in 2014 [36, 37]. Because healthcare workers have frequent and close contact
with patients, the use of personal protective equipment and infection prevention strategies for
health workers is of paramount importance.

The strains isolated from the healthy population were analyzed by PCR ribotyping and
MLST. Three novel STs (ST286, ST289, and ST290) were found in this study. Among the 226
isolates, 22 STs contained a single PR, whereas the remaining 5 ST consisted of 2 or more ribo-
types. Certain PRs were associated with more than 1 ST; for example, the HB01 isolates were
found in STs 2, 3, and 139. Therefore, the PR of an isolate was not always predictive of the ST
for the given isolate, and this result was consistent with the report of Griffiths et al. [23].
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The PRs from the healthy populations were similar to those from the adult patients,
although the HB28 genotype was only identified from adult inpatients with diarrhea. Further-
more, 50 isolates from healthy children were identified as ST3, which accounted for nearly one
third of the 153 healthy children strains but only a small percentage of isolates from the adult
patients or healthy individuals. This finding may indicate that the characteristics of the ST3
strain or the children's intestinal environment may facilitate colonization; however, this
hypothesis must be further elaborated. ST54 is responsible for many C. difficile diarrheal infec-
tions in Europe, and it was the most frequent type in our study and accounted for 29.2% of iso-
lates from healthy individuals and 24.2% of isolates from CDI patients. These data might
provide fundamental insights into the epidemiology of C. difficile colonization and infection.

All of the tested isolates were sensitive to vancomycin, metronidazole, fidaxomicin, and
rifaximin. However, O’Connor et al. [38] reported that rifaximin resistance was common in
the Bl isolates from a C. difficile epidemic as determined by restriction endonuclease analysis.
In addition, O’Connor et al. [38] suggested that rifaximin resistance is most commonly
encountered in C. difficile isolates after exposure to rifaximin. Our data also demonstrate that
strains from patients who had increased exposure to these antimicrobials during hospitaliza-
tion showed higher resistance to rifaximin compared with isolates from the healthy population.
Furthermore, our data showed that the ST37 isolates exhibited a higher rate of resistance to
levofloxacin relative to the isolates within the other STs. Additionally, ST37 was the most dom-
inant type in the adult patients with CDI-associated diarrhea, whereas it only had limited prev-
alence in healthy individuals. This result indicates a relationship between high resistance and
pathogenicity in this strain. Further studies are needed to confirm this hypothesis and to inves-
tigate the underlying mechanism. Finally, we observed that toxigenic strains are more likely to
acquire resistance to ciprofloxacin compared with non-toxigenic strains.

We note certain limitations in this study. First, the principal limitation of this investigation is
the small sample size in the group with participants 0-2 years of age, which might have made the
colonization rate appear lower. Second, the information was obtained using a questionnaire,
which may have produced biased results because of the inclusion of retrospective information.

In summary, to our knowledge, this is the first molecular epidemiological study evaluating
the prevalence of C. difficile in healthy asymptomatic individuals in China. We showed that the
carriage rates of C. difficile in healthy children, community-dwelling healthy adults, and health-
care workers were 13.6%, 5.5%, and 6.3%, respectively. The typing data suggested that certain
strains circulate in both healthy individuals and CDI patients, indicating that asymptomatic,
colonized individuals may serve as reservoirs for CDI. These results may provide fundamental
insights into the prevalence of C. difficile infections in China.
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