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A bs t r ac t
Background

It has been thought that Clostridium difficile infection is transmitted predominantly
within health care settings. However, endemic spread has hampered identification
of precise sources of infection and the assessment of the efficacy of interventions.
Methods

From September 2007 through March 2011, we performed whole-genome sequencing
on isolates obtained from all symptomatic patients with C. difficile infection identified
in health care settings or in the community in Oxfordshire, United Kingdom. We
compared single-nucleotide variants (SNVs) between the isolates, using C. difficile
evolution rates estimated on the basis of the first and last samples obtained from
each of 145 patients, with 0 to 2 SNVs expected between transmitted isolates obtained less than 124 days apart, on the basis of a 95% prediction interval. We then
identified plausible epidemiologic links among genetically related cases from data
on hospital admissions and community location.
Results

Of 1250 C. difficile cases that were evaluated, 1223 (98%) were successfully sequenced.
In a comparison of 957 samples obtained from April 2008 through March 2011
with those obtained from September 2007 onward, a total of 333 isolates (35%) had
no more than 2 SNVs from at least 1 earlier case, and 428 isolates (45%) had more
than 10 SNVs from all previous cases. Reductions in incidence over time were similar in the two groups, a finding that suggests an effect of interventions targeting the
transition from exposure to disease. Of the 333 patients with no more than 2 SNVs
(consistent with transmission), 126 patients (38%) had close hospital contact with another patient, and 120 patients (36%) had no hospital or community contact with
another patient. Distinct subtypes of infection continued to be identified throughout
the study, which suggests a considerable reservoir of C. difficile.
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Conclusions

Over a 3-year period, 45% of C. difficile cases in Oxfordshire were genetically distinct
from all previous cases. Genetically diverse sources, in addition to symptomatic patients, play a major part in C. difficile transmission. (Funded by the U.K. Clinical Research Collaboration Translational Infection Research Initiative and others.)
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M

ost episodes of Clostridium difficile
infection are believed to result from recent acquisition within a health care setting. Prevention efforts have therefore focused on
symptomatic patients, their immediate environment, and judicious use of antimicrobial drugs.1,2
Person-to-person transmission of C. difficile infection and surrounding contamination have been
well documented.2-5 However, there are multiple
other potential sources, including patients with
asymptomatic colonization6,7 and sources in the
wider environment, such as water, farm animals
or pets, and food.8 The contribution of cases acquired from these sources to the overall burden of
disease is unclear, particularly with increasing reports of community-associated C. difficile infection.9
Previous studies combining data from hospital
admissions and genotyping have shown that transmission through hospital-based contact with patients with C. difficile infection accounts for less
than 25% of new cases.10,11 However, such studies
have not definitively described the role of symptomatic patients in transmission, nor do they account for potential spread across hospital wards
by the movement of patients, staff, and equipment12 or for potential spread from community
contacts. Horizontal transmission from symptomatic patients continues to be viewed as the source
of most cases of infection and is the basis for recent prevention guidelines.13
The assessment of hospital-wide transmission
with the use of multilocus sequence typing or
ribotyping is hampered by the large numbers of
patients who share a genotype and hospitalbased contact. However, whole-genome sequencing shows that substantial genetic diversity exists,
even within isolates of the same genotype.14 To
quantify the role of symptomatic patients in the
transmission of C. difficile leading to infection and
to determine how such transmission has varied
over time, we examined whole-genome sequences
in isolates obtained from all patients with C. difficile
infection in a defined geographic area during a
3.6-year period.

Me thods
Population

The Oxford University Hospitals, comprising four
hospitals with a total of approximately 1600 beds
(mostly in 4-bed bays within discrete areas of wards
containing 20 to 30 beds), provide all acute care and
more than 90% of hospital services in Oxford1196
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shire, United Kingdom (approximate population,
600,000). During the study, the infection-control
practices in this hospital system were in keeping
with published guidelines (Table S1 in the Supplementary Appendix, available with the full text
of this article at NEJM.org).1,2 All inpatients with
diarrhea (defined as ≥3 stools within a 24-hour
period that took the shape of a container) underwent testing for the presence of C. difficile. The
hospitals’ central microbiology laboratory used
enzyme immunoassays for toxins A and B (Meridian Bioscience) to test all samples obtained in the
hospitals and the community.
From September 2007 through March 2011,
all such samples with positive results on enzyme
immunoassay were cultured. Subcultured single
colonies from culture-positive isolates underwent
multilocus sequence typing10,15 and whole-genome
sequencing. Repeat isolates of the same sequence
type from the same patient were not sequenced,
except for 148 randomly selected sample pairs that
were used to estimate rates of within-host diversity and evolution (see the Supplementary Appendix). We sequenced repeat isolates with different
sequence types from the same patient, which allowed us to account for the effect of mixed infections and reinfections on transmission.16
Data were available for all patients on hospital admissions, movement throughout the hospital,
and home postal-code districts (28 distinct locations) and general medical practices.
Sequencing

DNA was extracted and sequenced with the use of
Illumina technology.17 Sequence reads were mapped
to a reference genome, and base-pair calls at each
position in the genome that were identified after
quality filtering were used to identify single-nucleotide variants (SNVs) between pairs of sequenced
isolates and in phylogenetic comparisons. (Details
regarding sequencing, including error rates, are
provided in the Supplementary Appendix.)
Epidemiologic Analysis

Epidemiologic relationships between genetically
related cases were classified as “ward contact” if
cases occurred in two patients who had been on
the same hospital ward at the same time and if
this period was consistent with between-patient
transmission. For such transmission to occur, it
was assumed that cases were infectious from
1 week before diagnosis through 8 weeks after
diagnosis,10,18,19 with an incubation period (the
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time from the acquisition of C. difficile to the diagnosis of infection) of 0 to 12 weeks.1,10 Patients
from whom multiple samples had been obtained
were considered to be infectious for 8 weeks after
their last positive test. If no ward contact existed,
patients could be linked by time (as above) within the same hospital (hospital-wide contact) or by
exposure to the same ward but with an interval
of up to 28 days separating the discharge (or end
of infectivity) of the first patient and the admission of the second patient (classified as ward
contamination). Patients whose cases were classified as community contact received care from
the same general medical practice or lived in the
same postal-code district.
A sensitivity analysis was performed in which
the definition of hospital contact was not restricted to a specified period of infectivity, incubation, or ward exposure. For patients with genetically related infections who did not have
hospital contact, we investigated whether we
could link patients with undiagnosed infection
or asymptomatic colonization using hospitalmovement data from patients with negative results on enzyme immunoassay and inpatients
without diarrhea (for details, see the Supplementary Appendix).
Study Oversight

The study was approved by the Berkshire Research Ethics Committee and National Information Governance Board, which did not require
that patients provide written informed consent.
All authors vouch for the completeness and accuracy of the data and analysis.

R e sult s

in the Supplementary Appendix): 862 (71%) from
Oxford University Hospitals inpatients, 246
(20%) from general medical practices, 60 (5%)
from Oxford University Hospitals outpatients,
and 55 (4%) from other hospitals.
The median age at the time of the diagnosis
of C. difficile infection was 78 years (interquartile
range, 66 to 86). The most prevalent sequence types
were sequence type 1 (ribotype 027) in 214 samples
(17%), sequence type 8 (ribotypes 002 and 159)
in 110 samples (9%), and sequence type 2 (ribotypes 014, 020, 076, and 220) in 103 samples (8%).
Genetic Diversity within Individual Patients

The analysis of the evolution and genetic diversity of C. difficile within individual patients provides a framework for interpreting differences in
SNVs among patients. We evaluated the first and
last samples obtained from 145 patients at a median interval of 51 days (interquartile range, 28
to 105; simple range, 0 to 561), using a model
based on coalescent theory (in which all alleles of
a gene that is shared by all members of a population are traced to a single ancestral copy) (for
details, see the Supplementary Appendix).20 On
the basis of this evaluation, the estimated evolutionary rate was 0.74 SNVs (95% confidence interval [CI], 0.22 to 1.40) per successfully sequenced genome per year, and the mean
within-host diversity was 0.30 SNVs (95% CI,
0.13 to 0.42). Using model-based 95% prediction
intervals, we determined that 0 to 2 SNVs would
be expected between isolates that were obtained
less than 124 days apart, and 0 to 3 SNVs would
be expected between isolates that were obtained
124 to 364 days apart (Fig. S3 in the Supplementary Appendix).

study Samples

Genetic Diversity among Patients

From September 2007 through March 2011, a total of 40,924 fecal samples were submitted for
C. difficile testing. Of these samples, 2377 tested
positive for C. difficile on enzyme immunoassay,
resulting in overall rates of 8.5 positive samples
per 10,000 inpatient overnight stays and 13.0 per
month for outpatients and patients in the community. Of the samples with positive results on
enzyme immunoassay, 2283 (96%) were retrieved
for culture. Of these samples, 1714 (75%) were
culture-positive for C. difficile, representing 1250
infections after accounting for repeated samples
with the same sequence type. Of these isolates,
1223 (98%) were successfully sequenced (Fig. S2

Of 957 sequenced isolates from patients with
C. difficile infection obtained from April 2008
through March 2011, a total of 333 (35%) were
genetically related to at least one isolate obtained
from a previous case from September 2007 through
March 2011. (Genetic relationship was defined as
≤2 SNVs between the two isolates, an association
that is close enough to support transmission on
the basis of the stated prediction intervals.) The
266 isolates that were obtained from September
2007 to March 2008 were included only as potential
sources for later C. difficile infections, since these
patients could have acquired C. difficile from a case
before the study started. Of the 957 sequenced
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isolates, 428 (45%) had more than 10 SNVs, as
compared with all previous sequenced samples
obtained since September 2007 (Fig. 1A). Results
were similar in a sensitivity analysis after a basic
adjustment for recombination (Table S2 and Fig. S4
in the Supplementary Appendix).
Of the 333 patients with C. difficile genetically
related to a previous infection, 126 (38%) had
ward contact with the previous genetically related case, 5 (2%) were linked only by possible
ward-based contamination after the discharge or
recovery of an infectious patient, 29 (9%) shared

of
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time in the same hospital but were never on the
same ward, and 21 (6%) had both ward contamination and hospital-wide contact. For the
remaining 152 patients (46%), no hospital-based
contact could be established. Of these patients,
15 (10%) were patients at the same general
medical practice, and 17 (11%) lived in the same
postal-code district. Overall, 120 patients (36%)
had no record of any hospital or community
contact with a previous genetically related case.
Even when the infectious, incubation, and wardcontamination periods were unlimited, 68 patients
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Figure 1. Genetic Variation and Epidemiologic Relationships among 957 Isolates Obtained from Patients with Clostridium difficile Infection.
Panel A shows the number of single-nucleotide variants (SNVs) between each sample obtained during the period
from April 1, 2008, through March 31, 2011, and the most closely related previous sample obtained after September 1,
2007. Panel B shows the percentages of isolates that were classified as genetically related, according to the different
SNV thresholds, along with the epidemiologic links between related isolates.
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(20%) had no hospital or community contact
(Table S3 in the Supplementary Appendix). The
results were consistent when other SNV thresholds for the definition of genetically related
cases were used (Table 1 and Fig. 1B).
Epidemiologically Unexplained Cases

We investigated several possible explanations for
the source of the 120 cases for which there was
no epidemiologic explanation for the genetic relationship (Table S4 in the Supplementary Appendix).
The median time since the most recent previous
genetically related case was 113 days (interquartile
range, 28 to 281), which suggests that point sources
or laboratory contamination (of samples processed
in weekly batches) were unlikely. Transmission mediated by health care workers is probably ac-

counted for in the 17 genetically related samples
(5%) obtained from patients with physicians in
the same medical specialty, which were already
excluded from the 120 cases. Of the 120 samples,
32 (27%) were obtained from patients with possible transmission from an intermediate patient
who had tested negative for C. difficile on enzyme
immunoassay but who had known contact with
a symptomatic patient with a genetically related
strain. However, 27 of 120 date-matched pairs of
genetically distinct (>10 SNVs) cases (22%) also
had at least one shared contact who had negative
results on enzyme immunoassay, a finding that
suggests that many of the intermediate contacts
that were found between genetically related cases
were the result of chance rather than transmission
(P = 0.55). Similarly, 36 patients (30%) had a hos-

Table 1. Classification of 957 Cases of C. difficile Infection According to the SNV Threshold Used to Define a Genetic
Relationship.*
Classification

Main Analysis
0–2 SNVs

Sensitivity Analysis
0 SNVs

0–10 SNVs

number of cases (percent)
Genetically distinct

624 (65)

717 (75)

428 (45)

Genetically linked to any previous case

333 (35)

240 (25)

529 (55)

181 (19)

144 (15)

224 (23)

126 (13)

98 (10)

136 (14)

Closest genetic link through hospital contact
Any hospital contact within plausible limits†
Ward contact†
Ward contamination only‡

5 (1)

7 (1)

8 (1)

Shared medical specialty only†

17 (2)

15 (2)

28 (3)

Other hospital-wide contact only†

12 (1)

9 (1)

22 (2)

Ward contamination and hospitalwide contact

21 (2)

15 (2)

30 (3)

Closest genetic link through community
contact, with no hospital contact
Any community contact

32 (3)

23 (2)

63 (7)

Same general medical practice

15 (2)

10 (1)

37 (4)

Same residential postal-code district, but
different general medical practice

17 (2)

13 (1)

26 (3)

120 (13)

73 (8)

242 (25)

Genetically related but no known hospital or
community contact

* Shown are the proportions of cases that would be classified into various epidemiologic groups according to the SNV
threshold used to define genetically related infection as compared with previous cases: the threshold used in the main
analysis of the study (≤2 SNVs) or two alternative thresholds used in sensitivity analyses (0 SNVs or 0 to 10 SNVs). In
the main analysis, isolates that were obtained from April 1, 2008, through March 31, 2011, were classified as genetically
distinct from any other isolate obtained after September 1, 2007, if they were separated by more than 10 SNVs. A sensitivity analysis with no restrictions on the duration of infectious, incubation, and ward-contamination periods is provided in Table S3 in the Supplementary Appendix.
† This category was defined as contact in which patients shared time and space in the same setting (hospital ward, hospital, or medical specialty) that was consistent with between-patient transmission. It was assumed that cases were infectious from 1 week before diagnosis to 8 weeks after diagnosis, with an incubation period of 0 to 12 weeks.
‡ Ward contamination was defined as contamination persisting for up to 4 weeks after a patient’s discharge from the ward.
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pital contact who had not been tested by means of
enzyme immunoassay (i.e., a possible asymptomatic carrier) in common with a genetically related
case, as compared with 35 pairs of genetically distinct cases (29%) (P = 1.00). Of these 36 patients,
32 also had an enzyme immunoassay–negative
contact. Analyses that allowed an unlimited duration of ward contamination (to account for the
possible persistence of spores on wards) accounted
for an additional 13 cases (11%). No pair of patients who had 2 SNVs or fewer attended the same
outpatient clinic on the same day. Overall, none
of these potential transmission routes could link
48 patients with genetically related strains who
had no hospital or community contact (40%).
Whole-Genome Sequencing
versus Conventional Genotyping

As described above, we classified cases using genetic sequences and then determined the epidemiologic relationships. We also compared the
results of previous analyses that were based on
combining genotyping (by means of multilocus
sequence typing) and epidemiologic data10 with
the number of SNVs between patients (Fig. 2).
Among 190 pairs of patients with ward contact
who had the same sequence type, 126 (66%) had
no more than 2 SNVs (consistent with transmission); 54 (28%) had more than 10 SNVs between
them. In comparison, of 302 patients who were
linked by other forms of hospital contact (predominantly shared time), only 41 (14%) had no more
than 2 SNVs, and 230 (76%) had at least 10 SNVs,
which ruled out transmission that was previously
thought to be plausible.
Temporal Patterns in Diversity

Given the diversity observed within a host over
time, we determined that the probability of observing more than 10 SNVs through evolution
during the 3.6-year study period was less than
0.001. To assess the number of genetically distinct clusters of cases that occurred during the
study, we defined distinct subtypes as separated
by more than 10 SNVs from all other cases (Fig. 3).
The number of cases of each subtype varied
markedly. In addition to clear clustering of cases
over time, we found instances in which cases
from the same lineage were separated by long
periods without a case. In 12 cases, genetically
indistinguishable strains were recovered more
than a year apart without any intervening case.
Distinct subtypes were identified consistently
1200
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throughout the study, suggesting that the cases
arose from a considerable reservoir (Fig. S5 in the
Supplementary Appendix).
To test the hypothesis that interventions that
were aimed at reducing transmission might have
preferentially affected genetically related cases,
we compared the incidence of cases of C. difficile
infection caused by genetically distinct isolates
(those with >10 SNVs from any previous case)
with the incidence of cases that were genetically
related to a previous case (≤2 SNVs). Despite a
marked month-to-month variation in the incidence
of genetically distinct and related cases, a downward trend was observed in the two types of cases,
with no evidence of a significant between-group
difference in reduction (P = 0.44 for heterogeneity)
(Fig. 4A and 4B). Among the genetically related
cases, a marked reduction was seen in cases that
involved a known hospital contact, with no change
in other cases over time (P<0.001 for hetero
geneity) (Fig. 4C and 4D). Genetically related
cases that were caused by sequence type (ST) 1
C. difficile known as North American Pulsed Field
type 1 (NAP1) and polymerase-chain-reaction
(PCR) ribotype 027 (ST1/NAP1/027) accounted
for much of this decrease (Fig. S6 in the Supplementary Appendix).
Patients with isolates that were genetically
related tended to be older (median age, 81 years;
interquartile range, 70 to 87) than those with
genetically distinct isolates (median age, 76 years;
interquartile range, 64 to 85; P<0.001). On the
basis of surveillance definitions,1 253 of 333 genetically related cases (76%) were classified as
having a “health care onset” or being “health care
associated,” as compared with 282 of 428 genetically distinct cases (66%) (P = 0.003).

Discussion
In a 3.6-year study of whole-genome sequencing
of isolates from more than 1200 patients with
C. difficile infection who were living in a defined
geographic area with a typical incidence of the
infection21 and standard infection-control practices,2 we found that a substantial number of patients had acquired C. difficile from sources other
than symptomatic patients with positive results
for C. difficile toxin on enzyme immunoassay.
Only 35% of cases were genetically related to at
least one previous case (i.e., ≤2 SNVs). These data
show that in a majority of cases, C. difficile infection
is not transmitted from another symptomatic pa-
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Figure 2. Number of SNVs between Cases on the Basis of Multilocus Sequence Typing and Epidemiologic Data.
Shown is the breakdown of 957 isolates obtained from patients with C. difficile infection from April 1, 2008, through March 31, 2011. Patients
sharing a sequence type and epidemiologic contact with a case since September 1, 2007, are shown in Panels A through E: direct ward contact
(Panel A), hospital-wide contact with a shared medical specialty (Panel B), hospital-wide contact with no shared medical specialty (Panel C),
only ward-contamination contact (Panel D), and both ward-contamination and hospital-wide contact (Panel E). Patients with no previous
case of or hospital contact with a case of the same sequence type are shown in Panel F.10 For multiple contacts of the same type that occurred
with different potential sources of infection, the lowest number of SNVs associated with that type of contact is shown.

tient. This finding is based only on whole-genome
data and therefore does not depend on potentially
incomplete epidemiologic data that were a key
limitation of previous genotyping-based transmission studies10,11 that could assess only ward-based
transmission.12 Applying the greater discrimination provided by whole-genome sequencing, we
found that 13% of cases were genetically related
and involved ward contact, and 19% of cases
were genetically related and involved some sort
of hospital contact. The remainder of the genetically related cases may represent exposure to at
n engl j med 369;13

least one intermediate host or source rather than
direct contact.
A total of 45% of cases had sufficient genetic
diversity (>10 SNVs from any previous cases) to
represent transmission originating from sources
other than the symptomatic cases that were included in the study. Some patients with genetically distinct isolates may have acquired C. difficile
infection from sources outside Oxfordshire, but
given the patients’ median age of 78 years, it is
more likely that most organisms were acquired
from asymptomatic persons22 or some other envi-
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were obtained from September 2007 through March 2008 (run-in period)
were included only as potential sources for later C. difficile infections,
since patients could have acquired C. difficile from a case before the study
started. (Models estimating the total population diversity are provided in
Fig. S5 in the Supplementary Appendix.)

ronmental reservoir. The ongoing identification of
genetically distinct isolates throughout the study
period points to diverse alternative sources. This
finding might be expected, since C. difficile is an
ancient organism23 with diverse strains present
in humans, animals, and food.24 However, this
1202
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diversity does not necessarily translate into diverse causes of C. difficile infection. In general,
the organism is likely to have been acquired recently,25-27 allowing only a limited window for
C. difficile exposure, and many infections are
caused by relatively few lineages, in particular
ST1/NAP1/027.28 It is therefore striking that
we observed diverse subtypes in patients with
C. difficile infection, each representing a separate
transmission event from a reservoir or asymptomatic carrier. Typically, one or very few cases
arose from each exposure, reflecting both limited
secondary transmission and the absence of widespread transmission from a few point sources.
Therefore, to prevent exposure, numerous sources
need to be targeted.
Whole-genome sequencing also identified 13%
of cases that were genetically related (≤2 SNVs)
but without any evidence of plausible previous
contact through a hospital, residential area, or
family doctor. Exploring possible explanations
for these cases, we found no evidence of substantial contributions from third-party transmission within hospitals by health care workers
or patients. Patients with genetically related
strains who did not have hospital or community
contact could also have been exposed to a common source; the median of 113 days between
such cases makes a short-term point source such
as fresh food or water unlikely, unless it was persistently contaminated. Further, detailed studies
of these patients in real time may provide insights
into the location and nature of such sources.
The incidence of genetically distinct C. difficile
cases was similar to that of genetically related
cases. This finding suggests that interventions
to reduce susceptibility to disease in exposed
patients (e.g., changes in the use of antibiotics or
specific types of antibiotics), rather than just to
reduce transmission of C. difficile from symptomatic patients, might have played a major role in reductions in the incidence of C. difficile infection in
the region during the past 5 years. Supporting this
possibility, the use of fluoroquinolones and cephalosporins fell significantly between 2007 and 2010
in the treatment of 12,603 British patients with
C. difficile infection whose cases were reported to
the C. difficile Ribotyping Network.29 According
to a recent U.K. government report, the rate of
use of fluoroquinolones and cephalosporins fell in
175 English hospitals between 2006 and 2009.30
During a similar period, active restriction of the
prescribing of fluoroquinolones and cephalospo-
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Figure 4. Trends in Genetically Related and Distinct Cases, According to Date.
Shown are cases of C. difficile infection that were genetically distinct (>10 SNVs) from all previous cases (on the basis of samples obtained after September 1, 2007) (Panel A), cases that were genetically related (≤2 SNVs) (Panel B),
and cases that were genetically related and either had a hospital link (Panel C) or had no hospital link (Panel D). The
study population was 600,000 persons, so the rate of 30 cases per month corresponds to 5 cases per 100,000 population per month. The blue lines indicate the model-based estimates of the per-year rate ratio. (Details regarding the
regression models that were used in the analysis and trends in genetically related cases grouped according to the
presence or absence of ribotype 027 are provided in the Supplementary Appendix.)

rins in a 450-bed Scottish hospital, without any
other change in infection-control procedures, was
associated with a relative reduction of 77% in the
incidence of C. difficile infection.31 Data from a
simulation study also suggested that reducing the
susceptibility of exposed patients to infection may
be more effective at reducing incidence than lowering transmission rates.32 Interventions to prevent secondary cases in our hospitals from 2007
(Table S1 in the Supplementary Appendix) may
underlie the substantially larger decrease in the
number of genetically related cases associated
with hospital contact, particularly those caused by
ST1/NAP1/027, as compared with those not associated with hospital contact. Genotyping and sen engl j med 369;13

quencing were performed retrospectively, so these
studies did not affect clinical or infection-control
practice. Large decreases in the prevalence of
this epidemic strain in England have been described recently and are believed to be due to
targeted infection-prevention measures.29 Alternatively, ST1/NAP1/027 may have declined independently of infection-control efforts, as has
been observed with strains of methicillin-resistant Staphylococcus aureus (MRSA),33 possibly because of changes in strain fitness, host immunity, or changes in antimicrobial use combined
with strain-specific antibiotic resistance.34 The
unchanged incidence of possible secondary cases
with no hospital link is an ongoing challenge.
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n e w e ng l a n d j o u r na l

Our study has several limitations. We ascertained initial cases on the basis of enzyme immunoassay, which has limited sensitivity. However,
multiple samples were available from many patients during the study.35 If the missing cases (a
minority) were missed at random, our estimates of
the diversity and trends in genetically related and
distinct cases are likely to be robust. More sensitive
or two-step testing may also identify C. difficile carriers with diarrhea, who represent another possible
source of transmission.36 The molecular clock that
was used to assess potential transmissions is an
approximation, particularly since mutation rates
among reproducing vegetative forms may be different from such rates among spores. However,
slow or arrested evolution in spores would mean
that genetically distinct cases were even more
distantly related. Genetically quiescent spores may
also complicate attempts to reconstruct transmission events, since related cases may be separated
by long intervals. However, such separation was
seen infrequently, and indistinguishable strains
that were separated by at least 1 year were identified in only 12 of 785 samples obtained after the
first year of the study. We accounted for mixed
infections that were detected by genotyping samples obtained from patients for whom multiple
samples were available.16 However, undetected
mixed infections that were missed by sequencing
a single colony subculture and subsequent reinfections with the same sequence type may provide an
explanation for some apparently unlinked cases.
The widely reported prevalence of mixed infections (<10%)16 could not explain the diversity that
was identified, and minority strains in mixed infections appear to play a limited role in transmission.37 Samples from asymptomatic adults25,38-40
and children41,42 and from the environment 8,24
were not available, so we could not assess these
potential sources of transmission. Quantifying
their contribution to the total incidence of C. difficile infection remains an area for future study.

of

m e dic i n e

In conclusion, we found that the transmission
of C. difficile infection from symptomatic patients
accounted for slightly more than a third of such
cases in a region with a typical incidence of infection,21 which suggests that many cases arise
from genetically diverse sources. The use of rapid
benchtop sequencing allows for the identification
of genetically related cases in nearly real time43
so that cases that are clearly linked by hospital
or community contact can be targeted to prevent
further spread. Such sequencing also permits more
sensitive monitoring of institutional infectioncontrol performance through the counting of
genetically related cases, rather than all cases.
Data from whole-genome sequencing are also
sufficiently discriminatory that genetically related
cases without a clear epidemiologic link can be
investigated in a highly focused way to discover
novel routes of transmission. Such investigations
are likely to shed new light on the source of currently unexplained infections and the diverse
sources of C. difficile infection.
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