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Background: Although the epidemiology of Clostridioides difficile is important, few studies examining transmission of C. difficile
have been reported, especially in wards with low detection rates, such as neurosurgery departments.

Purpose: This retrospective study investigated the epidemiology of C. difficile infection in a neurosurgery department over a 24-
month period, particularly examining the transmission of C. difficile using whole-genome sequencing (WGS).

Methods: Clostridioides difficile strains were isolated and identified from fecal samples of neurosurgical patients. Toxigenic strains
were typed using multilocus sequence typing, PCR ribotyping and using capillary gel electrophoresis. WGS was used to characterize
C. difficile ST-37/RT017 isolates, and comparative genomic analyses were performed to compare genomic differences between all ST-
37 strains from other wards. The susceptibility to 8 antimicrobial agents was examined using the E-test.

Results: Comparative genomic analyses revealed that isolates obtained from neurosurgical patients clustered into two lineages. Only
strains s11052403 and s10090304, respectively, isolated from a patient on the 8th floor of the neurosurgery ward and a patient on the
9th floor, were highly similar, exhibiting differences of only two single-nucleotide polymorphisms. All C. difficile ST-37/RT017 strains
isolated from neurosurgical patients were resistant to multiple classes of antibiotics.

Conclusion: There is an urgent need to raise awareness of C. difficile infection, and epidemiologic surveillance is required to detect
clustering and transmission of C. difficile cases in China. Strict disinfection of the environment is essential to reduce transmission of
C. difficile and achieve effective infection control in the hospital setting.
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Introduction

Clostridioides difficile (C. difficile) is an anaerobic, gram-positive, spore-forming bacillus and important pathogen of
antimicrobial-associated diarrhea and nosocomial diarrhea in humans.! Clostridioides difficile infection (CDI) can
progress from self-resolving diarrhea to colitis, life-threatening pseudomembranous colitis and toxic megacolon, and
death.?? CDI is a toxin-mediated disease, and the major virulence factors associated with CDI include toxin A (TcdA, an
enterotoxin) and toxin B (TcdB, a cytotoxin).* Additionally, some strains exclusively produce a third toxin (binary toxin,
CDT), which has been linked with the increasing severity of human infections.’

Since the emergence of hypervirulent variants of toxigenic C. difficile RT027, the morbidity and mortality of CDI
have increased markedly, and this has been accompanied by large healthcare-associated outbreaks.>® CDI has aroused
great concern worldwide due to its increasing incidence, recurrence, morbidity, and impact on healthcare spending.
Current clinical practice guidelines for reducing the incidence of CDI cover a wide range of issues, including
epidemiology, diagnosis, treatment, and infection control.? Although sporadic cases and a small healthcare-associated
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outbreak of CDI caused by the hypervirulent RT027 strain have been reported in China, CDI is still an emerging
problem.” According to epidemiologic studies of C. difficile in China, the detection rate of CDI is similar to, or even
slightly higher than, that in Western countries, equal to about 10%.”'® Sequence types 35 (ST-35/RT012), ST-37/RT017,
ST-54/RT012 and ST-3/RT001 are the predominant genotypes in China.'®!'" These strains are primarily isolated from
patients in intensive care units, geriatric wards, infection wards, hematology wards, and gastroenterology departments.®’
Nevertheless, the epidemiology of C. difficile transmission in health-care settings in China remains poorly understood.
Few epidemiologic studies have been reported regarding C. difficile in wards with low detection rates, such as
neurosurgery departments.

For neurosurgical patients, prophylactic antibiotics are used to reduce the preoperative, intraoperative, and post-
operative incidence of surgical site infections, respiratory tract infections, and bacteriuria.">'* However, extended
antimicrobial administration is associated with a clear increase in the risk of CDI.'> Currently, there is a paucity of
data regarding CDI in neurosurgical patients in China. Thus, the main objective of this study was to retrospectively
investigate the incidence of CDI over time and the epidemiology of C. difficile transmission in a neurosurgery department
in China using whole-genome sequencing (WGS).

Materials and Methods

Collection of C. difficile Isolates

This retrospective study was conducted at the Department of Neurosurgery, First Affiliated Hospital, School of
Medicine, Zhejiang University, Hangzhou, Zhejiang, China. Diarrhea was defined as three or more loose stools
within 24 hours. Stool samples collected from neurosurgery department inpatients with diarrhea were submitted to
the clinical microbiology laboratory for isolation of C. difficile. Inpatients with diarrhea, whose stool samples
were positive for both C. difficile culture and toxin genes (fcdA and/or tcdB) and without evidence of other
pathogens of diarrhea (including Shigella, nontyphoidal Salmonella, Campylobacter and Shiga toxin-producing
Escherichia coli), were diagnosed as CDI.

Approximately 0.5 mL (0.5 g) of stool was mixed with 0.5 mL of 95% ethanol for 30 min at room temperature
for spore selection before anaerobic isolation of C. difficile on selective cycloserine—cefoxitin—taurocholate agar
(CCFA-TA; Oxoid) plates supplemented with 7% sheep blood incubated at 35°C for 48 h with anaerobic
incubation (80% N,, 10% H,, 10% CO,). The C. difficile isolates were confirmed by matrix-assisted laser
desorption ionization—time-of-flight mass spectrometry using a Bruker Daltonics Microflex LT system (Bruker
Daltonik GmbH, Bremen, Germany).

Detection of Toxin Genes by Polymerase Chain Reaction (PCR)

Bacteria identified as C. difficile obtained after 48 h of anaerobic blood agar culture were suspended in distilled water in
a microcentrifuge tube. Bacterial genomic DNA was extracted using the simplified alkaline lysis method. All isolated
strains were tested for tcdA, tcdB, and binary toxin genes by PCR, as previously described.>'®

Multilocus Sequence Typing (MLST)

MLST of seven housekeeping genes (adk, atpA, dxr, glyA, recA, soda, and tpi) was used to genotype all toxigenic
isolates, as previously described.'” Allele designations were obtained through the C. difficile PubMLST batch profile
query page (http://pubmlst.org/organisms/clostridioides-difficile/) to determine the sequence type.

PCR Ribotyping
PCR ribotyping was performed using capillary gel electrophoresis as previously described.” The 16S rRNA gene primers

were labeled with carboxyfluorescein. PCR products were analyzed in the ABI 3100 genetic analyzer (Applied
Biosystems, Foster City, CA, USA) with 36-cm capillary loaded with a POP4 gel (Applied Biosystems). A Size
Standard-1200 bp TAMRA ladder (Chimerx, Milwaukee, WI, USA) was used as internal size marker for each sample.
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The peak Scanner software 1.0 (Applied Biosystems) was used to determine the size of each peak. The data obtained
were submitted to the WEBRIBO database (https://webribo.ages.at/) for RT assignment.

Genome Sequencing, Assembly and Annotation

Sequencing-quality genomic DNA was extracted according to the manufacturer’s instructions using a DNeasy Blood and
Tissue kit (Qiagen, Hilden, Germany) and quantitated using Qubit 2.0. WGS was performed on an Illumina HiSeq 2500
system (Illumina, San Diego, CA, USA). Before assembly, the quality control of raw sequenced reads was performed
using FastQC v.0.11.5 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and adapter regions were trimmed

using Trimmomatic v.0.40."® Trimmed reads were assembled de novo using SPAdes v.3.6.'° Genome annotations were
performed on the RAST server (http://rast.nmpdr.org) and with Prokka.?>?! Additionally, Roary v.3.13.0 was employed

to estimate the size of the core and accessory genomes.”?

SNP Calling, Phylogenetic and Comparative Genomic Analyses
Variant calls for SNP analysis were performed using Snippy (http://github.com/tseemann/snippy) with default

parameters. The chromosome of C. difficile M68 (NC 017175.1) was set as the reference for all strains of
C. difficile ST-37 in this study. The alignment file was filtered from variants with elevated densities of base
substitutions as putative repetitive regions, mobile genetic elements (MGEs) and recombination events by Gubbins
v.2.4.1, and used to calculate the pairwise cgSNP.?> Genome sequences were compared using BRIG software.”*
The maximum likelihood trees based on core genome were constructed using MEGA X with 1000 bootstrap
replicates and visualized using the Interactive Tree of Life (iToL) web server.”>® Antimicrobial resistance genes
were identified using the Comprehensive Antibiotic Resistance Database (CARD) Resistance Gene Identifier
(RGI) software (https://card.mcmaster.ca/analyze/rgi).

Antimicrobial Susceptibility

Antimicrobial susceptibility testing was performed on Brucella agar plates containing 1 mg/L of vitamin K, 5 mg/L of
hemin, and 5.0% sheep red blood cells with eight antimicrobial agents: metronidazole, vancomycin, clindamycin,
erythromycin, linezolid, levofloxacin, moxifloxacin, and rifampicin. The minimum inhibitory concentrations (MICs)
were read at the point at which the zone of complete inhibition intersected with the MIC scale according to the Clinical
and Laboratory Standards Institute (CLSI) guidelines. The selected resistance breakpoints included 8 mg/L for erythro-
mycin, clindamycin, and the fluoroquinolones, according to the CLSI interpretative categories approved for anaerobic
bacteria. Breakpoint of 2 mg/L was selected for vancomycin and metronidazole according to the European Committee on
Antimicrobial Susceptibility Testing (https://www.cucast.org). The breakpoint for linezolid was set at 4 mg/L. Since there

was no susceptibility or resistance breakpoints determined for rifampicin against anaerobes, we designated isolates with
MICs >32 pg/mL as resistance. The control isolate was C. difficile ATCC 700057.

Clinical Data
Clinical data were collected via an electronic medical record system to obtain basic information about patient age,
hospitalization date, discharge date, inpatient floor, and sample collection date.

Data Analysis
SPSS version 23.0 for Windows (SPSS) was used for statistical analyses.

Results

Epidemiologic Analysis and Characterization of C. difficile Isolates

Of a total of 832 patients hospitalized in the neurosurgery department during the 24-month study period, six C. difficile
isolates were identified from 19 patients suffering from diarrhea sent for C. difficile testing. Two strains were positive for
both the fcdA and tcdB genes (A+B+), and these strains belonged to ST-35 and ST-14, respectively, whereas the
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Figure | (A) Distribution of toxigenic C. difficile isolated from patients along with basic clinical data. Patient admission dates are marked by stars, the dates of becoming
positive for CDI by triangles, and discharge dates by inverted triangles. (B) PCR ribotyping of toxigenic C. difficile isolated from the neurosurgery ward identified in the
present study. Four isolates belong to ST-37/RT017 in this study are labeled with point brackets and in red font.

remaining four strains were fcdA4-negative/tcdB-positive (A—B+), and all four belonged to ST-37. Capillary electrophor-
esis mapping results showed that the four strains of C. difficile ST-37 isolated from the neurosurgery ward were almost
indistinguishable (Figure 1B). The length of stay of all patients in the neurosurgery department is shown in Table 1.

Among the four ST-37 strains, C. difficile s10090304 was isolated from a stool sample from a 58-year-old female
patient on the 9th floor of the neurosurgery ward (Figure 1A, P2). Strain s10122412 was isolated from a 75-year-old male
patient on the 8th floor of the neurosurgery ward (Figure 1A, P6). Strain s11052403 was isolated from 25-year-old female
patient on the 8th floor of the neurosurgery ward (Figure 1A, P11), and strain s11080105 was isolated from 76-year-old
female patient on the 8th floor of the neurosurgery ward (Figure 1A, P15).

Table | Information Regarding the Patients Included in This Study

Patient | Floor Sex Age (Years) | Surgery | LOS (Days) | CDI (Strain No.)
Pl 5-7 Female 46 Yes 25

P2 5-9 Female 58 Yes 9l Yes (s10090304)
P3 5-9 Male 54 Yes 37

P4 5-8 Male 75 Yes 63

P5 5-7 Male 78 Yes 14

Pé6 5-8 Male 75 Yes 60 Yes (s10122412)
P7 5-8 Female 55 Yes 68

P8 5-9 Male 62 No 72

P9 5-8 Male 67 Yes 4?2

PIO 5-8 Female 75 Yes 212

Pl 5-8 Female 25 Yes 80 Yes (s11052403)
P12 5-8 Male 37 Yes 64

P13 5-7 Female 34 Yes 16 Yes (s11060307)
Pl4 5-8 Female 49 No 21

P15 5-8 Female 76 Yes 17 Yes (s11080105)
Pl6 5-9 Female 70 Yes 24

P17 5-7 Female 73 Yes 52

P18 5-9 Male 71 No 78

P19 5-7 Male 79 No 4?2 Yes (sI1111003)

Abbreviations: LOS, length of stay; CDI, Clostridioides difficile infection.
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Similarly, six C. difficile isolates were typed as 3 different ribotypes: ST-37/RT017 (n = 4), ST-14/RT014 (n = 1) and
ST-35/RT046 (n = 1).

Phylogenetic Analyses

The phylogenetic relationship between the four C. difficile ST-37/RT017 strains in the present study and all
C. difficile ST-37/RT017 strains isolated from other departments in our hospital over the 24-month study period
was examined. Bacterial DNA was extracted from a total of 19 strains, but due to substandard DNA quality,
a library could not be constructed for C. difficile strains s11080105, which was isolated from a patient on the 8th
floor of the neurosurgery ward. The phylogenetic tree revealed different group patterns. Strain s100122412,
isolated from patient on the 8th floor of neurosurgery ward, clustered into an evolutionary branch with the strain
isolated from the hematology ward. However, the remaining two strains isolated from patients in the neurosurgery
ward clustered closely into the same evolutionary branch with the strain isolated from the hepatobiliary and
pancreatic surgery ward (Figure 2). Another 16 non-duplicate toxigenic C. difficile strains belonging to ST-37/
RTO017 and isolated from diarrhea inpatients in other departments during the study period were combined to build
the phylogenetic tree, as shown in Figure 2.

WGS Comparisons

Based on the phylogenetic tree, five closely related isolates were investigated to further define their genomic differences
and relationship, and the paired-end DNA sequencing reads of these five strains were mapped to the reference genome.
Two strains, s11052403 isolated from a patient on the 8th floor of the neurosurgery ward and s10090304 isolated from
a patient on the 9th floor, were highly similar, differing only by two SNPs. However, the other strains differed from each
other by more than three SNPs (Figure 3C).

Comparisons of whole-genome sequences showed that the genomes of the five strains closely matched (Figure 3A).
Comparative analyses identified a shared set of 3838 core genes without soft core genes and 238 different shell genes, as
well as 44 genes unique to s10080501, 15 unique to s10122709, 4 unique to s10122412, 1 unique to s10090304, and
none unique to s11052403. The annotations indicating the predicted functions of the proteins encoded by the different
genes revealed that 22 proteins were encoded by only three strains, s11052403, s10090304, and s10122709, as shown in
Figure 3B.
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Figure 2 Maximum likelihood phylogenetic tree of Clostridioides difficile ST-37/RTO17 strains isolated from inpatients in our hospital during the 24-month study period, based
on the core genome and grouped into different clades. Three isolates in this study are labeled with point brackets. A background color of Orange indicates that the strains
were isolated from two patients on the 8th floor of the neurosurgery ward and green from a patient on the 9th floor.
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Figure 3 Comparative genomic analysis of five C. difficile ST-37/RT017 strains. (A) Whole-genome sequencing comparison of the strains. Circles from inside to outside
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functional catalogues of the 48 predicted genes. (C) RAST annotation revealed several SNPs. Numbers in red boxes indicate the two SNPs that differed between C. difficile
strain s10090304 and s| 1052403 in this study. Point brackets indicate the two different SNPs between the two isolates in this study.

Antimicrobial Susceptibility

The antibiotic susceptibility patterns of C. difficile isolates are presented in Table 2. All toxigenic strains isolated from the

neurosurgery department were sensitive to metronidazole, vancomycin, and linezolid. However, the four strains belonging to

Table 2 Antimicrobial Susceptibility of the Six C. difficile Strains Isolated from the
Neurosurgery Ward

Strain No. | Floor | ST Value (ug mL™")

VA MZ LZ | CM RI MX | LE | EM
ATCC70057 0.38 | 0.023 0.5 1.5 | 0002 | 038 | 3 0.5
s10090304 5-9 37 | 0.094 | 0016 | 0.19 | 256 32 32 32 | 256
510122412 5-8 37 | 0.094 | 0016 | 0.19 | 256 32 32 32 | 256
511052403 5-8 37 | 038 | 0.023 | 0.125 | 256 32 32 32 | 256
s11060307 5-7 35 | 038 | 0047 | 038 | 256 32 038 | 2 | 256
s11080105 5-8 37 | 0.064 | 0.016 | 0.047 | 256 32 32 32 | 256
sI1111003 5-7 14 | 0.125 | 0.016 | 0.19 1.5 0002 | 075 | 32 | 0.19

Abbreviations: VA, vancomycin; MZ, metronidazole; LZ, linezolid; CM, clindamycin; RI, rifampicin; MX,
moxifloxacin; LE, levofloxacin; EM, erythromycin.
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ST-37/RT017 were highly resistant to clindamycin, erythromycin, levofloxacin, moxifloxacin, and rifampicin. Among the
four strains belonging to ST-37/RT017, three strains carrying ermB, tetM, AAC(6')-le-APH(2")-I and cdeA were distributed.

Discussion

CDI remains one of the most common healthcare-associated infections worldwide, with approximately 50% of CDI cases
occurring during hospitalization.”” The molecular epidemiology of C. difficile is thus important, especially the epide-
miology of C. difficile transmission in health-care settings.”> To our knowledge, this is the first study to investigate the
epidemiology of C. difficile in a neurosurgery department.

Critically ill patients in some important wards, such as the neurosurgery department and intensive care unit (ICU), are
particularly vulnerable to C. difficile."” In this retrospective study, we found that the isolation rate of toxigenic C. difficile
in neurosurgery patients with diarrhea was much higher than in patients from other departments in our previous studies.®
This phenomenon may be attributed to the use of prophylactic antibiotics,'>'* length of hospital stay, and older age,*®*’
all of which are significantly associated with CDI.

Globally, C. difficile has emerged as an important cause of antimicrobial-associated diarrhea in humans, attributed to
the production of two major toxins.® However, not all toxigenic C. difficile strains produce both major toxins. As one of
A B toxin-types, C. difficile ST-37/RT017 could cause clinical symptoms as severe as other toxigenic strains, and has
spread globally and furthermore been responsible for multiple outbreaks.>*' In China, C. difficile ST-37/RT017 remains
a major prevalent strain.”® In this study, genotyping by MLST identified three different STs. The hypervirulent strains
C. difficile ST-1 and ST-11 were not detected. Among these strains, ST-37/RT017 was the dominant type in the
neurosurgery department. Capillary electrophoresis ribotyping showed that the C. difficile ST-37/RT017 strains did not
differ significantly from each other, but the phylogenetic tree revealed the presence of at least two C. difficile ST-37/
RTO017 clones in the neurosurgery department, and these clones were relatively independent of other ST-37/RT017 strains
isolated in other departments during the same period. Although PCR-ribotyping is the gold-standard method for
genotyping, it does not provide sufficient discriminatory power to distinguish related strains.>? Furthermore, it suggests
that there was no epidemiologic transmission of C. difficile ST-37/RT017 strains between the departments in our hospital
during this period. Comparing the same clones of C. difficile ST-37/RT017 strains isolated from the neurosurgery
department, we found that there was no transmission of C. difficile ST-37/RT017 strains on the same floor, as the strains
apparently derived from different clones. However, strains s11052403 and s10090304, which were isolated on different
floors, derived from the same clone and were highly similar, differing by only two SNPs. According to a previous study
in which 0-3 SNVs were identified between transmitted isolates obtained 124 to 364 days apart,” there was clear
epidemiologic transmission of C. difficile ST-37/RT017 strains between patients on different floors in the neurosurgery
department. To the best of our knowledge, fecal-oral person-to-person transmission involving contaminated hands is the
main route of CDI spread within inpatient health-care facilities.”* However, the hospitalization periods of the two
affected patients did not overlap, and these patients did not share the same ward or even have direct contact based on the
available clinical information. This strongly suggests that the epidemiologic transmission pathway of C. difficile ST-37/
RTO017 strains in the neurosurgery department was not via direct contact between patients. We speculate that environ-
mental contamination may have played an important role in indirect transmission of the C. difficile ST-37/RT017 strains
between the two patients, because available clinical information indicates they shared the same operating room.

A striking proportion of studies examining environmental sources of C. difficile in health-care institutions reported the
importance of forward transmission mechanisms, including the transmission of spores by hands of health-care workers,
as well as via contamination of bathrooms, toilets, hoppers, and janitorial equipment rooms.**>¢ Notably, C. difficile
spores can survive in the environment for months or years and can be found on multiple surfaces in health-care settings if
surfaces are not adequately disinfected with the recommended working concentrations of chlorine-based cleaning
agents.>’>® We found that all C. difficile ST-37/RT017 strains were resistant to numerous classes of antibiotics, with
high MICs, including clindamycin, rifampicin, erythromycin, and fluoroquinolones, which could increase the risk of
CDI.? The acquisition of resistance to antimicrobial agents as well as enhanced virulence and survival properties may
contribute to the dissemination of C. difficile in the environment.** Undoubtedly, strict disinfection of clinical
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environments contaminated with C. difficile is essential to reduce transmission and achieve effective infection control in
the hospital setting.***!

Our study has some limitations. First, this was a retrospective study, and the extremely few samples were collected
from neurosurgical patients over a 24-month period and therefore insufficient to accurately reflect the incidence of CDI.
Determining the exact incidence rate will require further research. Second, though we thought to collect as much
information as possible to observe the outcomes and risk factors associated with CDI, we could not search patient clinical
information in detail because it had been archived. Third, we could not confirm the source of the C. difficile ST-37/RT017

strains because no environmental samples were collected.

Conclusions

Although C. difficile ST-37/RT017 strains are toxigenic and produce only the functional TcdB (A-B+), they can still
cause serious outbreaks in hospitals, leading to severe disease.” In mainland China, C. difficile ST-37/RT017 is one of the
most prevalent phenotypes and exhibits a high rate of multidrug resistance.”®'® Further surveillance is absolutely
necessary to detect clustering of cases and especially the epidemiologic transmission of C. difficile in China in order
to avoid nosocomial outbreaks. Strict disinfection of environments contaminated with C. difficile is essential to reduce
transmission and achieve effective infection control in the hospital setting. Moreover, it is crucial that clinical detecting
for C. difficile should be conducted promptly in major hospitals in China, where CDI laboratory testing is lacking.

Data Availability

The genomic sequences of the 19 C. difficile isolates were deposited in GenBank under accession number
PRINA432876. The data of this study are available by contacting the corresponding author upon reasonable request.
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