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Abstract: This prospective observational cohort study aimed to establish and compare baseline rates
of Clostridioides difficile infection (CDI) in community and hospitalized patients in Nagpur and rural
Melghat Maharashtra, including adults aged ≥18 years with a diagnosis of diarrhoea as defined as
3 or more loose stools in a 24 h period. All diarrhoeal samples were tested for CDI using the C. diff
Quik Chek Complete enzyme immunoassay. C. difficile-positive stool samples were characterised
by toxigenic culture, antimicrobial susceptibility testing and PCR ribotyping. C. difficile testing was
performed on 1683 patients with acute diarrhoea. A total of 54 patients (3.21%; 95% CI: 2.42–4.17)
tested positive for both the GDH antigen and free toxin. The risk factors for CDI included the presence
of co-morbidities, antibiotic usage, and immunosuppression. The detected PCR ribotypes included
053-16, 017, 313, 001, 107, and 216. Our findings show that toxigenic C. difficile is an important
but neglected aetiologic agent of infective diarrhoea in Central India. These results underscore
the need to enhance the awareness and testing of patients with diarrhoea in India regarding the
presence of toxigenic C. difficile, particularly in high-risk individuals with multiple co-morbidities,
immunosuppression, and recent or ongoing antibiotic exposure or hospitalization.

Keywords: Clostridioides difficile; PCR ribotyping; toxin gene profiling; antibiotic susceptibility testing

1. Introduction

Clostridioides difficile (C. difficile) is a Gram-positive, spore-forming, anaerobic intestinal
bacterium which causes Clostridioides difficile infection (CDI) [1]. CDI is a leading cause of
healthcare-associated infections (HAIs) in middle- and high-income countries and a global
public health threat [2]. The clinical spectrum of CDI ranges from mild diarrhoea to toxic
megacolon and death [1]. Our current understanding of disease pathogenesis is that CDI
is a multifactorial disease process dictated by pathogenic C. difficile toxin production, gut
microbial dysbiosis, and altered host inflammatory responses [3]. The increased incidence
of primary infection, occurrence of hypertoxigenic ribotypes, and more frequent occurrence
of drug resistant, recurrent, and non-hospital CDI underscore the urgent unmet need to
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develop new therapeutics to tackle CDI [4]. Independent risk factors for CDI include
advanced age, concomitant antibiotic use, gastric acid suppression, chemotherapy, corti-
costeroids, lymphoma or leukaemia, solid cancer or malignancy, chronic kidney disease,
congestive heart disease, diabetes mellitus, chronic obstructive pulmonary disease, diver-
ticular disease, inflammatory bowel disease, gastroesophageal reflux disease, peptic ulcer
disease, nasogastric tube feeding, a stay in intensive care, non-surgical gastrointestinal
procedures, and hospitalization [5–9].

Despite its prominence in causing antibiotic-associated diarrhoea in nosocomial and
community populations in the US and Europe, there are a lack of studies describing the
molecular epidemiological burden of CDI in India and other lower–middle-income coun-
tries (LMICs) [10–12]. The available data from a small number of Indian studies indicate
the prevalence of ribotypes 001, 017, and 106, 045, 126 and 019 [13,14]. Only one genomic
study by Singh et al. described the partial sequencing of C. difficile isolates [15], and no
previous studies have described the phylogenetic relatedness of the strains for their epi-
demiological significance and the development of public health interventions for CDI. This
knowledge gap and limited LMIC-specific surveillance data may be due to a combination of
factors including lower prevalence, a lack of testing and awareness, inadequate laboratory
facilities for diagnostic testing and culture facilities for obligate anaerobes, and resource
limitations [10]. Therefore, diarrhoea is typically treated symptomatically, leading to misdi-
agnosis, mistreatment, and a possible underestimation of the contribution of C. difficile to
diarrhoea. Considering the widespread and frequent use of broad-spectrum antimicrobials
in India and the substantial challenges of antibiotic stewardship, together with recent
economic growth, an ageing population, and the evolving COVID-19 pandemic, it is likely
that C. difficile is an unrecognised health threat. Thus, the aim of this study was to report on
CDI incidence rates for the first time, as well as the antimicrobial susceptibility pattern and
the ribotyping characteristics of C. difficile strains among adult inpatient and outpatients in
rural and urban settings in Central India.

2. Methods
2.1. Study Design and Patient Recruitment

A multicentre prospective observational cohort study was undertaken from December
2016 to December 2021 to ascertain the incidence and molecular epidemiology of CDI in ur-
ban and rural populations of Central India. The eligibility criteria included age ≥ 18 years
and patients presenting with diarrhoea, defined as the passage of 3 or more unformed
stools over at least 24 h. The urban participants were recruited from the inpatient and
outpatient departments of the Central India Institute of Medical Sciences (CIIMS), a tertiary
care hospital in Nagpur, Maharashtra, and from other tertiary care multispeciality hospitals
in Nagpur city. Rural participants were recruited from primary healthcare centres from
villages in Melghat, a tribal belt in Amravati, Maharashtra, and Mahatma Gandhi Tribal
Hospital, Melghat. The patient inclusion flowchart is given in Figure 1.

Demographic details were collected by means of a structured patient questionnaire
which included age, gender, body mass index (BMI), habitat location (rural/urban), hospi-
talization status, co-morbidities, history of antibiotics at the time of and within 2 months
of recruitment, history of immunosuppression as defined by a history of malignancy or
chemotherapy, immunosuppressants including at least 5 mg/day of prednisolone, history
of previous enteric infection (all cause), and seasonality. The primary outcome was the
proportion of toxigenic C. difficile cases amongst urban and rural inpatient and outpatient
populations. The secondary outcomes included the proportion of non-toxigenic C. difficile
cases in the same cohorts, as defined by the C. diff Quik Chek Complete assay, PCR ribotype,
and the antimicrobial susceptibility of the C. difficile isolates. All participants received infor-
mation about this study and gave their consent. The ethics committees of each participating
hospital and rural healthcare centre, in addition to the School of Medicine Research Ethics
Committee at the University of Nottingham (REC No.199-1901), approved the study.
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Figure 1. Patient inclusion flowchart.

2.2. Microbiological Analysis

The stool samples were collected in clean, wide-mouthed, disposable containers and
were processed immediately. The stool samples were analysed for toxigenic C. difficile
using the C. diff Quik Chek Complete (QCC) rapid membrane immunoassay kit (TechLab,
Blacksburg, VA, USA), as previously described [16], which simultaneously detects the
presence of glutamate dehydrogenase (GDH) and C. difficile toxins A/B in stool samples.
Stool samples testing positive for GDH and the toxin or the toxin alone were subsequently
cultured for C. difficile via a toxigenic culture. C. difficile spores were enriched using a pre-
treatment with industrialised methylated spirit (IMS, 74 0.P). Briefly, 1.5 mL of liquid stool
sample was emulsified in 0.5 mL of 0.9% sodium chloride, and 2 mL of IMS was added to it.
The suspension was allowed to incubate for 45–60 min. After this incubation time, 0.1 mL
of suspension from the lower faecal layer was plated on cycloserine-cefoxitin-fructose agar
(CCFA; Himedia, Mumbai, India) and incubated under anaerobic conditions in a DG250
Don Whitley anaerobic workstation (Yorkshire, UK) for 48–72 h. The positive cultures were
further subjected to antibiotic susceptibility testing and PCR ribotyping.

2.3. Minimum Inhibitory Concentration (MIC) Determination

Antimicrobial susceptibility testing was carried out for the positive cultures via Etest
for Metronidazole, Clindamycin and Vancomycin using the breakpoints described in the
CLSI (https://clsi.org accessed on 3 January 2023) guideline. Briefly, toxin positive isolates
were subjected to antimicrobial susceptibility testing against Metronidazole, Clindamycin,
and Vancomycin using an antimicrobial gradient diffusion method (Etest, bioMerieux Inc.,
Marcy L’Etoile, France). The minimum inhibitory concentrations (MICs) were interpreted
as susceptible or resistant based on the CLSI guidelines. The MICs were read at the point
where the elliptical zone of inhibition intersected the MIC scale after incubation for 24 h.
Resistance was defined according to the following breakpoints: Metronidazole ≥ 32 mg/L,
Clindamycin ≥ 8 mg/L, and Vancomycin ≥ 4 mg/L.

2.4. Genomic DNA Preparation

DNA isolation from the pure cultures was performed using the Qiagen Blood and
Tissue Kit and harvested in microcentrifuge tubes (maximum 2 × 109 cells). In total, 180 µL
of lysis buffer ATL was added to the pellet, and the samples were homogenized for 1 min.
A total of 20 µL of Proteinase K was added to each sample, and digestion was performed
at 56 ◦C for 1 h. Then, RNase A (4 µL, 100 mg/mL) was added to the sample, and it was
incubated for 2 min at room temperature. The DNA was then purified as described in the
Qiagen Blood and Tissue protocol. The DNA quality and concentration were quantified
using agarose gel electrophoresis and Invitrogen Qubit 4, respectively.

https://clsi.org
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2.5. PCR Ribotyping Analysis of C. difficile Strains

The isolates were further characterised via fluorescent PCR ribotyping using a previ-
ously described protocol [17,18]. Ribotyping was performed using a Promega Spectrum
Compact CE System and analysed with the publicly available CdiffFragR ribotyping
pipeline and database (thewalklab.com/tools, accessed on 4 September 2023), toxin gene
profiling was performed (tcdA, tcdB, cdtA, cdtB) using PCR, as described in [19], and species
identification was carried out using Sanger-style sequencing of the 16S rRNA-encoding
gene (primers 8F and 1492R) [20] with online Blastn against the nr database.

2.6. Novel Ribotype Phylogenetic Analysis

Genomic DNA library preparation was performed using a NEBNext Ultra™ II FS
DNA Library Prep kit for Illumina (NEB #E7805S/L, #E6177S/L). Briefly, 500 ng of genomic
DNA was used as the starting material, and the manufacturer’s protocol for a 200 bp
genomic insert was followed. All libraries were quantified using Invitrogen Qubit 4 and the
Agilent Technologies Tapestation 2200. The libraries were sequenced on Illumina Novaseq
6000 using S4 reagent kits. The raw reads were aligned to the CD630 reference genome
(NCBI RefSeq assembly accession: GCF_000009205.2) using Bowtie2 version 2.4.2, and the
resulting alignments were processed with SAMTOOLS Version: 1.16.1. Custom R scripts
(available at https://github.com/nvpinkham, accessed on 4 September 2023) were used
to extract previously identified core genome loci [21] and MLST genes using local Blastn
version 2.12.0+. The MLST loci sequences were queried against the pubmlst database
(https://pubmlst.org/ accessed on 6 August 2023) to identify corresponding sequencing
types (STs). The genome sequences from isolates representing these STs were obtained from
the NCBI (Table S1). Three reference genomes (CD630 = ribotype 012, Mta-79 = ribotype
255, and FDAARGOS_723 = ribotype 027). The most closely related genomes were used to
construct a phylogeny based on the core genome loci. Bootstrap values with 100 iterations
were generated and labelled at the nodes. The raw sequencing reads were deposited in
NCBI’s Short Read Archive under the accession number SUB12004371.

2.7. Statistical Analyses

All categorical variables were summarised in terms of frequencies and percentages,
and the continuous variable, BMI, was summarised as the mean ± SD. The inpatient and
outpatient categorical variables and BMI were compared using Pearson’s chi-square test
and the t-test for independent samples, respectively. All analyses were performed using
SPSS version 26.0 (IBM Corp, Armonk, NY, USA) software and the statistical significance
was tested at the 5% level.

3. Results
3.1. Incidence of C. difficile in the Study Population and Seasonal Variation

The baseline characteristics of the study population are summarised in Table 1. Out of
1683 recruited patients, 642 (38.1%) were inpatients, while 1041 (61.9%) were outpatients.
The age and gender distributions between the two categories showed no significant differ-
ence. Compared with outpatients, inpatients were mainly from urban areas (p ≤ 0.001),
had a higher burden of reported co-morbidities, were more likely to be immunosuppressed
and used antibiotics (p < 0.0001). There were more cases of previous enteric infections in
the inpatient category as compared to the outpatient category (p < 0.0001).

The distribution of patients according to GDH and toxin test findings and patient
characteristics are shown in Table 2. The incidence of both GDH and toxin assay positivity
was 3.21% (54/1683; 95% CI: 2.42–4.17), while the occurrence of GDH positivity and toxin
negativity was 3.98% (67/1683; 95% CI: 3.1–5.03). The occurrence of GDH negativity and
toxin positivity was 0.9% (15/1683; 95% CI: 0.5–1.5%). We also observed a higher incidence
of CDI during the monsoon season (p < 0.0001). From 1683 samples that were tested using
the C. diff Quik Chek Complete assay, 69 samples (n = 54 GDH+/Toxin+ and n = 15 GDH-
/Toxin+) were selected for toxigenic culture. C. difficile growth was seen in 36 GDH+/Toxin+

https://github.com/nvpinkham
https://pubmlst.org/
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and 6 GDH-/Toxin+ categories. These 42 C. difficile isolates were subsequently subjected to
antimicrobial susceptibility testing and PCR ribotyping.

Table 1. Baseline characteristics of patients.

Characteristic Overall
(n = 1683)

In-Patients
(n = 642)

Out-Patients
(n = 1041) p-Value

Age, years (n (%))
18–40 857 (51) 349 (54) 508 (49)

0.082 *41–60 601 (36) 215 (34) 386 (37)
>60 225 (13) 78 (12) 147 (14)

Gender (n (%))
Male 894 (53) 345 (54) 549 (53)

0.689 *Female 789 (47) 297 (46) 492 (47)

Location (n (%))
Rural 496 (30) 160 (25) 336 (32)

0.001 *Urban 1187 (70) 482 (75) 705(68)

Presence of co-morbidity (n (%))
Yes 799 (48) 385 (60) 414 (40)

<0.0001 *No 884 (52) 257 (40) 627 (60)

Antibiotic usage (n (%))
Yes 588 (35) 450 (70) 138 (13)

<0.0001 *No 1095 (65) 192 (30) 903 (87)

Immunosuppression (n (%))
Yes 499 (30) 251 (40) 248 (24)

<0.0001 *No 1184 (70) 391 (60) 793 (76)

BMI kg/m2 (mean ± SD) 19.75 ± 5.05 19.47 ± 5.03 19.91 ± 5.06 0.083 †

Seasons (n (%))
Summer 314 (19) 168 (26) 146 (14)

<0.0001 *Winter 347 (21) 141 (22) 206 (20)
Monsoon 1022 (60) 333 (52) 689 (66)

History of intestinal infection
(n (%))

Yes 48 (3) 32 (5) 16 (2)
<0.0001 *No 1635 (97) 610 (95) 1025 (98)

* Using Pearson’s chi-square test. † Using t-test for independent samples.

Table 2. Distribution of patients according to characteristics and outcomes.

Characteristic
GDH+/Toxin+ GDH+/Toxin- GDH-/Toxin+ GDH-/Toxin-

(n = 54) (n = 67) (n = 15) (n = 1547)

Age, years (n (%))
18 to 40 28 (52) 31 (46) 13 (87) 785 (51)
41 to 60 16 (30) 27 (40) 2 (13) 556 (36)

>60 10 (18) 9 (14) 0 206 (13)

Gender (n (%))
Male 31 (57) 37 (55) 10 (67) 816 (53)

Female 23 (43) 30 (45) 5 (33) 731 (47)

Location (n (%))
Rural 4 (7) 0 1 (7) 491 (32)
Urban 50 (93) 67 (100) 14 (93) 1056 (68)
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Table 2. Cont.

Characteristic
GDH+/Toxin+ GDH+/Toxin- GDH-/Toxin+ GDH-/Toxin-

(n = 54) (n = 67) (n = 15) (n = 1547)

Presence of co-morbidity (n
(%))
Yes 52 (96) 36 (54) 12 (80) 699 (45)
No 2 (4) 31 (46) 3 (20) 848 (55)

Antibiotic usage (n (%))
Yes 51 (94) 39 (58) 12 (80) 228 (15)
No 3 (6) 28 (42) 3 (20) 1319 (85)

Immunosuppression (n (%))
Yes 34 (63) 34 (51) 8 (53) 423 (27)
No 20 (37) 33 (49) 7 (47) 1124 (73)

BMI kg/m2 (Mean ± SD) 21.21 ± 4.64 21.02 ±5.13 18.96 ± 5.29 19.65 ± 5.05

Seasons (n (%))
Summer 10 (16) 25 (38) 4 (27) 275 (18)
Winter 3 (5) 5 (7) 2 (13) 337 (22)

Monsoon 41 (79) 37 (55) 9 (60) 935 (60)

History of intestinal infection
(n (%))

Yes 8 (15) 16 (24) 0 24 (2)
No 46 (85) 51 (76) 15 (100) 1523 (98)

3.2. Antimicrobial Susceptibility

The minimum inhibitory concentration (MIC) results showed that all 42 isolates were
sensitive to Metronidazole (MIC < 8 µg/mL) and Vancomycin (MIC < 4 µg/mL), with
resistance to Clindamycin (MIC > 8 µg/mL) observed for 16 of the 42 isolates analysed.
Please see Table 3.

Table 3. Antimicrobial susceptibility profile of C. difficile isolates (n = 42) recovered from stool samples
of the study subjects.

Antibiotic Sensitive to
Antibiotics

Resistant to
Antibiotics

Range on
E-test (in
µg/mL)

Susceptible
(in µg/mL)

Intermediate
(in µg/mL)

Resistant (in
µg/mL)

MIC 50
(µg/mL)

MIC90
(µg/mL)

Metronidazole 42 (100%) - 0.016–256 ≤8 16 ≥32 0.25 5

Clindamycin 26 (46.6%) 16 (53.3%) 0.016–256 ≤2 4 ≥8 256 256

Vancomycin 42 (100%) - 0.016–256 ≤4 - ≥4 1.5 2

3.3. PCR Ribotyping Analysis of C. difficile Strains

In total, 42 C. difficile isolates were PCR ribotyped from 42 adult inpatients with a
mean age of 44.1 years (SD 19.7 years), of which 41/42 were from urban areas. Of these,
27/42 were immunosuppressed and all presented with a fever and abdominal pain with 1
to 4 days of diarrhoea. Six patients had a previous history of C. difficile infection, and the
hospital duration ranged from one to seven days (Table S1). Most of the isolates (n = 25,
59.5%) belonged to the following six ribotypes: 053–163 (10 isolates, 23.8%), 017 (8 isolates,
19%), 313 (3 isolates, 7.1%), 001 (2 isolates, 4.8%), 107 (1 isolate, 2.4%), and 216 (1 isolate,
2.4%). The remaining 17 isolates (40.5%) did not match to any ribotype in our database
and represented at least eight different ribotypes, designated A–H, based on individual
chromatograms (Figure S1). Toxin gene profiling (tcdA/B, and cdtA/B) and Sanger-style
sequencing of the 16S rRNA-encoding gene (8F/1492R primers; Table S2 and Figure S2)
were performed on these isolates. No toxin genes were present in the isolates representing
ribotypes A, B, and C, and 16S reads from these isolates were more like non-Clostridioides
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species, so we concluded that these isolates were not bone fide C. difficile. The representative
ribotype D isolates were confirmed to be C. difficile according to Sanger 16S sequencing but
were non-toxigenic. After removing ribotypes confirmed as non-C. difficile, we identified
12 potential novel ribotypes (Figure 2).

Figure 2. Ribotype frequency per Central India area, 2016–2021. In a total of 42 samples, 12 samples
are potential novel ribotypes.

3.4. Novel Ribotype Phylogeny

Genome sequencing was conducted on isolates that did not match ribotypes in the
Walk Lab ribotyping database. Phylogenetic analyses were conducted using both multilocus
sequence typing (MLST) loci [22] and core genome loci [21] to identify those that were
closely related. Reference strains representing commonly observed ribotypes (012, 027,
017) were included for comparison. Both analyses suggested that the unmatched isolates
were closely related to previously sequenced isolates (Supplementary Figures S3 and S4),
indicating that the novel C. difficile genetic diversity represented in these isolates is minor.

4. Discussion

This is the first detailed and largest C. difficile molecular epidemiology study to be
conducted in Central India. We report a relatively low prevalence of toxigenic C. difficile
cases compared with other generally smaller studies in India, where the prevalence was
found to range widely from 1.2% [23] to 29% [24]. Comparatively, the C. difficile prevalence
rates observed in Central India are also lower than those reported in a systematic review
and meta-analysis assessing the prevalence of C. difficile-associated diarrhoea in developing
countries, which was 15% (95% CI 13–17%), including community and hospitalized patients
within four regions: the Africa–Middle East region, developing Asia, Latin America, and
China [25]. In another earlier meta-analysis by Borren et al., the pooled prevalence rate
of CDI in Asia was 14.8% (95% CI 12.9–16.7%) among all the patients tested (37,663) and
16.4% among hospitalized patients with diarrhoea, with a higher prevalence in East Asia
(19.5%) compared with South Asia (10.5%) or the Middle East (11.1%). On estimate, there
were 5.3 episodes of CDI per 10,000 patient days, similar to the rates reported for Europe
and North America [26].

With recent advancements in genotyping methods, it has become possible to charac-
terize strains according to the preferred method of PCR-ribotyping (PCR-RT), which is
based on the heterogeneity of the ribosomal intergenic spacer [27]. In the current study,
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PCR-ribotyping analyses revealed that most of the analysed isolates belonged to ribotypes
053-163, 017, 313, 001, 107, and 216. These results compare favourably with those of Vaish-
navi et al., who also reported the PCR ribotypes 001 and 017 alongside 106 in toxigenic
isolates, as well as 009 and 010 for the non-toxigenic isolates in India [14]. Collins et al.
similarly reported RTs 001 and 017 in Asia, as well as the toxinogenic ribotypes 002, 014,
and 018 [28]. In studies from Tehran, a high prevalence of the C. difficile ribotypes 001
and 026 was reported [29]. Similarly, a study from Cape Town in South Africa showed
a predominance of the ribotype 017 strains [30]. Comparatively, a recent five-year, pan-
European, longitudinal surveillance study of C. difficile ribotype prevalence reported the
most commonly detected isolate to be RT027, which represented a mean prevalence of
11.4% [31]. The most prevalent PCR ribotypes found in Texas from 2011 to 2018 were 027
(17.5%), 014-020 (16.1), 106 (11.6%), and 002 (9.1%). This study also reported a 2.6% preva-
lence of RT053-163 as well as the emergence of a novel ribotype 255 strain [32]. Interestingly,
RT027 and RT078 are not commonly reported in lower–middle-income countries such as
India or Africa [12].

We found that most of the diarrhoeal cases presented during the Indian monsoon pe-
riod (between April and September), which coincides with torrential rainfall; this was also
the case for the detection of toxigenic C. difficile. An increased incidence of gastrointestinal
infections, including C. difficile, as well as an increased risk of other disease outbreaks,
such as hepatitis E and leptospirosis, have been reported after flood events, particularly
in areas with poor hygiene and displaced populations [33,34]. Furthermore, epidemio-
logical studies have documented a seasonal variation in the frequency of CDI, yet the
mechanisms responsible for this variability remain poorly understood. A systematic review
reported similar CDI seasonal patterns in Northern and Southern Hemisphere countries
characterized by CDI peaking in spring and being lowest during the summer/autumn
months [35]. Exposure to antibiotics, which typically peak in consumption during the
months of August and September in India [36], as well as environmental reservoirs or
sources of C. difficile such as food, air, water, and animals, may also play an important role
in human infections [34]. In this regard, although there are no published studies confirming
the foodborne transmission of C. difficile, at least one study by Keisam at el. has reported
a high prevalence of bacterial pathogens with both toxigenic and pathogenic potential,
including C. difficile in traditional fermented foods in the northeast region of India using
MiSeq amplicon sequencing [37]. Toxigenic C. difficile has also been detected in animals in
India, including domestic dogs, cattle, pigs, and poultry [38].

In terms of antimicrobial susceptibility patterns, we detected C. difficile resistance to
Clindamycin in half of the isolates tested, whereas all the isolates were sensitive to Metron-
idazole and Clindamycin. Although new variants of C. difficile have emerged with a reduced
susceptibility to the first-line antimicrobials Metronidazole and Vancomycin, high levels of
resistance to Clindamycin, Ciprofloxacin, Moxifloxacin, Erythromycin, and Imipenem have
been reported, especially among ribotypes 027 and 078 in Northern America, Europe, and
Asia [39].

The high resistance of C. difficile isolates to Clindamycin could be because of selective
pressure following the extensive use of Clindamycin in first-line treatment regimens for
treating infections of the skin, abdomen, bone, heart, and soft tissues in India. Clindamycin
is the preferred agent due to its excellent pharmacokinetic properties, availability in both
intravenous and oral formulations with 90% oral bioavailability, cheaper cost, good tissue
penetration, and accumulation in deep abscesses [40].

In terms of potential risk factors, our findings match those from similar studies which
indicate that the presence of co-morbidities, antibiotic usage, and immunosuppression
seem to be associated with the development of toxigenic CDI [2,5].

Our study does have some limitations. In this study, we tested stool samples from
adult patients alone for C. difficile. As such, future studies will need to consider testing
children in resource-limited settings. We did not perform hospital environmental sampling
for C. difficile. Due to a lack of clinically trained personnel involved in this study, we were
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unable to obtain granular details on patient co-morbidities or their dietary patterns. Due
to the impact of the pandemic and late acquisition of an anaerobic cabinet, we were not
able to culture all the relevant positive stool samples in this cohort. For the same reasons,
we were unable to re-culture samples suggestive of mixed cultures or characterise the
C. difficile isolates through whole-genome sequencing. We also did not explore the potential
mechanisms for antimicrobial resistance.

Despite the widespread use of antimicrobials in India, we postulate that dietary
factors may have a protective role in mediating colonization resistance against CDI. In
Indian society, many people enjoy a diet which is rich in fibre, yoghurt, buttermilk, and
turmeric, a spice used in curry which has been used for centuries to help decrease the rate of
gastrointestinal infections. Turmeric extract and its active ingredient, curcumin, can inhibit
the growth of various toxigenic strains of C. difficile [41], and in another study, curcumin
was more effective than fidaxomicin in inhibiting C. difficile toxin production and showed
no negative effective on the gut microbiota [42]. Indian cuisine is also high in carbohydrates,
and indeed, studies have reported the protective effects of high-carbohydrate, low-protein
diets in antibiotic-induced CDI mouse models [43,44].

Interestingly, in our previous studies, we showed that the Central Indian gut mi-
crobiota composition varies principally according geography rather than diarrhoeal or
C. difficile toxin status or, indeed, BMI, where patients with CDI on antibiotics carried
antimicrobial resistance genes to virtually every antibiotic class [16,45]. It is likely that
geographical location is one of the strongest explanatory factors of human gut microbiota
variation due to prominent differences in diet and eating habits across geographic re-
gions [45–47]. Importantly, food patterns vary from region to region in India, which may
have accounted for the lower incidence rates of CDI in Central India compared to those
seen in other parts of India [48,49].

In summary, our data show that C. difficile is a clinically relevant pathogen in India
which should be considered in the routine diagnostic workup of diarrhoeal cases. As stated
by one group of researchers based in Wuhan, China, “not testing for CDI does not mean
the CDI does not exist” [50]. Future efforts should concentrate on enhancing laboratory
capacity and sample testing for C. difficile, as well as strengthening antimicrobial steward-
ship, to meet the rising burden of antimicrobial resistance in India and other LMICs. If
resource limitations are the main barrier to testing, then less expensive diagnostic tests
should be developed and made available in low-resource settings [51]. Targeted surveil-
lance for CDI which includes strain typing and antibiotic susceptibility testing should be
undertaken on a national level to monitor rates of infection, the emergence of epidemic
strains, and the development of antibiotic-resistant strains. The improvement of awareness
of C. difficile among healthcare providers can be achieved through the development of
LMIC-specific C. difficile prevention guidelines and/or international recommendations
from the World Health Organisation that are specific to C. difficile. It is conceivable that
increasing awareness of this pathogen could potentially act as a powerful deterrent to the
indiscriminate prescription of antibiotics, which, in turn, could reduce the global burden of
antimicrobial resistance.
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