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Toxigenic Clostridium difficile was isolated from primary and digested municipal
sewage sludge along with biosolids, effluent and sediments from a local water shed.
Genotypes of toxigenic C. difficile were identified by PCR ribotyping, toxinotyping, and
pulsed field gel electrophoresis (PFGE). C. difficile was isolated from 92% (108/117) of
the primary sludge samples and 96% (106/110) of the digested sludge samples, as well as
73% (43/59) of dewatered biosolids samples and 39% (25/64) of rivers sediment samples
where effluent was discharged. Ribotype 078 which is commonly associated with
community associated C. difficile infection (CA-CDI) was recovered from 19% of primary
sludge (21/108), 8% of digested sludge (8/106), 35% of biosolids (15/43) and 60% of river
samples (15/25). The persistence of five isolates of C. difficile ribotype 078 under
mesophilic and thermophilic digestion were compared. It was found that spore levels
associated with the C. difficile-inoculated sludge remained constant at mesophilic
temperatures (36 and 42°C) but decreased when digestion was performed at 55°C. The
mode of action by applying thermophilic sludge digestion was through inducing
germination of spores followed by inactivation of the subsequent vegetative cells.
Acidification of the sludge through addition of acetic acid (6 g/l) or HCl inhibited
germination through reducing the pH. The presence of endogenous microflora also reduced
the germination rate although this varied amongst the strains tested. The viability of C.

difficile spores was also reduced by composting biosolids where the temperature reached
was >55°C.
The survival of C. difficile ribotype 078 and 027 associated with biosolids applied to
different soils (sandy and sandy-loam) was studied. It was found that 078 underwent
germination and regrowth when applied under the soil subsurface although 027 levels
remained constant throughout the 12 month trial. In conclusion, the study demonstrated
that C. difficile associated with primary sewage sludge can survive the wastewater
treatment processes and be disseminated through land application of biosolids, in addition
to effluent discharged in rivers. However, through thermophilic digestion of sludge or
composting of biosolids levels of C. difficile can be reduced thereby reducing the
environmental burden of the pathogen.
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Chapter 1. Introduction and Literature Review

1.1 Introduction
Clostridium difﬁcile is a Gram-positive, anaerobic, spore-forming bacterium. It was
first isolated from the intestinal ﬂora of new-born infants in 1935 but was largely
ignored until it was described as the cause of antibiotic-associated pseudomembranous
colitis in 1978 (Hall and O’Toole 1935; Bartlett et al. 1978). The ability of C. difficile to
produce toxins A & B enables the pathogen to cause infection to susceptible hosts
(Biswal 2014; Goudarzi et al. 2014). Currently, C. difficile is an important emerging
pathogen and the leading cause of hospital- or antimicrobial-associated diarrhea (Warny
et al. 2005; Marina et al. 2009). The incidence and severity of hospital associated C.
difficile infection (HA-CDI) has increased since the early 2000’s with an estimated
25,000 cases being reported in North America each year (McDonald et al. 2006;
Goorhuis et al. 2008). The rate of C. difficile hospitalizations in the US (Figure 1.1)
increased from an average of 7.4 per 1,000 discharges in 2003 to 13.5 in 2012 and was
projected to continue to increase in 2013 and in 2014 (Steiner et al. 2014).
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Figure 1.1 The rate of C. difficile hospitalizations per 1000 discharges in US from 2003
to 2014, adapted from (Steiner et al. 2014)
In Canada, the incidence of CDI increased from 35.6 per 100,000 populations in
1991 to 156.3 in 2003 in a region of Quebec (Pépin et al. 2004). The total number of
diagnosed CDI cases in Ontario, Canada (Table 1.1) increased from 5,227 in 2009 to
6,502 in 2011 and non-health care or unknown source cases increased from 26% to 32%
during the same period (Ontario Agency for Health Protection and Promotion and
Provincial Infectious Diseases Advisory Committee 2013). In Ontario C. difficile has
become one of the ten most burdensome infectious agents and an estimated average
death of 327 within the province and a fatality rate of 6.1% per year (Kwong et al.
2012). McGlone et al.(McGlone et al. 2012) reported that the median cost of one CDI
case within Ontario was around $1,500 from the societal perspective, representing a
total cost of approximately $8 million each year.
Table 1.1 Clostridium difficile infection rates in Ontario, 2009 - 2011

Year

No. (%) CDI

No. (%) CDI

No. (%) CDI

associated with

associated with

associated with

reporting

other health

non-health care or
2

Rate of CDI
total

associated with
reporting facilities per

facility

care facility

unknown source

1000 patient days

2009

3098(59)

773(15)

1356(26)

5227

0.30

2010

3004(57)

747(14)

1537(29)

5288

0.30

2011

3472(53)

934(14)

2096(32)

6502

0.34

Adapted from (Ontario Agency for Health Protection and Promotion and Provincial
Infectious Diseases Advisory Committee 2013)
The thesis will review the epidemiology of C. difficile and its prevalence in the
environment, in addition with the persistence of C. difficile following sewage
treatments. The research aimed at evaluating the prevalence of C. difficile in water and
soil environment in addition to assessing fate of C. difficile during waste water
treatment, biosolids land application and composting.

1.2 Literature review
1.2.1 Hospital associated C. difficile infection (HA-CDI)

Hospital associated Clostridium difficile infection (HA-CDI) is defined as those
suffering C. difficile infection (CDI) who develop diarrhea after 72 h of hospitalization
or within the 2 months of the last discharge from a healthcare facility (Kim et al. 2011).
CDI remains a significant clinical issue although a number of prevention strategies in
hospitals (such as hospital room cleaning, contact precaution, hand hygiene) have been
introduced in an attempt to decrease C. difﬁcile transmission (Badger et al. 2012;
Levin et al. 2013).
The hyper-virulent strain ribotype 027/North American pulsotype (NAP)
3

1/toxinotype III is endemic within hospitals and mainly linked to HA-CDI (Redelings et
al. 2007; Ricciardi et al. 2007; Cohen 2009). Patients infected with ribotype 027 are
twice as likely to die or to experience a severe CDI-related outcome compared to other
non-027 C. difficile infections (Miller et al. 2010). Therefore, ribotype 027 is considered
as a hyper-virulent type of C. difficile with hyper toxin producing trait along with high
sporulation capacity and antibiotic resistance (Stephen and Casida 1985; Wilcox and
Fawley 2000b; Akerlund et al. 2008; O'Connor et al. 2009) Ribotype 027 is
geographically widely distributed and has been reported in North America, Europe,
Australia and Asia. It was first reported by US and Canadian investigators in 2005 (Loo
et al. 2005; McDonald et al. 2005) but since in all provinces of Canada, in addition to
40 states of US (Gerding et al. 2008). In Europe it was first reported in the United
Kingdom in 2003 and then subsequently in the rest of Europe: Belgium in 2005 (Joseph
et al. 2005), the Netherlands (Kuijper et al. 2006), France (Tachon et al. 2006), Finland
(Lyytikäinen et al. 2007), and Ireland in 2007 (Long et al. 2007), Switzerland (Fenner et
al. 2008) and Poland (Pituch et al. 2008) in 2008, and Italy in 2010 (Baldan et al. 2010).
The first report of ribotype 027 in Austria was in 2006 (Indra et al. 2006). In Asia, the
first 027 cases was reported in Japan in 2007 (Kato et al. 2007), then in Hong kong
(Cheng et al. 2009) and Korea in 2009 (Tae et al. 2009), and followed by Singapore in
2011 (Lim et al. 2011). Given the rapid evolution of C. difficile it can be predicted that
ribotype 027 will be replaced by other virulent ribotypes in the future (Gerding 2010).
Supporting evidence comes from Hensgens et al. (Hensgens et al. 2009) who reported
that CDI associated with ribotype 027 decreased to 3.0%, while ribotype 078 increased
4

to 9.1% and ribotype 001 increased to 27.5% in the first half of 2009 in the Netherlands.
Wilcox et al. (Wilcox et al. 2012) reported that in England ribotype 027 induced CDIs
decreased markedly from 55% in 2007 - 2008, to 36% in 2008 - 2009, and to 21% in
2009 - 2010 while ribotype 078 increased from 2% to 4% to 5% during the same period.

1.2.2 Community associated C. difficile infection (CA-CDI)

CA-CDI is currently defined as those suffering C. difficile infection who have no
recent (3 months) contact with health care facilities or administered antibiotics
(McDonald 2005; Freeman et al. 2010). Strains of C. difficile linked to HA-CDI have a
tendency to only infect immunocompromised persons (Badger et al. 2012). In contrast,
CA-CDI is more prevalent in younger people at the median age of 50 to 52 with no
recent health upset, especially in females (61% to 76%) (Kuntz et al. 2011). The age,
antibiotic usage, and number of underlying diseases of CA-CDI patients were
signiﬁcantly lower than those of HA-CDI patients (Shin et al. 2011; Dumyati et al.
2012). Although proton pump inhibitor usage (Dial et al. 2005; Dial et al. 2006) was
proposed as a risk factor of CA-CDI, the exact risk factors for the emergence of
CA-CDI are still unclear. The outcomes of CA-CDI can be severe and a quarter patients
of CA-CDI are hospitalized (Goorhuis et al. 2008; Lambert et al. 2009; Kutty et al.
2010; Lessa 2013).
CA-CDI accounts for 27% of all CDI cases in Canada (Lambert et al. 2009),
22%-28% in Sweden (Karlstrom et al. 1998; Norén et al. 2004), 42% in Netherlands
(Bauer et al. 2009), 20.6% in Europe (Barbut et al. 2007), and 20% - 32% in the USA
(Kutty et al. 2010; Lessa 2013). It is noteworthy that CA-CDI incidence rates in long
5

term studies are usually higher. A nested study was carried out for a retrospective four
years and reported incidence rates for CA-CDI and HA-CDI were 11.2 and 12.1 cases
per 100,000 person-years respectively (Kuntz et al. 2011). Within Ontario, the incidence
of CA-CDI is considered to range between 40 - 60% of all CDI reported (Ardal 2012)
although sources of the pathogen need to be conclusively proven.
The hyper-virulent strain PCR ribotype 078/toxinotype V/NAP 7 or NAP 8, which
is over-represented in CA-CDI, was reported as the third common strain (11.2%)
leading to CDI cases in the Netherlands (Hopman et al. 2011) and also the third
common strain in hospitals of 34 European countries in 2008 (Bauer et al. 2011). In the
Netherlands between 2009 - 2010 ribotype 078 was confirmed in 9.8% of episodes
(Koene et al. 2012). In south-east Scotland in 2011 6.8% of the hospitalized patients
harboured ribotype 078 (Taori 2013). In an outbreak around an Irish hospital and its
catchment-area nursing home, ribotype 078 accounted for 15% of total isolates, while
the rest typeable specimens were PCR ribotype 027 (42.2%), 046, 106, 017, 014/20, 003,
005, 198, 064, 001, 002 and 015 (Burns et al. 2010). The proportion of CDI patients
infected by ribotype 078 is on an upward trend (Hensgens et al. 2009; Wilcox et al.
2012). From 2005 to 2008 ribotype 078 generated CDI cases increased from 3% to 13%
in the Netherlands (Goorhuis et al. 2008), and from 2.5% to 7.8% from 2008 to 2011 in
Scotland (Banks et al. 2012).
Unlike ribotype 027 which is primarily restricted to human hosts, 078 is more
widely spread with genetically identical isolates being recovered from clinical and
animal sources (Jhung et al. 2008; Debast et al. 2009; Bakker et al. 2010). PCR ribotype
6

078 was reported predominant in farm animals (especially pigs) and food, and was
widespread in the environment (Table 1.2) (Keel et al. 2007; Debast et al. 2009; Weese
et al. 2010c; Hopman et al. 2011; Weese et al. 2011; Koene et al. 2012; Rodriguez et al.
2012; Peláez et al. 2013).
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Table 1.2 The relative abundance of Clostridium difficile ribotype 078 in Clostridium difficile isolated from animals, food or the environment
Sources

Relative abundance Countries

Reference

of ribotype 078
Animals

Newborn piglets

100%

The Netherlands

(Hopman et al. 2011)

Pigs

100%

The Netherlands

(Debast et al. 2009)

Swine

100%

The Netherlands

(Keessen et al. 2010)

Piglets

94.4%

Spain

(Peláez et al. 2013)

Pig

91%

Canada

(Weese et al. 2010c)

Porcine

83%

Canada

(Keel et al. 2007)

Pig

78%

the Netherlands

(Koene et al. 2012)

Slaughter-age pigs

67%

Canada

(Weese et al. 2011)

Piglets

66.7%

Belgium

(Rodriguez et al. 2012)

Slaughter-age pigs

31%

The Netherlands

(Keessen et al. 2011)

Cattle

100%

Canada

(Costa et al. 2012)

Calf

94%

Canada

(Keel et al. 2007)

Calf

94%

United States

(Hammitt et al. 2008)
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Food

Calves

75%

Belgium

(Rodriguez et al. 2012)

Calves

67%

Canada

(Costa et al. 2011)

Calves

17 %

Germany

(Schneeberg et al. 2013)

Retail vegetables

60%

Canada

(Metcalf et al. 2010b)

Ground pork

71%

Canada

(Weese et al. 2009)

Ground beef

86%

Canada

(Weese et al. 2009)

Chicken

100%

Canada

(Weese et al. 2010b)

Meat

53.9%

Iran

(Rahimi et al. 2014)

15.6%

Canada

(Weese et al. 2010a)

40%

Southern Switzerland

(Romano et al. 2012)

Environment Kitchen
Wastewater Treatment Plants
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1.2.3 Virulence factors of C. difficile

The major toxins produced by C. difficile are the enterotoxin toxin A (TcdA) and
the cytotoxin toxin B (TcdB) (Lyras et al. 2009; Kuehne et al. 2010). Both toxins can
disrupt the epithelial mucosal surface and cause significant colonic inflammation
(Badger et al. 2012). The first stage of CDI is toxin binding to the cell target which
triggers endocytosis (Pruitt et al. 2010; Genisyuerek et al. 2011). The low pH of the
endosome along with the action of proteases, results in activation of the toxins through
conformational changes to form an active glycosyltransferase domain (Jank and
Aktories 2008; Guttenberg et al. 2011). The formation of the active glycosyltransferase
domain activates the toxins. Rho GTPases are the enzymes that play an important role
in controlling a range of signaling pathways during cellular processes. The active toxins
target the Rho GTPases therefore resulting in the disaggregation of actin, loss of
structural integrity and finally cell death (Voth and Ballard 2005).
Production of toxin A and toxin B is controlled by genes tcdA and tcdB, which are
encoded in a 19.6 kb region of the bacterial genome that is known as pathogenicity
locus (PaLoc) (Figure 1.2). PaLoc is consisted of tcdA, tcdB, tcdC, tcdR, and tcdE.
While tcdA and tcdB play the most important role in causing cell damage, tcdC, tcdR,
and tcdE also regulate the production of toxins of the pathogen. tcdR positively
regulates the production of toxins by enhancing the expression of promoter-binding
regions of tcdA and tcdB (Moncrief et al. 1997). tcdE is putatively pore-forming and
could penetrate cell wall, facilitating the release of toxin A and toxin B from the
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intracellular environment (Tan et al. 2001). Gene tcdA, B, R, and E are incorporated into
one transcription unit for enhancing the toxin-producing ability of C. difficile, while
tcdC alone is the other unit for down-regulation of the production of toxins. In total the
five genes control the regulation and synthesis of toxins A and B. A third toxin, binary
toxin (CDT) located in a different region is encoded by cdtA and cdtB. Although the role
of this toxin is unknown, it is proposed that the binary toxin could induce the formation
of thin microtubules on the outer surface of epithelial cells (Schwan et al. 2009; Carroll
and Bartlett 2011). Indeed, binary toxin is universally distributed amongst epidemic
strains (Geric et al. 2006; Carroll and Bartlett 2011).

Figure 1.2 Pathogenicity Locus (PaLoc) genome of toxigenic Clostridium difficile,
referred from (Moncrief et al. 1997; Rupnik et al. 2001)
Lengths and restriction patterns of two of the ten fragments of PaLoc: fragment B1
in tcdB and fragment A3 in tcdA, form toxinotypes of C. difficile. All strains in one
given toxinotype have identical PaLoc changes (Rupnik et al. 2009). The proportion of
variant strains (those with a toxinotype other than toxinotype 0) in both HA-CDI and
CA-CDI is increasing (Rupnik et al. 2009). Toxinotype III which includes HA-CDI
causing strain ribotype 027, toxinotype V which includes CA-CDI causing strain
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ribotype 078, and toxinotype VIII which includes ribotype 017, are the three most
prevalent groups of variant strains found in CDI (Janezic et al. 2011).

1.2.4 Pathogenesis and symptoms of C. difficile infection

C. difficile is spread in the endospore form thereby making the pathogen resistant to
long term stress and transition through the stomach. Upon arrival in the large intestine
the spores germinate in response to the presence of bile salts and germinating agents,
particularly if the resident microflora has been disrupted by, for example, antibiotics
(Sunenshine and McDonald 2006) (Figure 1.3).
Toxico-infections caused by C. difficile can result in a range of symptoms from
mild diarrhea to fatal colitis. For susceptible hosts, the symptoms can be variable,
including watery diarrhea, abdominal pain, loss of appetite, nausea and fever in general
cases (Bartlett 2008). In fulminant cases the symptoms are severe like bloody diarrhea,
systemic sepsis and toxic megacolon generate. CDI can be potentially fatal leading to
septic shock and multi-organ failure (Badger et al. 2012).
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Figure 1.3 Pathogenesis of Clostridium difficile infections, referred from (Sunenshine
and McDonald 2006; Cohen 2009)
1.2.5 Resistance of C. difficile endospore

C. difficile only exists in the vegetative state under low acid and anaerobic
conditions but undergoes sporulation under adverse conditions (e.g. lacking nutrients or
encountering various stressors) (Wilcox and Fawley 2000a; Løvdal et al. 2013). The
ability of C. difficile to form endospores enables it to persistence in the environment
when excreted from the host (Hall and O’Toole 1935; Nakamura et al. 1985). As with
most endospores, C. difficile spores are resistant to desiccation, acid pH and heat
(Rodriguez-Palacios and Lejeune 2011). The D100°C values for C. difficile spores ranges
from 2.5 to 33.5 min in phosphate buffer (Nakamura et al. 1985). Structure of C.
difficile spore (Figure 1.4) can explain the heat resistance ability of the pathogen. From
outside to inside, C. difﬁcile spore is consisted of the exosporium, coat, outer membrane,
13

cortex, germ cell wall, inner membrane, and core, all of which collectively protect the
genome (Lawley et al. 2009; Paredes-Sabja et al. 2014). The resistance of C. difficile
spores can be attributed to the spores low water content (25 - 60% of wet weight), the
high levels of Ca-DPA (25% of core dry weight), the low permeability of inner
membrane, and the saturation of DNA with α/β type small acid soluble proteins (Setlow
2007; Paredes-Sabja et al. 2014).

Figure 1.4 Ultrastructure of sectioned Clostridium difficile spore observed by
transmission electron microscopy. Adapted from (Lawley et al. 2009; Paredes-Sabja et
al. 2014)
With sufficient nutrients and in favourable environment, endospore can return to its
vegetative form following the process of spore activation, germination and outgrowth
(Figure 1.5) (Setlow 2003; 2014). Of course, with spore germination the resistance to
stresses such as heat, pH and UV is lost (Gould et al. 1968; Durban et al. 1970;
Nerandzic and Donskey 2010).
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Spore activation is required to sensitize the endospore to germinating agents.
Activation can be induced through sub-lethal heat, aging, high pressure, ionizing
radiation, or exposure to ions, amino acids, sugars, nucleotides (Keynan et al. 1964;
Fernández et al. 2001; Paidhungat et al. 2002; Sorg and Sonenshein 2010; Løvdal et al.
2013). Temperature has been documented as the primary factor for spore activation and
is also required by germination for some time to complete germination (Keynan et al.
1964; Turnbull et al. 2007; Løvdal et al. 2013). Sub-lethal heat treatment in spore
activation to enhance germination (Setlow 2003; Løvdal et al. 2013). In the case of C.
difficile it has been found that heat shock between 60 to 100°C can successfully activate
spores (Paredes-Sabja et al. 2008; Sorg and Sonenshein 2008; Ghosh et al. 2009).
However, heat treatment alone is insufficient to induce germination and an agent is
needed to trigger the cascade reaction. For C. difficile, the most potent germinating
agents are bile salts and L-glycine (Paredes-Sabja et al. 2012; Barra-Carrasco and
Paredes-Sabja 2014; Paredes-Sabja et al. 2014). Taurocholate is the most frequently
used bile salt for in vitro germination of C. difficile for its strong induction of spore
germination (Sorg and Sonenshein 2010). Besides taurocholate, glycocholate, cholate,
deoxycholate and their L-glycine co-germinant were also reported to be strong inducers
of C. difficile spore germination (Sorg and Sonenshein 2008; Howerton et al. 2011;
Wheeldon et al. 2011). Although the exact mechanism for spore activation still remains
unclear (Setlow 2003), it has been proposed that the activation is induced from the
partial denaturation of spore coat proteins (breakage of hydrogen bonds and disulfide
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bonds) and slight changes in the ultrastructure (Gould and Hitchins 1963; Keynan et al.
1964; Setlow 2003; 2006; Zhang et al. 2009).
Spore germination is a relative rapid process compared to sporulation and
essentially involves the degradation of protective structures as the new cell emerges (Yi
and Setlow 2010). In the course of spore germination, monovalent cations and 1:1
chelate of Ca2+ and pyridine-2,6-dicarboxylic acid (Ca-DPA) of endospore are released,
the spore coat is lost and the endospore swells due to the ingress of water (Heeg et al.
2012). The outgrowth process which follows germination initializes spore metabolism,
synthesizes macromolecular, and converts the germinated spore into a growing cell.
Coat
Cortex

Core

Germ cell wall

Activation
Slightly ultrastructure changes
Partial spore coat proteins denaturation
Need further study

Germination
Monovalent cations release
Ca-DPA release
Cortex hydrolysis

Core hydration and expansion
Loss of resistance and dormancy
Coat remnants

Outgrowth
Start metabolism
Spore proteins degradation
Macromolecular synthesis
Escape from spore coats

Figure 1.5 The process of endospore returns to its vegetative cell (this figure does not
show the spore’s inner and outer membranes), referred from (Setlow 2003; 2014)
1.2.6 Molecular typing methods of C. difficile

PCR ribotyping
PCR ribotyping is a typing method based on the amplification of the polymorphic
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fragment in the 16S - 23S rRNA intergenic spacer region (ISR). It is considered as the
standard C. difficile typing method in Europe (Janezic and Rupnik 2010; Huber et al.
2013). The primers used in PCR are complementary to sites within the RNA operons
(Bidet et al. 1999; Brazier 2001). PCR amplification products can be separated on gels
or capillary electrophoresis then banding compared to a database. Ribotyping is a
widely used technique for categorizing C. difficile and is suggested as the standard
method to discriminate C. difficile strains (Huber et al. 2013), although there are
limitations in discriminatory power (Brazier 2001; Rupnik et al. 2009). The
development of ribotyping facilitated understanding of the epidemiology of C. difﬁcile
and could probably help infection control teams to focus on prevention measures (Jones
and Martin 2003; Bauer et al. 2011). Common C. difficile ribotypes linked to CA-CDI
are ribotype 078, ribotype 001, and ribotype 014 (Limbago et al. 2009; Hensgens et al.
2012). Figure 1.6 shows the geographical distribution of Clostridium difficile ribotypes
in European countries in 2008.
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Figure 1.6 Geographical distribution of Clostridium difficile PCR ribotypes in European
countries, November, 2008, adapted from (Bauer et al. 2011)
Pulsed-field gel electrophoresis (PFGE)
PFGE is regarded as the gold standard C. difficile typing method in North American
(Canada and USA) (Gal et al. 2005). The method is essentially based on cutting the
genomic DNA by restriction endonucleases such as SmaI, and separating the generated
DNA fragments via pulsed gel electrophoresis (Alonso et al. 2005; Gal et al. 2005). The
distinct advantage of PFGE is the migration of large DNA segments, because the PCR
product is separated by polyacrylamide gel in an electrical field with repeatedly voltage
switches. The disadvantages of PFGE are low in speciﬁcity and discriminatory ability in
non-outbreaks (Alonso et al. 2005; Gal et al. 2005). Common C. difficile pulsotypes
associated with CA-CDI are NAP 1, NAP 4 and NAP 7 (Limbago et al. 2009).
Toxinotyping
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Toxinotyping is based on testing the variations of gene sequence of tcdA and tcdB
in the PaLoc. Insertions, deletions, or point mutations might occur in tcdA and tcdB and
those changes can be used to group strains. C. difficile with the same changes (such as
deletions or insertions) in PaLoc (fragments B1 in tcdB and A3 in tcdA) are grouped
into the same toxinotype (Rupnik et al. 1998; Rupnik 2008). Currently, 31 toxinotypes
(0 - II, IIIa, IIIb, IIIc, IV, V, V-like, VI - X, XIa, XIb, XII - XXXI) have been described
(http://www.mf.uni-mb.si/tox/). Toxinotype 0, III, and V were reported the three most
common CA-CDI causing toxinotypes (Limbago et al. 2009).
Restriction Endonuclease Analysis (REA)
Restriction Endonuclease Analysis (REA) is based on cutting the whole genomic
DNA by rare-cutter restriction enzymes such as HindIII and Xba (Kuijper et al. 1987),
restriction enzyme CfoI was also reported with good results (Devlin et al. 1987). The
generated DNA restriction fragments are read via polyacrylamide gel electrophoresis
(PAGE) or via agarose gel electrophoresis (Weintraub and Nord 2013). REA is highly
discriminatory and reproducible technique, but labor-intensive and complex banding for
evaluation (Kuijper et al. 2009).
Multilocus Sequence Typing (MLST)
Different with the above mentioned four band-based C. difficile typing methods,
MLST is a sequence-based typing method. It relies on sequencing of DNA fragments of
seven housekeeping genes to study genetic relationships and population structures.
Sequence variants of each of the seven housekeeping gene together consist the sequence
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type of C. difficile (Lemee et al. 2004; Griffiths et al. 2010). Sequence types generated
by MLST can be uploaded to a common web database globally to facilitate
understanding of C. difficile epidemiology (http://pubmlst.org/cdifficile/). MLST is high
in discriminatory power and easy to interpret, but may be less valuable when
recombination occurred in any of the 7 housekeeping gene (Knetsch et al. 2013).
Performance characteristics of the five C. difficile typing methods to classify C.
difficile are compared in Table 1.3. Usually several of them are applied together to
identify C. difficile.
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Table 1.3 Characteristics of Ribotyping, PFGE, and Toxinotyping methods of Clostridium difficile
Discriminatory
Method

Target

Interlaboratory
Typeability

Reproducibility

Performance

Interpretation

Costs

power

exchange

16S - 23S intergenic
Ribotyping

++

+

+++

+++

++

+

+++

+++

±

+++

±

±

+++

±

+

+

+++

++

+

+

++

+

+

±

±

-

+

-

++

+

+++

++

+++

++

+++

spacer region
Whole genome,
PFGE
restriction
Toxinotyping

Toxin A and B genes
Whole genome,

REA
restriction
Seven housekeeping
MLST
genes
Adapted from (Kuijper et al. 2009)
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1.2.7 Distribution of C. difficile

C. difficile has been isolated from patients globally in North American, Europe,
Asia, Australia, Africa, South American, Central America, and the Middle East (Pinto et
al. 2003; Simango 2006; Zumbado-Salas et al. 2008; Freeman et al. 2010;
Quesada-Gómez et al. 2010; Richards et al. 2011; Ekma et al. 2012; Rahimi et al. 2014).
In hospital epidemics the most susceptible populations are those over 60 years old and
being administered drugs such as antibiotics or proton pump inhibitors (Hirschhorn et al.
1994; Norén et al. 2004; Pépin et al. 2004; Campbell et al. 2013). However, the
underlying contributory factors for CA-CDI are less clear given that the case definition
are those who have not contacted clinical settings or being administered antibiotics.
Otten (Otten et al. 2010) proposed four routes of CA-CDI transmission: food and water
consumption, person-to-person, animal-to-person, and environment-to-person, yet the
relative importance of these remains largely unknown (Hensgens et al. 2012). An
understanding of sources of exposure is important in evaluating the emergence of
CA-CDI and to implement control measures.

1.2.7.1 C. difficile in animals and food

The transmission routes for C. difficile are thought to be via animals, environment
and food although which are the most significant remains open to speculation
(Hensgens et al. 2012). The recovery of C. difficile from food animals, raw meat and
vegetables supported the potential zoonotic and/or foodborne route (Arroyo et al. 2007;
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Hammitt et al. 2008; Pirs et al. 2008; Simango and Mwakurudza 2008; Abercron et al.
2009; Indra et al. 2009; Metcalf et al. 2010b; Otten et al. 2010; Boer et al. 2011;
Kalchayanand et al. 2013). The indistinguishable isolates from humans and animals
provide supporting evidence for zoonotic or foodborne routes (Arroyo et al. 2005;
Rupnik 2007) (Table 1.4). However, given the pathogen has restricted growth
conditions (anaerobic, >30°C, neutral pH) would counter the evidence that significant
transmission occurs via foodborne routes. Table 1.4 shows the prevalence of C. difficile
isolated from food and animals in Canada, which revealed the high prevalence of C.
difficile in calves and piglets with predominantly ribotype 078 in these cases.
.
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Table 1.4 Prevalence of Clostridium difficile isolated from food and animals in Canada

Animals

Food

Source

Prevalence of C. difficile

Presence of 078/027

Province(s)

Reference

horses

NA

NA

ON

(Arroyo et al. 2007)

cats

7.10%

0%

ON

(Clooten et al. 2008)

cats

21%

0%

ON

(Weese et al. 2010a)

dogs

10%

0%

ON

(Weese et al. 2010a)

dogs

19%

0%

ON

(Clooten et al. 2008)

Calves

51% - 2%

67% 078

ON

(Costa et al. 2011)

piglets

74% - 3.7%

91% 078

ON

(Weese et al. 2011)

slaughter-age pigs

6.90%

67% 078

ON

(Weese et al. 2011)

cattle

3.3% - 5.3%

100% 078

AB

(Costa et al. 2012)

seafood and ﬁsh

4.80%

0%

ON

(Metcalf et al. 2011)

ground meat

20%

0%

ON, QC

(Rodriguez-Palacios et al. 2007)

retail pork

1.80%

0%

BC, SK, ON, QC

(Metcalf et al. 2010b)

veal

4.60%

0%

ON, QC, SK

(Rodriguez-Palacios et al. 2009)

ground beef

6.70%

30.8% 027

ON, QC, SK

(Rodriguez-Palacios et al. 2009)

24

retail vegetables

4.50%

60% 078

ON

(Metcalf et al. 2010b)

ground pork

12%

71% 078; 7.1% 027

BC, SK, ON, QC

(Weese et al. 2009)

ground beef

12%

86% 078; 7.1% 027

BC, SK, ON, QC

(Weese et al. 2009)

chicken

12.80%

100% 078

ON

(Weese et al. 2010b)

Note: NA - not applicable; BC - British Columbia; AB - Alberta; SK - Saskatchewa; ON - Ontario; QC - Quebec
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1.2.7.2 C. difficile in environment

The prevalence of C. difficile in the environment has not been studied to any great
extent. However, as a hardy spore former that is passed in the feces of a range of species,
environmental dissemination and persistence of C. difficile would not be surprising and
could represent another potential source of exposure. Environmental sources of C.
difficile could include water or soil. It is also possible that C. difficile associated with
soil could runoff into water sources thereby becoming widely distributed.
Prevalence of C. difficile in watersheds
Zidaric et al. (Zidaric et al. 2010) reported that the prevalence of C. difficile in
rivers’ surface water was 68.0% in Slovenia, the isolated strains belonged to 8
toxinotypes (IV, 0, I, XXIV, V, XII, IIIb, VI) and 34 PCR ribotypes of which 18 were
clinically reported. In Zimbabwe, 6.0% of 234 household-stored water and well water
samples were proved to be C. difficile positive and 14.3% of those positive isolates were
toxigenic (Simango 2006). The prevalence of C. difficile in river surface water in UK
was 87.5% (14/16), 44% (7/15) for sea water, and 46.7% (7/15) for lake water (Al-saif
and Brazier 1996). Isolation of C. difﬁcile from shellfish and seafood supported the
possible contamination of coastlines (Metcalf et al. 2011; Pasquale et al. 2011). A study
was performed within southern Ontario to determine the dissemination of C. difficile
from a pig farm located within a km of a nearby tributary. It was found that ribotype 078
predominated both on the farm and sediments taken from an adjacent stream and lake
(Hawken et al. 2013).
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Prevalence of C. difficile in animal associated environment
C. difficile is carried by domestic animals (Costa et al. 2011; Weese et al. 2011;
Houser et al. 2012). Several studies have been carried out aiming at determining the
prevalence of C. difficile in barns and livestock housing environments of domestic
animal. Båverud et al. (Båverud et al. 2003) reported that 11% (14/132) outdoor soil
samples taken from enclosed pastures and paddocks at stud farms in Sweden were C.
difficile positive, while only 1% (2/220) from soil samples of mature horses’ farms. The
prevalence of C. difficile household environments has been reported as 5.3% (44/836)
with 027 (18%, 8/44), 078 (11%, 5/44) and 001 (11%, 5/44) ribotypes being
encountered (Weese et al. 2010a). The occurrence of C. difficile in soils around a
farmers market selling live broiler chickens in Zimbabwe was found to harbor the
pathogen (Simango and Mwakurudza 2008). C. difficile was recovered from 29% of
live chickens and 22% of soil around the point of sale. In the same study, C. difﬁcile
was found in environmental surface samples taken from floors, tables, contact surfaces,
windowsill, floor drain, feed bowl and around watering device (Simango and
Mwakurudza 2008). The prevalence of C. difficile in Veterinary Medicine school was
reported to be 3% of samples which compares to 2% from stud farms and 1% from
mature horses’ stables (Båverud et al. 2003).
Few reports have been published on the prevalence of C. difficile in wildlife.
Jardine et al. (2013) captured small and medium-sized wild mammals in Southern
Ontario, Canada, they recovered C. difficile from raccoons (8%, 4/52) and shrews (1/2)
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but not from deer mice, house mice, skunks, rats, voles, opossums and groundhogs. The
general prevalence of C. difficile was 4.6% (5/109) for wild mammals; no C. difficile
(0/216) was isolated from fecal samples of raccoons (Procyon lotor) living in a zoo
(Jardine et al. 2013). C. difﬁcile in wild urban Norway rats (Rattus norvegicus) and
black rats (Rattus rattus) was 13.1% (95/724) and was grouped in 35 ribotypes, many of
which (ribotypes 001, 002, 005, 012, 014, 017, 027, 078, and 137) are also found in
humans (Himsworth et al. 2014).
Prevalence of C. difficile in high population density environment
It is likely that there is significant person-to-person in hospital environments or
contact surface-to-person transmission of C. difficile (Boyle et al. 2015). Although yet
to be studied, it is reasonable to assume that CA-CDI could be acquired from physical
contact between persons or transmission via contact surfaces.
In rural environments, Simango (2006) determined the prevalence of C. difﬁcile in a
rural community in homestead soil samples from areas where family members
frequented, 37% of 146 homestead soils in Zimbabwe were C. difficile positive.
Båverud et al. (2003) reported a 4% positive of C. difficile in soil samples of rural area
public parks, playgrounds, gardens and cultivated fields. C. difficile was isolated from
21% (22/104) of the suburbs soil samples from public parks, gardens, playgrounds and
fields of South Wales (Al-saif and Brazier 1996).
For urban environments, C. difficile was isolated from soil samples collected from
public parks and elementary school playgrounds in city of Zanesville, Ohio from 2007
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to 2009, 6.5% (16/246) of the soil samples were C. difficile positive, one third of the
isolates were toxigenic (Higazi et al. 2011). Alam et al (2014) assessed toxigenic C.
difﬁcile in urban area environmental sources, they collected 127 environmental samples
from shoe bottoms, bathroom surfaces, house ﬂoor dusts, or other household surfaces,
41 (32.3%) samples were C. difficile positive and 100% of the isolate were toxigenic,
with 12.2% (5/41) ribotype 001 and 7% (3/41) ribotype 002. Al-saif and Brazier (1996)
recovered C. difficile from 20% of 380 (94.7% were toxigenic) hospitals surfaces, from
16.7% of 30 (20% were toxigenic) veterinary clinics surfaces, from 2.6% of 275 (47%
were toxigenic) nursing homes surfaces, and from 2.2% of 550 (37.5% were toxigenic)
private residences surfaces.
Hotels potentially spread C. difficile via their high residency throughput and
population density. In an outbreak of norovirus the role of hotel contact surfaces in
spreading the pathogen through cross-contamination events was identified (Marks et al.
2000; Kimura et al. 2011). In addition, the SARS coronavirus were reported to spread
via hotel after the travelling of a doctor guest (Radun et al. 2003), and legionellae were
reported inducing outbreaks via water system of hotels (Burnsed et al. 2007). Data on
the presence of C. difficile in hotels is limited. Xu et al (2015) investigated the sanitary
status of guest rooms within Canadian hotels. Fifty Four hotel rooms belonging to six
different national chains were sampled and sampling sites were focused on contact
surfaces. C. difficile was found in two of 156 (1.3%) hotel samples and subsequently
identified as toxinotypes XXI and XIII although neither belonged to ribotypes 027 nor
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078 (Xu et al. 2015).

1.2.8 Wastewater treatment plants and anaerobic digestion

Urban wastewater treatment plants (WWTPs) treat sewage predominantly derived
from residential centres but also that derived from industry and agriculture to a lesser
degree. The processing of waste follows a specific sequence of treatments, depending
on the wastewater treatment plant; all of which are described in the “Design Guidelines
for Sewage Works 2008” (Ontario Ministry of the Environment 2008). For example,
processing of the sewage starts with the removal of large debris and grit by various
technologies (Figure 1.7, an example schematic for WWTP Facility A). In WWTP
Facility A, the raw sludge is transferred to a primary clarifier or series of settling tanks
to allow separation of the solid particulates from the water fraction. The water fraction
is transferred to an activated sludge process (in aeration basins) that functions to remove
volatiles and stimulate the conversion of organic matter into microbial biomass. The
solids from the primary clarifier, called primary sludge, are moved to a primary
anaerobic digester for further treatment. The biomass formed by the activated sludge
process (secondary sludge) is thickened before being mixed with primary sludge and
passing to the anaerobic sludge digester (i.e., primary digester) where the organic
material is converted to methane over usually 15 - 28 days period. At the end of the
digestion process the sludge is allowed to rest in secondary digester to encourage
settling of the stabilized digested sludge prior to dewatering. The effluent water is
chlorinated (usually 0.5 - 1.0 ppm, dependent on the organic content of the incoming
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water) following passage through sand filters and then dechlorinated (via reacting with
thiosulphate) prior to discharged to rivers. The biosolids are either disposed to a landfill,
or utilized by land spreading.
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Figure 1.7 Wastewater treatment plant processing schematic (Highlighting are the
sampling sites; Solid arrows are liquid treatment train; Dotted arrows are solids
treatment train)
Romano (2012) recovered 13 different C. difficile ribotypes from sampling
wastewater treatment plants within Switzerland. Over 85% of the isolates recovered
were toxigenic with 40% belonging to ribotype 078. Significantly, the isolates recovered
from wastewater works matched those derived from clinical sources within the local
area (Romano et al. 2012). This finding clearly indicated a link between geographical
significant clinical isolates of C. difficile and potential environmental sources such as
raw sewage. Similar results was reported by Steyer et al. (2015), who detected C.
difﬁcile in all efﬂuent samples that the most prevalent ribotype 014/020 was also one of
the five most prevalent ribotypes from patients from the same broad region as the
WWTP.
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1.2.8.1 Anaerobic digestion in wastewater treatment plants

Wastewater can be treated in a number of different ways although the general
outcome is the same, which is production of effluent water with a low solid content and
reduced pathogen levels. Commonly the treatment options for the sludge solids can be
either anaerobic digestion or aerobic digestion (Fukushi et al. 2003). Anaerobic
digestion has advantages of low construction costs, capturing the methane/ energy and
simple operation and is a more viable method widely used (applied in 60% of the
industry) (Van Haandel and Lettinga 1994; DEFRA 2011; Devlin et al. 2011; Labatut et
al. 2014). The process of anaerobic digestion (Figure 1.8) represents a sequential
process whereby complex organics are converted to acids then finally methane (Kumar
et al. 2013; Christy et al. 2014).
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Methanogenic Archaea
CH4, CO2

Digested sludge
Figure 1.8 The four key stages of anaerobic digestion: hydrolysis, acidogenesis,
acetogenesis, and methanogenesis
Raw sewage harbors a diverse microbial population commonly containing the
faecal taxa (Gerba and Smith 2005; McLellan et al. 2010; Cantalupo et al. 2011; Astals
et al. 2012; Cai et al. 2014; Yahya et al. 2015). The most commonly encountered
bacterial pathogens encountered in effluent are Mycobacterium and Vibrio (Bohrerova
and Linden 2006; Ye and Zhang 2013) with Clostridium and Mycobacterium being
associated with biosolids (Bibby et al. 2010; Karpowicz et al. 2010). C. perfringens is
the most commonly encountered clostridia in effluent and as a consequence used as a
fecal indicator (Bitton 2005; Shannon et al. 2007).
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Chauret et al. (1999) reported that no statistically significant reduction was
observed for C. perfringens from raw sludge to processed decanted liquor and biosolids
cake in wastewater treatment plant. Removal of C. perfringens at the Montreal urban
community wastewater treatment facility was studied for a period of 6 months. The
pathogen was reduced from approximately 4.0 log to 3.7 log (0.3 log reduction) through
physico-chemical treatment (Payment et al. 2001). Shannon et al. (2007) tested C.
perfringens from the raw wastewater stage to the final effluent stage following
anaerobic digestion by real-time quantitative PCR and reported a reduction in gene
copies by more than 3 orders of magnitude.
Two thirds of anaerobic digestion biosolids in the UK is discharged via land
application (DEFRA 2011). In U.S. 7,180,000 dry tons of anaerobic digestion products
were discharged and 55% of which went to soils for plant purposes in 2004 (Beecher et
al. 2007). In Ontario, Canada, municipal sewage biosolids from WWTPs are landfilled
(10%), incinerated (50%), or utilized by land-spreading (40%), if quality conditions
meet requirements of Ontario Regulation 267/03. However, Viau and Peccia (2009)
reported that the detectable genomes of C. difficile in class A (produced by
temperature-phased anaerobic digestion) and class B (produced by mesophilic anaerobic
digestion) biosolids were both high, which were 38% and 25% respectively. Biosolids
which may contain C. difficile are applied to land, although there is little data on fate of
C. difficile in the environment. C. difficile applied on or injected into the soil may
possibly persist over extended time periods thereby increasing the risk of contaminating
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watersheds and/or vegetation. Therefore, the efficiency of anaerobic digestion and
reduction of pathogen matter the quality of soil and farm products and are an integral
component for sludge sustainability reuse.

1.2.9 Persistence of C. difficile in long-term scheme
1.2.9.1 Persistence of C. difficile in biosolids during land application

One concern for land application of biosolids is the potential to contaminate crops
and watersheds via runoff (Pourcher et al. 2007). A range of enteric pathogens are
linked to biosolids such as Escherichia coli O157:H7 (Pepper et al. 2006), Salmonella
(Sahlström et al. 2006), Yersinia spp. (Straub et al. 1993), Listeria monocytogenes (De
Luca et al. 1998), Legionella (Gregersen et al. 1999), and Clostridium perfringens
(Karpowicz et al. 2010). Nicholson et al. (2005) reported that E. coli O157, Listeria,
Salmonella and Campylobacter in the manure samples can survive for several months in
the field environment. Lang et al. (2003) found the survival of E. coli following
biosolids application to agricultural land was limited to 2 - 3 months regardless of the
environmental conditions and application time. Pourcher et al (2007) reported that
enteroviruses were not detectable after 2 weeks land-spreading of biosolids, while the
fecal indicators were observed reduced no more than 2 log over 2 months. In the
endospore form, clostridia can potentially persist for years and become distributed over
a wide geographical area via water movement (Gessler and Böhnel 2006).
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1.2.9.2 Composting

Composting is an alternative or complementary method for treating biosolids prior
to land application (Sidhu et al. 2001; Liang et al. 2003; Zaleski et al. 2005b; Danon et
al. 2008). In the course of composting the activity of microbes oxidizes organics and
generates heat to reduce the levels of vegetative pathogens. Temperatures above 55°C
are essential to maximize bactericidal ability (Stentiford 1996) with an optimum of
60°C being commonly targeted (Sunar et al. 2014). Four composting methods are
generally used for biosolids management in the US: Outdoor windrow (e.g. windrow
composting), covered composting (e.g. GORETM cover), in-vessel composting, and
vermicomposting. Their advantages and disadvantages are concluded in Table 1.5
(United States Environmental Protection Agency 2002; Dominguez and Edwards 2010;
Pisarek 2012).
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Table 1. 5 Advantages and disadvantages of biosolids composting management methods
Methods
Outdoor Windrow

Covered composting

In-vessel composting

Vermicomposting

Advantage
-High quality end product possible
-Simple construction and operation
-Revenue possible from sale of end product

Disadvantage
-Process can be labour intensive
-Regulatory restrictions
-Odour issues
-Large footprint required
-Pathogen re-growth possible
-Not as impacted by the weather
-Regulatory restrictions
-Typically less land required
-Moisture and aeration required to prevent
fires within piles
-More operational control
-Slightly more complex process and more
-Quality of end-product is more consistent
-Able to collect air to treat and reduce odour emissions
operational equipment required
-Potential beneficial end product
-More costly than other types of composting
-Effects of weather are minimized
in terms of capital expenditures
-Less labour required to operate system and lower exposure of -More complex operation and equipment
operators to composting biosolids
which
can
increase
maintenance
-Lower space requirement than other forms of composting
requirements
-Process air can be collected and treated to reduce odour emissions
-More consistent quality of the final product
-Simple operation
-Simple operation
-High quality biosolids produced
-High quality biosolids produced

Referred from (United States Environmental Protection Agency 2002; Dominguez and Edwards 2010; Pisarek 2012)
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Open composting that can be operated outdoors is widely used for its advantages in
high end product quality and simple construction and operation (Biosolids Master Plan
Stakeholders Advisory Committee 2011; Pisarek 2012). It can be divided into (based on
the mixing) aerated static pile composting (static) and windrow composting (dynamic),
of which windrow composting is preferred by most composting companies. In Canada,
166 of the total 227 compost facilities operated as windrows composting while only 22
were static aerated composting facilities in 2005 (B. M. Ross and Associates Limited
2011; Biosolids Master Plan Stakeholders Advisory Committee 2011). Windrow
composting is defined as producing compost by piling organic matter or biodegradable
waste into a windrow or into a long row (Kuhlman 1990). It includes three phases: a
mesophilic phase at moderate temperature, followed by a thermophilic phase at high
temperature and a maturation phase with cooling and curing (Sunar et al. 2014). During
windrow composting, temperature is self-heated to 55°C or greater for accumulative 15
days, followed by cooling to ambient temperature over the curing period (minimum
21-day) to obtain mature compost, which is stable material with little biodegradation
occurring and low microbial respiration (United States Environmental Protection
Agency 2002). The processing schematic of windrow composting is shown in Figure
1.9. Optimum composting is achieved by adjusting the properties of the windrow to a
carbon-to-nitrogen ratio (C:N) range of 25:1 to 30:1, moisture content of 50 - 60%
(w/w), porosity around 35 - 45%, and oxygen levels of >10% by volume (Wilkinson
2007). For composting of biosolids, dewatered biosolids cake is mixed with leaf and
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yard waste and woodchips, and then mounding into long piles with frequent
mechanically turning. The purpose of the bulking agent is to ensure adequate air space,
to serve as a nitrogen trap, and to work as a dry agent keeping moisture optimal levels
(Haug 1979; Eftoda and McCartney 2004; Raviv 2005). The purpose of turning is to
improve porosity and oxygen content, to involve or reduce moisture, and to redistribute
pile portions at different temperature (Couth and Trois 2012).

Wastewater
biosolids

Passive air flow

Mixing

Thermal composting
Self-heating, ≥55°C
for 15 days,
non-consecutively

Leaf and
yard waste
Bulking
agent
Curing
Finished product

Screening

Ambient air for
≥21 days

Figure 1.9 Processing schematic of windrow composting
Pathogen levels in mature compost are considered reduced after finishing the
process of composting, and the compost is viewed as qualified for agricultural
application when it is properly managed (Hassen et al. 2001; Lemunier et al. 2005;
Briancesco et al. 2008; Wéry et al. 2008; Viau et al. 2011). Reductions of E. coli (3.8
log CFU/g, i.e. from 7.3 to 3.5 log), fecal streptococci (3.8 log CFU/g, 7.0 to 3.2 log),
yeasts and filamentous fungi (3.3 log CFU/g, 6.7 to 3.4 log), and mesophilic bacteria
(2.5 log CFU/g, 9.8 to 7.3 log) in dry weight of waste were observed after finishing the
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composting process with moderate aeration at 40 - 50°C for 25 days followed by 55 60°C for 80 days (Hassen et al. 2001). During the composting period, the reduction of
pathogens can be affected by factors such as temperature, exposure time, competition
for nutrients, and production of fatty acids and ammonia (Wilkinson 2007). Generally, a
temperature of 55 - 60°C for no less than 3 days is sufficient to destroy the majority of
enteric pathogen (Déportes et al. 1995). Temperature and length of time necessary to
disrupt specific (non-sporeforming) pathogens during composting varied (Table 1.6)
(Wiley and Westerberg 1969; Krogstad and Gudding 1975; Murphy et al. 2003; Wichuk
and McCartney 2007; Fourti et al. 2008; Sunar et al. 2014). To guarantee the hygienic
safety, quality criteria of compost are deﬁned in many countries (Brochier et al. 2012).
In Canada, in-vessel composting or aerated static pile composting is regulated to operate
at 55°C or greater for three days to obtain qualified compost, and windrow composting
is required to operate at 55°C or greater for at least 15 days for qualified compost
(Canadian Council of Ministers of the Environment 2005). For compost which contains
feedstock of biosolids from WWTPs, fecal coliforms densities in finished compost shall
be less than 1000 MPN/g, and Salmonella shall below 3 MPN/4g of total solids on dry
weight basis (Canadian Council of Ministers of the Environment 2005).
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Table 1.6 Temperature and length of time necessary to destroy some pathogens during composting
Organisms

Temperature

Time

Reference

Salmonella spp.

60°C/55°C

15 - 20 min/1 h

(Sunar et al. 2014)

Salmonella Newport

60°C

40 min

(Wiley and Westerberg 1969)

Escherichia coli

60°C/55°C

15 - 20 min/1 h

(Sunar et al. 2014)

Entamoeba hystolitica

68°C

NA

(Sunar et al. 2014)

Taenia saginata

71°C

5 min

(Sunar et al. 2014)

Necator americanus

45°C

50 min

(Sunar et al. 2014)

Shigella spp.

55°C

1h

(Sunar et al. 2014)

Ascaris lumbricoides ova

60°C/65°C

60 min/30 min

(Wiley and Westerberg 1969)

Candida albicans

70°C

60 min

(Wiley and Westerberg 1969)

Listeria monocytogenes

55°C

2.2 h

(Murphy et al. 2003; Avery et al. 2012)

Mycobacterium spp.

Destruction 60°C

NA

(Wichuk and McCartney 2007)

Staphylococcus aureus

Destruction during composting

NA

(Fourti et al. 2008; Avery et al. 2012)

Bacillus cereus

70°C

7 days

(Krogstad and Gudding 1975; Avery et al. 2012)

41

Although composting is effective at reducing vegetative cells, bacterial endospores
can survive the process. For example, Bacillus cereus was still detectable after
composting for 7 days at 60 to 65°C (Krogstad and Gudding 1975). Clostridium spores
can survive up to 100°C for 2 h in slightly acidic conditions (Wichuk and McCartney
2007) and only negligible reductions of Clostridium perfringens was observed during
composting (Hirn et al. ; Jones and Martin 2003). Böhnel and Lube (2000) reported that
54% of the commercially marketed bio-compost was C. botulinum positive, underlining
the human health issues with even properly composted biosolids. Fate of C. difficile
during composting has not been reported before (Rodriguez-Palacios and Lejeune 2011)
and will be investigated in the study.

1.3 Research Hypothesis and Objectives

The hypothesis of the study is that toxigenic C. difficile can survive and potentially
grow during anaerobic digestion of sewage sludge then disseminated into the
environment via effluent and biosolids whereby the pathogen can persist over an
extended period during biosolids land application and composting.
The main objectives of this research were:
1) To evaluate prevalence of C. difficile in watershed and in WWTPs and the fate of C.
difficile following sewage treatment.
2) To assess the reduction of C. difficile during different sludge digestion protocols.
3) To assess the persistence of C. difficile in biosolids amended soil and during
composting.
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Chapter 2 Fate of Clostridium difficile during Wastewater Treatment and
Incidence in Southern Ontario Watershed

Adapted from Xu, C., Weese, J., Flemming, C., Odumeru, J. and Warriner, K. (2014).
Fate of Clostridium difficile during wastewater treatment and incidence in Southern
Ontario watersheds. Journal of Applied Microbiology. 117, 891 - 904

Abstract

Aims: To investigate the prevalence of Clostridium difficile encountered during sewage
treatment and in water sources into which treated effluent was directly or indirectly
discharged.
Methods and Results: Samples from wastewater treatment plants (WWTPs) and rivers
were collected and enriched for C. difficile. Each of the isolates was subjected to
toxinotyping and DNA typing using ribotyping, in addition to pulse field gel
electrophoresis. C. difficile was isolated from 92% (108/117) of the raw sludge and 96%
(106/110) of the anaerobically digested liquid sludge samples from two Ontario
WWTPs. The pathogen was recovered from 73% (43/59) of dewatered biosolids
discharge, in addition to river sediments 39% (25/64). Ribotype 078 (commonly
associated with Community Associated infections) was recovered from raw sewage
(19%; 21/108), digested sludge (8%; 8/106), biosolids (35%; 15/43) and river sediments
(60%; 15/25).
Conclusions: C. difficile is encountered in raw sewage and appears to survive the
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wastewater treatment process then can potentially be disseminated into the wider
environment via effluent discharge and biosolids land application.
Significance and Impact of the Study: The study has illustrated the wide distribution
of toxigenic C. difficile in WWTPs and river sediments although the clinical
significance still requires to be elucidated.

2.1 Introduction

Currently, C. difficile is the leading cause of hospital associated diarrhea resulting
in over 300,000 cases each year within North America (Musher et al. 2005). In recent
years there has also been an increasing incidence of CA-CDI and is estimated to account
for >25% cases of C. difficile infections (Mulvey et al. 2010; Hensgens et al. 2012).
Reports have indicated an over-representation of ribotype 078 associated with CA-CDI
(Barbut et al. 2007; Goorhuis et al. 2008). The sources of C. difficile in cases of
CA-CDI remain unknown but ribotype 078 has been commonly found in livestocks
(Plummer et al. 2010; Hawken et al. 2013) and associated with foods such as meat
(Rodriguez-Palacios et al. 2007; Rodriguez-Palacios et al. 2009; Weese et al. 2009;
Metcalf et al. 2010a; Weese et al. 2010b), seafood (Metcalf et al. 2011) and vegetables
(Metcalf et al. 2010b). It is also possible that C. difficile could be acquired from
environmental exposure via contaminated soil or water although this aspect needs be
studied in greater detail (Otten et al. 2010; Hensgens et al. 2012; Hensgens 2013;
Rodriguez-Palacios et al. 2013). C. difficile has been recovered from water sources in
South Wales (Al-saif and Brazier 1996), Slovenia (Zidaric et al. 2010) and Zimbabwe
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(Simango 2006). The origins of C. difficile recovered from water remain largely
unknown but fecal sources derived from animal production (Keel et al. 2007;
Rodriguez-Palacios et al. 2013) or human sewage treatment plants have been considered
most likely (Romano et al. 2012). This was further supported by the recovery of C.
difﬁcile toxigenic ribotypes implicated in human infections from sewage plant waste
water discharge sewage plants sampled in Switzerland (Romano et al. 2012).
The robustness of clostridia spores would enable C. difficile to survive wastewater
treatments with the potential to grow during the anaerobic sludge digestion process.
Moreover, it is possible that spores could persist in the effluent after chlorination, or
after sludge alkaline treatment and/or dewatering steps in latter stages of sewage
treatment. C. perfringens as an indicator in wastewater was either reported constant or
reduced following sewage treatment in WWTP (specific to anaerobic digested sludge)
(Chauret et al. 1999; Payment et al. 2001; Shannon et al. 2007). Consequently, it is
possible that C. difficile present in effluent and associated with biosolids could
contribute to the environmental burden of the pathogen along with that derived from
animal production.
The objective of this study was to evaluate the relative abundance of toxigenic C.
difficile at different stages of sewage treatment and the prevalence of the pathogen in
water sources within the Grand River watershed in Southern Ontario, Canada.

2.2 Materials and Methods

Samples of primary sludge, digested sludge, dewatered biosolids, and at one facility
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tertiary treated alkalinized biosolids and effluent discharge derived from two urban
waste water treatment plants were collected. C. difficile was recovered from the various
samples and typed using ribotyping, Pulsed Field Gel Electrophoresis, in addition to
toxinotyping.

2.2.1 Sampling scheme

Two urban waste water treatment plants (WWTPs) in Ontario, Canada participated
in the study. Each facility primarily treated sewage derived from residential centres but
also sewage from industry and to a lesser degree, agricultural waste. The anaerobic
processing of waste follows a specific sequence of treatments according to Ontario
Ministry of Environment Design Guidelines for Sewage Works 2008. Raw sludge is
transferred to a primary clarifier or series of settling tanks to allow separation of the
solid particulates from the water fraction (Figure 2.1). The solid material from the
primary clarifier, called primary sludge, is transferred to a primary anaerobic digester
where the organics are broken down to gas and/or incorporated into cellular biomass
over a 14-day period (Hydraulic Retention Time). Digested sludge then goes to the
secondary digester and is thickened with alkali. Biosolids are generated as a dewatered
cake by the dewatering of the secondary digested sludge. The biosolids are either
disposed to a landfill, or utilized by land spreading. The wastewater effluent stream is
chlorinated (0.5 to 1.0 ppm Cl2) following passage through sand filters and then
dechlorinated prior to discharge to rivers.

46

Influent

Grit

Primary

Final

Pumps

Tank

Clarifier

Clarifiers

Secondary

Primary

Digester

Digester

Dewatering

Sand Filter
Chlorine
Contact Tank

Landfill

Land Application

River

Dechlorination

Figure 2.1 Schematic diagram of steps in waste water treatment and sampling points for
sludge/biosolids. Solid arrows are liquid treatment train; Dotted arrows are solids
treatment train
WWTP Facility A and WWTP Facility B have an average total daily wastewater
flow of approximately 50,000 m3/day and 35,000 m3/day, respectively. Seventy-seven
sludge samples (primary sludge and treated sludge following 14 day digestion) were
collected from WWTP Facility A and 100 samples from Facility B between May 2012
and June 2013. Additionally, 59 dewatered biosolids samples (dewatered cake) were
collected from 9 WWTPs in Ontario, Canada over the period from Apr 2009 to Jun
2013.
The Grand River, which served as a water source for over 920,000 residents, is the
largest watershed in southwestern Ontario. Sixty four river sediment samples over four
sampling (twice a month) visits were collected from seven tributaries of the Grand River.
Sampling sites were one drinking water treatment intake area (19 samples collected), a
WWTP effluent outfall area of Facility A (19 samples collected), three conservation
areas (24 samples collected), and two tributaries in city area (2 samples collected).
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2.2.2 Isolation of C. difficile from samples.

The collected samples were either processed immediately or stored at 4°C for a
maximum of two days. Aliquots (1 g) of sediment or sludge sample (1 mL) were
inoculated into 9 mL of C. difficile moxalactam norfloxacin (CDMN) enrichment broth
(protease peptone 40.0 g L-1, disodium hydrogen phosphate 5.0 g L-1, potassium
dihydrogen phosphate 1.0 g L-1, magnesium sulphate 0.1 g L-1, sodium chloride 2.0 g
L-1, fructose 6.0 g L-1, taurocholic acid sodium salt 1.0 g L-1) then incubated for 7 days
at 37°C. Volumes (2 mL) of the enriched culture were suspended in 2 mL of absolute
ethanol that was incubated for 1 h at room temperature before centrifugation (4500 ×g,
10 min) (Weese et al. 2011). The resulting pellet was streaked onto CDMN agar and
incubated anaerobically at 37°C for 48 hours. Suspected colony (raised, opaque, and
grey-white) was confirmed by screening for L-proline aminopeptidase activity and
plating onto 5% v/v blood agar that was incubated for 48 h at 37°C. Isolates were stored
at -80°C and re-cultured before molecular analysis.
C. difficile and C. perfringens were enumerated from 1 mL aliquots of sludge
samples mixed with 1 mL of 95% ethanol for at least 1 h to kill vegetative cells. The
alcohol-sample mixture was diluted serially 10-fold in phosphate buffered saline (PBS)
(pH 7.4), and 1 mL or 0.1 mL of diluted or not diluted sludge were spread evenly on
CDMN agar plate and on C. perfringens selective agar plate and incubated
anaerobically at 37°C for 3 days.
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2.2.3 DNA extraction.

C. difficile was grown on blood agar at 37°C for 24 h then a colony dispersed into 1
mL of distilled water. The cells were washed once by centrifugation (2 min at 12,000 ×g)
with the final cell pellet being resuspended in 200 µL of InstaGene Matrix (Bio-rad,
Mississauga, Canada) the incubated at 56°C for 30 min. The mixture was vortexed
before heating in a boiling water bath for 8 min. The debris were removed by
centrifugation (2 min at 12,000 ×g) and the DNA containing supernatant decanted into a
fresh microcentrifuge tube that was then stored at -20°C until required.

2.2.4 Detection of toxin A, toxin B and binary toxin.

Genes encoding Toxin A (tcdA) and toxin B (tcdB) were detected by a multiplex
PCR method described by Kato et al (1998). The reaction mix (30 µl final volume)
contained 10 mM Tris-HCl (pH 9.0), 2.5 mM MgCl2, 50 mM KCl, the four
deoxynucleoside triphosphates (200 µM of each), DNA template (1 µl), 0.75 Taq
Polymerase (Bio-rad) and 45 ng of each primer. The two primer sets were NK3, NK2,
NK104 and NK105 (Table 2.1). The amplification was initiated by a single cycle at
95°C for 5 min to denature the DNA followed by 35 cycles of 95°C for 20 s, 55°C for
120 s and extension at 72°C for 5 min. The PCR was completed by a final extension
step at 74°C for 5 min.
Single toxin A detection was performed according to Kato et al. (1999) to
distinguish between toxigenic and non-toxigenic strains. The reaction mix was as
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outlined above except the primer set consisted of NK11 and NK9 (Table 2.1).
Amplification conditions were an initial denaturation step for 5 min at 95°C, followed
by 35 cycles comprising of 95°C for 20 s, 62°C for 120 s and extension at 72°C for 5
min.
The enzyme component of the binary toxin (cdtA) was detected by PCR as adapted
from Stubbs et al (2000). The reaction mixture (50 µl total volume) contained DNA
template (1 µl) suspended in 10 mM Tris-HCl (pH 9) supplemented with 1.5 mM
MgCl2, dNTP’s (200 µM of each), 1 U Taq polymerase (Bio-rad) and 0.15 µM of each
primer. The primers used were cdtApos and cdtArev (Table 2.1). Amplification
condition was denaturation 1 cycle at 95°C for 5 min, annealing 30 cycles comprising
94°C for 45s, 52°C for 1min, and 72°C for 80 s, and extension at 72°C for 5 min.
Amplification products, in addition to 100 bp ladder, were separated on a 1.5% w/v
agarose gel electrophoresis and bands visualized by geneSnap acquisition software
(SynGene, Synoptics, MD, USA).

2.2.5 tcdC sequencing

One representative toxin-producing C. difficile isolate from each ribotype was
selected for sequencing of the tcdC gene as per (Spigaglia and Mastrantonio 2002).
Primers for tcdC Amplification were C1 and C2 (Table 2.1). DNA was ampliﬁed for 30
cycles comprising 1 min at 94°C, 1 min at 50°C, and 1 min at 72°C. Samples were sent
to Lab Service of University of Guelph for sequencing after DNA purification.
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Table 2.1 Primers used in Chapter 2 for PCR amplifications
NK3

(5’-GGAAGAAAAGAACTTCTGGCTCACTCAGGT-3)

Toxin A & B

NK2

(5’ -CCCAATAGAAGATTCAATATTAAGCTT-3)

(tcdA & tcdB)

NK104

(5’-GTGTAGCAATGAAAGTCCAAGTTTACGC-3’)

NK105

(5’-CACTTAGCTCTTTGATTGCTGCACCT-3’)

NK11

(5’-TGATGCTAATAATGAATCTAAAATGGTAAC-3’)

NK9

(5’- CCACCAGCTGCAGCCATA-3’)

Toxin A
Binary toxin for

cdtApos

(5’-TGAACCTGGAAAAGGTGATG-3’)

cdtA

cdtArev

(5’-AGGATTATTTACTGGACCATTTG-3’)

16S

(5’-CTGGGGTGAAGTCGTAACAAGG-3’)

23S

(5’-GGTACCTTAGATGTTTCAGTTC-3’)

Toxinotyping

A3C

(5’-TATTGATAGCACCTGATTTATATACAAG-3’)

for toxin A

A4

(5’-TTATCAAACATATATTTTAGCCATATATC-3’)

Toxinotyping

B1C

(5’- AGAAAATTTTATGAGTTTAGTTAATAGAAA-3’)

for toxin B

B2N

(5’- CAGATAATGTAGGAAGTAAGTCTATAG-3’)

tcdC

C1

(5’-TTAATTAATTTTCTCTACAGCTATCC-3’)

amplification

C2

(5’-TCTAATAAAAGGGAGATTGTATTATG-3’)

PCR ribotyping

2.2.6 PCR ribotyping

PCR ribotyping was performed according to the method described by Bidet et al
(1999) with some modifications. The primers used were 16S and 23S (Table 2.1). The
master mix comprised of 12.5 μL of KAPA2G Fast PCR Kits (KAPA biosystems,
Toronto, Canada), 1.25 μL of 50 pmol 16S and 23S rRNA primers, 6.25 μL of H2O
along with five microliter of DNA template or sterile water (negative control).
Ampliﬁcation conditions consisted of an initial denaturation step for 6 min at 94.8°C,
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followed by 35 cycles of 94.8°C for 1 min, 57.8°C for 1 min and 72.8°C for 1 min, and
a final extension for 7 min at 72.8°C. PCR amplification products were separated by
electrophoresis with 1.5% w/v agarose gel (Invitrogen Co., CA, USA) at 80 A, 150 V
for 2.5 h. Bands were visualized by GeneSnap acquisition software (SynGene,
Synoptics, MD, USA) and compared to a set of reference isolates from the
Cardiff/ECDC Collection, as well as an internal library of strains from humans and
animals. When a ribotype pattern was identified as an international one based on the
comparison with reference strains, the appropriate numerical designation (e.g., 078) was
assigned.

2.2.7 Toxinotyping

One representative toxin-producing C. difficile isolate from each ribotype was
selected for toxinotyping according to the method described by Rupnik et al (1998).
Toxin A and toxin B were amplified separately, two primers for toxin A were A3C and
A4N, two primers for toxin B were B1C and B2N (Table 2.1). Ampliﬁcation conditions
for toxin A were denaturation 1 cycle of 3 min at 93°C, annealing 35 cycles of 47°C for
8 min, 93°C for 3 s, and 47°C for 10 min. Ampliﬁcation conditions for toxin B were
denaturation 1 cycle of 3 min at 93°C, annealing 35 cycles of 57°C for 8 min, 93°C for
3 s, and 47°C for 10 min. Toxin A amplified products were cut with restriction enzyme
EcoRI while toxin B amplified products were digested with restriction enzymes AccI
and HincII. Digested products were separated on 1% agarose gels and geneSnap
acquisition software was used to visualize the bands. Toxinotypes were determined by
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comparing the bands of toxin A and toxin B with the reference bands provided in the
method.

2.2.8 Pulsed field gel electrophoresis (PFGE)

Toxigenic C. difficile isolates were typed by PFGE as described by Miller et al
(2010) with some modifications. Clostridium difficile was grown anaerobically on blood
agar for 24 h at 37°C then a colony transferred to 9 mL of brain heart infusion (BHI)
broth followed by a further 6 - 8 h incubation period at 37°C. Aliquots (400 µl) of the
culture were transferred to a microcentrifuge tube and centrifuged at 12000 ×g for 2 min.
The supernatant was removed and cell pellet resuspended in 200 μL of lysis buffer (1
mM TE buffer pH 8 containing 2.0 mg/mL lysozyme) then incubated at 60°C for 20 min
with shaking. Proteinase K (25 µl of 2.0 mg/mL) was added to the reaction mix along
with 200 μL of 1% w/v SeaKem Gold PFGE agarose (Cambrex BioScience Rockland
Inc., ME, USA) with 1% w/v SDS. The molten agarose mixture solution was dispensed
into molds and allowed to solidify at room temperature. The formed plugs were
transferred into 1.5 mL tubes and digested overnight at 37°C with 500 μL of lysis buffer,
25 μL of lysozyme (final concentration 2.0 mg/mL) and 25 μL of mutanolysin (final
concentration 12.5 U/mL). The plugs were transferred to a solution containing 500 μL
of proteinase K (PK) buffer and 25 μL of PK (final concentration 50μg/mL) then
incubated at 56°C for at least 4 h. The plugs were then repeatedly rinsed with TE buffer
then immersed in 200 μL of ten-times dilution Buffer 4 (New England Biolabs, ON,
Canada) for 30 min and digested with 200 μL SmaI restriction enzyme (60U; New
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England Biolabs, ON, Canada) at 25°C for 4 h. The plug was divided in two with one
half bring inserted into a well of 1.3% w/v pulsed-field certified agarose gel (BioRad,
USA). PFGE ladder (50 - 1000 kb) was used as molecular weight size marker. PFGE
was performed in a CHEF-DR II chamber (BioRad, CA, USA) with 2.2 L of 0.5-fold
TBE buffer and 500 μL of 0.2 M thiourea. PFGE condition was: 1.0 s of initial switch
time, 40.0 s of final switch time, 22 h of run time and 6V/cm of voltage. The gel was
stained in Gel Red solution for 30 min and images captured under UV illumination with
GeneSnap acquisition software.

2.2.9 Statistical analysis

The C. difficile counts recovered from samples were converted to log10 values, and
were found to be normally distributed as indicated by the Shapiro-Wilk test. Significant
differences were highlighted by ANOVA using a p<0.05 (IBM SPSS Statistics 22).

2.3 Results

2.3.1 Fate of C. difficile during sewage treatment

C. difficile was isolated in all primary and digested sludge samples screened from
the WWTP facility A in summer of 2012 (Table 2.2). Sixty-one (79.2%) isolates were
toxigenic (primary: 32/42; digested: 29/35) and all possessed both tcdA and tcdB.
Eighteen (29.5%) of the 61 isolates also contained cdtA. Fifteen of the 18 (83%)
A+B+CDT+ isolates were classiﬁed as ribotype 078, toxinotype V and NAP 7. All
ribotype 078 isolates possessed a 39 bp deletion and “upstream” C184T truncating
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mutation. The remaining 3 isolates ribotype CX015, ribotype CX009 and CX020
belonged to toxinotypes XXV, XXVII, and XIV or XV. Both ribotype CX015 and
ribotype CX020 had an 18 bp deletion in tcdC gene while ribotype CX009 had a 39 bp
deletion. No tcdC deletion was found in any other isolates. In total 30 different
ribotypes, 39 pulsotypes, and 8 toxinotypes were found in WWTP Facility A in 2012.
Of the 100 primary and digested sludge samples from WWTP Facility A in winter
of 2013 (Table 2.2), 96 of them were C. difficile positive and 90 (93.8%) isolates were
toxigenic (primary: 46/49; digester: 44/47). All of the toxigenic isolates possessed both
tcdA and tcdB, and 19 (21.1%) of the 90 isolates also contained cdtA. Thirteen of the 19
(68.4%) A+B+CDT+ isolates were classiﬁed as ribotype 078, toxinotype V, 7 of them
were NAP 7, 6 were NAP 8. The remaining 6 A+B+CDT+ isolates were ribotype 027
(1), CX095 (3), CX086 (1) and CX096 (1) which belonged to toxinotype III, XXVII,
XXI, and XXVI, separately. In total 47 different ribotypes and 60 pulsotypes and 11
toxinotypes were recovered from samples of Facility A in 2013. The three most
prevalent toxinotypes encountered were XXVI (36.7%), II (17.8%), and V (14.4%).
Table 2.2 Characterization of toxin-producing Clostridium difficile from Wastewater
Treatment Plant Facility A
Isolate

Presence of
Ribotypes

Sample
number

tcdc deletions

Toxinotypes Pulsotypes

Toxin Genes

primary 2012

1

CX003

A+B+CDT-

no deletion

XII

EG

primary 2012

1

CX003

A+B+CDT-

no deletion

XII

G

primary 2012

1

CX008

A+B+CDT-

no deletion

XIII

K

primary 2012

1

CX010

A-B+CDT-

no deletion

II

EB
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primary 2012

1

CX012

A+B+CDT-

no deletion

XIII

Q

primary 2012

1

CX013

A+B+CDT-

no deletion

XIII

P

primary 2012

1

CX014

A+B+CDT-

no deletion

XIII

M

primary 2012

1

CX016

A+B+CDT-

no deletion

XIII

S

primary 2012

2

CX019

A+B+CDT-

no deletion

XIII

DT

primary 2012

1

CX021

A+B+CDT-

no deletion

XIII

X

primary 2012

1

CX024

A+B+CDT-

no deletion

XIII

AA

primary 2012

3

CX025

A+B+CDT-

no deletion

XIII

AB

primary 2012

1

CX026

A+B+CDT-

no deletion

II

O

primary 2012

1

CX027

A+B+CDT-

no deletion

XXVI

AC

primary 2012

2

CX028

A+B+CDT-

no deletion

XXVI

DN

primary 2012

1

CX028

A+B+CDT-

no deletion

XXVI

I

primary 2012

1

CX063

A+B+CDT-

no deletion

XII

F

primary 2012

1

CX015

A+B+CDT+ 18bp deletion

XXV

R

primary 2012

1

CX020

A+B+CDT+ 18bp deletion

XIV or XV

W

primary 2012

9

078

A+B+CDT+ 39bp deletion

V

NAP 7

primary 2013

2

CX026

A+B+CDT-

NT

II

BD

primary 2013

1

CX026

A+B+CDT-

NT

II

BQ

primary 2013

1

CX050

A+B+CDT-

NT

XXVI

CX

primary 2013

2

CX051

A+B+CDT-

NT

XIII

CY

primary 2013

1

CX052

A+B+CDT-

NT

XXVI

DA

primary 2013

1

CX053

A+B+CDT-

NT

XXVI

DB

primary 2013

1

CX056

A+B+CDT-

NT

XXVI

DE

primary 2013

1

CX058

A+B+CDT-

NT

XXVI

DG

primary 2013

1

CX069

A+B+CDT-

NT

0

EF

primary 2013

1

CX071

A+B+CDT-

NT

0

BH

primary 2013

2

CX071

A+B+CDT-

NT

0

BI

primary 2013

2

CX072

A+B+CDT-

NT

XVII

BG
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primary 2013

1

CX073

A+B+CDT-

NT

II

BK

primary 2013

1

CX074

A+B+CDT-

NT

XXVI

BL

primary 2013

1

CX076

A+B+CDT-

NT

II

BN

primary 2013

1

CX079

A+B+CDT-

NT

XXVI

BW

primary 2013

1

CX080

A+B+CDT-

NT

XXVI

BX

primary 2013

1

CX081

A+B+CDT-

NT

XXI

BY

primary 2013

1

CX082

A+B+CDT-

NT

II

BZ

primary 2013

1

CX083

A+B+CDT-

NT

XII

CA

primary 2013

1

CX085

A+B+CDT-

NT

II

CC

primary 2013

2

CX087

A+B+CDT-

NT

XXVI

CE

primary 2013

2

CX087

A+B+CDT-

NT

XXVI

CF

primary 2013

1

CX089

A+B+CDT-

NT

XXVI

CI

primary 2013

1

CX090

A+B+CDT-

NT

XXVI

CK

primary 2013

1

CX096

A+B+CDT-

NT

XXVI

C

primary 2013

2

CX095

A+B+CDT+ NT

XXVIII

CQ

primary 2013

1

CX095

A+B+CDT+ NT

XXVIII

CR

primary 2013

6

078

A+B+CDT+ NT

V

NAP 7

primary 2013

5

078

A+B+CDT+ NT

V

NAP 8

digested 2012

1

CX001

A+B+CDT-

no deletion

II

B

digested 2012

1

CX002

A+B+CDT-

no deletion

XII

ED

digested 2012

1

CX003

A+B+CDT-

no deletion

XII

G

digested 2012

1

CX006

A+B+CDT-

no deletion

XII

BR

digested 2012

1

CX007

A+B+CDT-

no deletion

XII

J

digested 2012

1

CX010

A-B+CDT-

no deletion

II

EB

digested 2012

1

CX011

A+B+CDT-

no deletion

XII

BJ

digested 2012

1

CX011

A+B+CDT-

no deletion

XII

EC

digested 2012

1

CX011

A+B+CDT-

no deletion

XII

N

digested 2012

1

CX013

A+B+CDT-

no deletion

XIII

V

57

digested 2012

1

CX017

A+B+CDT-

no deletion

II

T

digested 2012

1

CX018

A+B+CDT-

no deletion

XIII

DP

digested 2012

1

CX019

A+B+CDT-

no deletion

XIII

DT

digested 2012

1

CX019

A+B+CDT-

no deletion

XIII

EA

digested 2012

1

CX022

A+B+CDT-

no deletion

XIII

Y

digested 2012

1

CX023

A+B+CDT-

no deletion

XIII

Z

digested 2012

1

CX027

A+B+CDT-

no deletion

XXVI

U

digested 2012

1

CX028

A+B+CDT-

no deletion

XXVI

AD

digested 2012

1

CX028

A+B+CDT-

no deletion

XXVI

AE

digested 2012

1

CX028

A+B+CDT-

no deletion

XXVI

DN

digested 2012

1

CX029

A+B+CDT-

no deletion

XIII

DZ

digested 2012

1

CX097

A+B+CDT-

no deletion

XII

H

digested 2012

1

CX009

A+B+CDT+ 39bp deletion

XXVII

L

digested 2012

6

078

A+B+CDT+ 39bp deletion

V

NAP 7

digested 2013

1

CX011

A+B+CDT-

NT

XII

DJ

digested 2013

1

CX026

A+B+CDT-

NT

II

BQ

digested 2013

1

CX026

A+B+CDT-

NT

II

CJ

digested 2013

2

CX026

A+B+CDT-

NT

II

CS

digested 2013

1

CX026

A+B+CDT-

NT

II

BD

digested 2013

1

CX044

A+B+CDT-

NT

XII

BV

digested 2013

1

CX049

A+B+CDT-

NT

XXVI

CV

digested 2013

2

CX049

A+B+CDT-

NT

XXVI

CW

digested 2013

1

CX054

A+B+CDT-

NT

XXVI

DC

digested 2013

1

CX055

A+B+CDT-

NT

XXVI

DD

digested 2013

1

CX057

A+B+CDT-

NT

XII

DF

digested 2013

1

CX059

A+B+CDT-

NT

XXVI

DH

digested 2013

1

CX060

A+B+CDT-

NT

XII

DI

digested 2013

1

CX061

A+B+CDT-

NT

XII

EE
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digested 2013

1

CX062

A+B+CDT-

NT

XII

BT

digested 2013

1

CX066

A+B+CDT-

NT

XII

CU

digested 2013

1

CX075

A+B+CDT-

NT

XXVI

BM

digested 2013

1

CX076

A+B+CDT-

NT

II

BO

digested 2013

1

CX077

A+B+CDT-

NT

II

BP

digested 2013

1

CX077

A+B+CDT-

NT

II

BS

digested 2013

2

CX078

A+B+CDT-

NT

XII

BU

digested 2013

1

CX079

A+B+CDT-

NT

XXVI

BW

digested 2013

1

CX080

A+B+CDT-

NT

XXVI

BX

digested 2013

2

CX084

A+B+CDT-

NT

XIII

CB

digested 2013

1

CX085

A+B+CDT-

NT

II

CC

digested 2013

1

CX086

A+B+CDT+ NT

XXI

CD

digested 2013

2

CX087

A+B+CDT-

NT

XXVI

CG

digested 2013

1

CX088

A+B+CDT-

NT

XXVI

CH

digested 2013

1

CX089

A+B+CDT-

NT

XXVI

CJ

digested 2013

1

CX090

A+B+CDT-

NT

XXVI

CL

digested 2013

1

CX091

A+B+CDT-

NT

XXVI

CM

digested 2013

1

CX092

A+B+CDT-

NT

XXVI

CN

digested 2013

2

CX093

A+B+CDT-

NT

XXVI

CO

digested 2013

1

CX094

A+B+CDT-

NT

XIII

CP

digested 2013

1

CX096

A+B+CDT+ NT

XXV

CT

digested 2013

1

027

A+B+CDT+ NT

III

NAP 1

digested 2013

1

078

A+B+CDT+ NT

V

NAP 7

digested 2013

1

078

A+B+CDT+ NT

V

NAP 8

Note: NT - not tested
The changes of C. difficile levels in sludge samples before and after anaerobic
digestion were variable with the digestion treatment for the ten test batches (Table 2.3).
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On a few occasions the mean levels of C. difficile following sludge digestion
significantly decreased whilst on other sampling visits levels significantly (p<0.05)
increased (Table 2.3). On other occasions the levels of C. difficile before and following
sludge digestion were not significantly (p>0.05) different (Table 2.3). Yet, it should be
noted that levels of C. difficile spores recovered from all sludge samples never exceeded
3 log CFU mL-1 with a detection limit of 1 CFU mL-1. The change in levels of C.
difficile also reflected those of C. perfringens (internal control) that also exhibited either
no change or significant decreases during the sludge digestion process (Table 2.3). The
data in total (combined over time for each sludge fraction) showed that before and after
sludge anaerobic digestion, levels of C. difficile were not significantly different (p>0.05)
but C. perfringens reduced significantly (p=0.001).
Table 2.3 Concentrations of Clostridium difficile and Clostridium perfringens in sludge
samples of Wastewater Treatment Plant A before and after mesophilic anaerobic sludge
digestion
C. difficile (log CFU/mL)

C. perfringens( log CFU/mL)

Primary

Digested

Primary

Digested

Sludge

Sludge

Sludge

Sludge

19/05/2012

2.68±0.2a

2.30±0.0b

5.52±0.1a

5.10±0.0b

30/05/2012

2.54±0.1a

1.30±0.2b

5.36±0.1a

4.16±0.5b

13/06/2012

1.30±0.1a

2.18±0.1b

4.48±0.5a

4.48±0.4a

27/06/2012

2.07±0.2a

2.14±0.1a

4.68±0.2a

4.22±0.3b

11/07/2012

2.00±0.1a

2.40±0.1b

4.26±0.2a

4.10±0.2a

27/03/2013

1.38±0.1a

1.60±0.0a

/

/

10/04/2013

1.48±0.0a

1.86±0.0b

/

/

Sampling Date
(Sample Visit)
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23/04/2013

1.68±0.0a

1.63±0.0a

/

/

08/05/2013

1.67±0.0a

1.40±0.0b

/

/

21/05/2013

1.09±0.0a

1.51±0.0a

/

/

Combined data

1.77±0.5a

1.83±0.4a

4.87±0.6a

4.39±0.4b

Number of samples

50

50

25

25

Note: Primary Sludge and Digested Sludge followed by the same letter (a, b) are not
significantly different (p>0.05).
Among the 50 sludge samples from WWTP Facility B, 41 (82%) contained C.
difficile of which 33 (80%) were toxigenic (Table 2.4). Fourteen (42%) of the toxigenic
isolates possessed only tcdB but no tcdA and 19 (58%) possessed both tcdA and tcdB.
Two of the 19 isolates (10.5%) also possessed cdtA. One of the two A+B+CDT+
isolates was classiﬁed as ribotype 078, toxinotype V and NAP 7, the other one belonged
to toxinotype IX or XXIII, ribotype CX034 and pulsotype AR with no deletion in tcdC.
In total 15 different ribotypes, 28 pulsotypes and more than 5 toxinotypes were
recovered from WWTP Facility B.
Table 2.4 Characterization of toxin-producing Clostridium difficile from Wastewater
Treatment plant B in 2012
Presence of tcdc
Samples Number Ribotypes

Toxinotypes Pulsotypes
Toxin Genes Deletions

primary

1

CX030

A-B+CDT-

NA

XXX

DW

primary

1

CX031

A-B+CDT-

NA

XXX

AF

primary

1

CX032

A-B+CDT-

NA

XXX

AH

primary

1

CX032

A-B+CDT-

NA

XXX

AJ

primary

1

CX032

A-B+CDT-

NA

XXX

AM
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primary

1

CX032

A-B+CDT-

NA

XXX

AN

primary

1

CX033

A+B+CDT-

no deletion XIII

BB

primary

1

CX035

A+B+CDT-

NA

NA

AS

primary

1

CX037

A+B+CDT-

NA

NA

AU

primary

1

CX038

A+B+CDT-

NA

XIII

AV

primary

1

CX039

A+B+CDT-

no deletion NA

AW

primary

1

CX040

A+B+CDT-

NA

NA

AX

primary

1

CX041

A+B+CDT-

no deletion XIII

AZ

primary

1

CX042

A+B+CDT-

NA

NA

BA

primary

1

078

A+B+CDT+

V

NAP 7

39 bp
deletion
digested 1

CX003

A+B+CDT-

no deletion XII

AQ

digested 2

CX031

A-B+CDT-

NA

XXX

AG

digested 1

CX031

A-B+CDT-

NA

XXX

AO

digested 1

CX031

A-B+CDT-

NA

XXX

AP

digested 1

CX031

A-B+CDT-

NA

XXX

DV

digested 1

CX032

A-B+CDT-

NA

XXX

AI

digested 1

CX032

A-B+CDT-

NA

XXX

AK

digested 1

CX032

A-B+CDT-

NA

XXX

AL

digested 1

CX033

A+B+CDT-

no deletion XIII

BB

digested 1

CX036

A+B+CDT-

NA

XIII

AT

digested 3

CX040

A+B+CDT-

NA

NA

AX

digested 1

CX041

A+B+CDT-

no deletion XIII

AY

digested 1

CX042

A+B+CDT-

NA

NA

DX

digested 1

CX042

A+B+CDT-

NA

NA

DY

digested 1

CX034

A+B+CDT+ no deletion IX or XXIII

Note: NA - not applicable
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2.3.2 Recovery of C. difficile in biosolids
C. difﬁcile were isolated from 43 of 59 (72.9%) dewatered biosolids samples from
WWTPs (Table 2.5). Thirty-five (81.4%) isolates possessed both tcdA and tcdB and 17
(48.6%) of the 35 isolates also possessed cdtA. Fifteen of the 17 (88.2%) A+B+CDT+
isolates were classiﬁed as PCR ribotype 078, toxinotype V, 13 of them were NAP 7 and
2 were NAP 8, the remaining two A+B+CDT+ isolates belonged to toxinotype XXII
and IX. In total 18 different ribotypes, 18 pulsotypes, and 10 toxinotypes were found in
biosolids.
Table 2.5 Characterization of toxin-producing Clostridium difficile from biosolids
samples of Wastewater Treatment Plants in Ontario
Number
Samples

Presence of Toxin
Ribotypes

Isolates

Toxinotypes Pulsotypes
Genes

biosolids

1

CX005

A+B+CDT-

III

DM

biosolids

1

CX016

A+B+CDT-

XIII

S

biosolids

2

CX026

A+B+CDT-

II

BD

biosolids

1

CX043

A+B+CDT+

XXII

BE

biosolids

1

CX044

A+B+CDT-

XII

BV

biosolids

1

CX045

A+B+CDT-

XXVI

DO

biosolids

2

CX046

A+B+CDT-

XXVI

DQ

biosolids

1

CX047

A+B+CDT-

0

DR

biosolids

1

CX048

A+B+CDT-

XXVI

DS

biosolids

1

CX055

A+B+CDT-

XXVI

DL

biosolids

1

CX001

A+B+CDT-

II

B

biosolids

1

CX064

A+B+CDT-

XIII

CZ

biosolids

1

CX065

A+B+CDT+

IX

BE
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biosolids

2

CX067

A+B+CDT-

XIII

BF

biosolids

1

CX068

A+B+CDT-

I

BC

biosolids

1

CX087

A+B+CDT-

XXVI

DK

biosolids

1

CX089

A+B+CDT-

XXVI

CJ

biosolids

13

078

A+B+CDT+

V

NAP 7

biosolids

2

078

A+B+CDT+

V

NAP 8

2.3.3 Recovery of C. difficile from watersheds

Toxigenic C. difficile were recovered from water samples taken from a waste water
effluent discharge and also those sampled at a drinking water intake pipe, in addition to
river sediment derived from conservation areas fed from the Grand River watershed
(Table 2.6). Twenty-three of the 25 (92%) isolates were toxigenic and possessed both
tcdA and tcdB. Sixteen of those (70%) also possessed cdtA. All of the 16 A+B+CDT+
isolates were ribotype 078 and toxinotype V, with 13 NAP 7 and 3 NAP 8. In total 5
different ribotypes, 8 pulsotypes, and 4 toxinotypes were recovered from the water and
sediment samples. With the exception of ribotype 078 and ribotype 027, none of the
ribotype patterns identified could be cross-matched with those held within the available
database that contains profiles of over 5000 human and animal isolates.
Table 2.6 Characterization of toxin-producing Clostridium difficile isolated from the
rivers
Presence of Toxin
Number

Ribotypes

tcdc Deletions

Toxinotypes

Pulsotypes

Genes
1

CX001

A+B+CDT-

no deletion

II

A

1

CX001

A+B+CDT-

no deletion

II

B
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1

CX001

A+B+CDT-

no deletion

II

DU

2

CX002

A+B+CDT-

no deletion

XII

C

1

CX003

A+B+CDT-

no deletion

XII

D

1

CX004

A+B+CDT-

no deletion

0

E

13

078

A+B+CDT+

39bp deletion

V

NAP 7

3

078

A+B+CDT+

39bp deletion

V

NAP 8

Dendrograms were generated from the PFGE profiles to compare the genetic
relatedness of the isolates taken from the river sediments, biosolids, primary and
digested sludge. The PFGE profiles could be grouped into 8 major clusters that could be
sub-divided into 17 sub-clusters thereby illustrating the high diversity of C. difficile
populations (Figure 2.2). Specifically, recovery of similar pulsotypes in the primary,
digested sludge and biosolids would indicate that those strains entering the digester pass
through the process. Interestingly, the strains identified in sludge (primary and digested)
could be matched with those recovered in river sediments.
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Figure 2.2 Clustering of Clostridium difficile isolates from WWTP facility A, WWTP
facility B. biosolids and watershed based on pulsed field gel electrophoresis types
(Notes: REF represents PFGE ladder (50 - 1000 kb); 12AP represents primary sludge
samples from WWTP facility A in 2012; 12AD represents digested sludge samples
from WWTP facility A in 2012; 13AP represents primary sludge samples from WWTP
facility A in 2013; 13AD represents digested sludge samples from WWTP facility A in
2013; 12BP represents primary sludge samples from WWTP facility B in 2012; 12BD
represents digested sludge samples from WWTP facility B in 2012; R represents river,
B represents biosolids. # represents R, B, 13AP, 13AD; ## represents R, B, 12AP,
12AD, 13AP, 13 AD, 12BP; ### represents 12 AP, 13AP, 13AD.)
2.4 Discussion

Toxigenic C. difficile was commonly encountered in both primary and digested
sludge samples from WWTPs in Ontario, with prevalence’s ranging from 60 - 92% and
72 - 88%. This is consistent with a study of WWTPs in Southern Switzerland (Romano
et al. 2012) which reported a prevalence of 78.6% (22/28) in primary sludge and 92.6%
(25/27) in digested sludge. The high prevalent in primary sludge would suggest that
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toxigenic C. difficile is widely distributed amongst urban populations, and high
prevalent of toxigenic C. difficile in digested sludge would suggest that disposal of
WWTPs products maybe one possible contribution to the high incidence of CA-CDI.
Of specific interest in the current study was if C. difficile encountered in primary
sewage sludge survived during the anaerobic sludge digestion process. The results
suggest that C. difficile may stay in endospore from without proliferation as C. difficile
levels in all primary (n=50) and all digested (n=50) sludge samples were not
significantly different. However, in comparing certain sludge samples, C. difficile levels
decreased or increased in number. The observed differences may arise from the low
levels of C. difficile in the collected samples, high diversity of waste water sources and
large treatment volume. C. perfringens has previously been reported to remain dormant
or decrease significantly in numbers during sludge digestion (Chauret et al. 1999;
Payment et al. 2001). In the current study the same observations were made and hence it
is likely that both C. difficile and C. perfringens remain in the spore state during the
sludge digestion process.
The digested sludge was dewatered to form biosolids, which are used as landfill or
land application. The prevalence rate of 72.9% (43/59) in dewatered biosolids
demonstrated that C. difficile could resist the anaerobic digestion and dewatering
treatment processes and therefore be potentially disseminated into the environment with
land applied biosolids. PCR ribotype 078 accounts for 34.9% (15/43) of C. difficile
isolates in biosolids compared with 19.4% (21/108) in all of the primary sludge samples
69

and 7.5% (8/106) in all of the liquid digested sludge samples before dewatering. The
higher prevalence of 078 in dewatered biosolids samples indicates the ribotype may
survive better during dewatering process than the other strains. Romano et al. (2012)
also reported a high prevalence (40% of strains isolated) of 078 in biosolids derived
from wastewater treatments facilities further suggesting an adaptation of the ribotype to
survive biosolids treatment processes. Others have also suggested that some strains are
more

robust

that

others

under

harsh

environmental

selection

pressures

(Rodriguez-Palacios et al. 2013).
It was noteworthy that only one ribotype 027 (1/282) was recovered from all the
sludge and river sediments sampled. The low prevalence of ribotype 027 could be
attributed to 027 being restricted to hospitals or other clinical settings. Although, the
wastewater plants received sewage from hospitals this likely only contributed a
negligible amount compared to the general population.
In the current study, C. difficile was recovered in sediments taken from river
geographically connected to the discharge effluent pipe of the wastewater treatment
plant A, i.e. the same stretch of river. The prevalence of C. difficile in river sediments
was 39.1 % with the majority (92%) being toxigenic. The prevalence is comparable to
results reported by others (Al-saif and Brazier 1996; Simango 2006; Zidaric et al. 2010).
Ribotype 078 was found both in the drinking water intake area river (36.8%) and in the
WWTP effluent outfall area river (47.4%). It was interesting to note that genotypes
recovered in the river sediment samples could be matched with those derived from the
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wastewater treatment plant A. The results would suggest a possible link of C. difficile
from the waste water effluent discharge and that present in river sediments (Keessen et
al. 2013). Such a theory was also supported by the fact that genotypes of C. difficile
recovered from Facility A differed to those isolated from Facility B suggesting
geographical structure.
In conclusion, the study has illustrated that toxigenic C. difficile is highly prevalent
in sewage and levels were not significantly (p>0.05) affected in the solids treatment by
the wastewater treatment process. Evidence was obtained to suggest that ribotype 078
may possibly have resistance mechanisms that enhance its survival (relative to other C.
difficile strains) during sewage treatment although specific mechanisms are currently
unclear. Regardless, the recovery of C. difficile from river sediments illustrates that
effluent and potentially land application of biosolids may contribute to the widespread
environmental presence and may contribute to the potential exposure of community
members who frequent rivers and recreational lakes. Yet, the link between clinical cases
of CA-CDI and environmental exposure still remains to be elucidated.
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Chapter 3 Effect of Anaerobic Sludge Digestion Simulated Regimen on the
Survival of Clostridium difficile and Microbiota Profile

Abstract

Aims: To study the effect of different digestion regimes (pH and temperature) on the
survival of Clostridium difficile endospores in sewage sludge.
Methods and Results: Fate of five C. difficile ribotype 078 isolates (B28, R3, R15,
GP2, and GP80) under mesophilic or thermophilic digestion temperatures was
determined. During mesophilic (36 and 42°C) anaerobic digestion, C. difficile levels
were stable over a 2 month period but declined by >5 log spores within 25 days when
the applied temperature was 55°C. The inactivation of C. difficile was not caused by a
shift in the microflora of sludge at the high digestion temperature. Rather the decline in
numbers was indirect in that endospores were induced to germinate at the elevated
temperature with the subsequent inactivation of the vegetative cells. The induction of
germination during thermophilic digestion was inhibited by addition of volatile fatty
acids to sludge. Strain variation was observed with endospores of C. difficile B28 being
more sensitive than the other isolates tested. The susceptibility of B28 was attributed to
high spore germination rates along with inherent sensitivity of endospores to thermal
inactivation.
Conclusions: Thermophilic digestion can reduce levels of C. difficle endospores
associated with sewage sludge in a process involving germination and subsequent
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inactivation of vegetative cells.
Significance and Impact of the Study: The environmental burden of C. difficile
associated with biosolids can be reducued by performing sludge digestion step at 55°C.

3.1 Introduction

In the previous Chapter it was reported that C. difficile survived the wastewater
treatment process to ultimately be disseminated in the environment via discharge of
effluent along with land application of biosolids (Xu et al. 2014). In the course of
mesophilic digestion, C. difficile remains in the endospore form and thereby has
enhanced resistance to the different stresses. However, it is possible to overcome spore
resistance by inducing germination and inactivating the more susceptible vegetative
cells through direct thermal inactivation or by selection of an antagonistic microbiota
(Durban et al. 1970; Nerandzic and Donskey 2010; Novo et al. 2013). Bile salts (e.g.
taurocholate) act as a germinating agent for C. difficile along with amino acids (e.g.
glycine) which are present in sludge although still requires activation through exposure
to 70% ethanol or via heat shock (55 - 80°C) (Hanff et al. 1993; Curry 2010;
Rodriguez-Palacios and Lejeune 2011).
The main purpose of sludge digestion is breakdown and stabilization of organic
materials and the conversion of nutrients to acids which are then degraded further to
methane. However, it is also possible to reduce vegetative pathogens such as
Salmonella by judicious choice of anaerobic sludge digestion conditions. Temperature is
reported the principle factor responsible for the inactivation of pathogens through direct
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thermal inactivation and generation of volatile acids by acidogenesis (Appels et al. 2008;
Riau et al. 2010; Labatut et al. 2014). Traditional anaerobic sludge digestion is
performed within the range of 35 to 40°C, which supported a reduction in vegetative
enteric pathogens by 1.7 log to 2.2 log (Horan et al. 2004). Thermophilic anaerobic
digestion applies temperatures between 50 - 55°C with the result of increasing the log
reduction of vegetative cells up to 5 log CFU (Ziemba and Peccia 2011). Indeed, by
using a combination of thermophilic sludge digestion in combination with volatile fatty
acids (VFA; 1.5 - 6.0 g/L) supported a 14 - 60% reduction in C. perfringens levels
associated with sludge (Salsali et al. 2008).
The following study evaluated the lethality of different anaerobic sludge digestion
conditions (temperature and VFA) on the direct or indirect inactivation of C. difficile
endospores associated with sewage sludge.

3.2 Materials and Methods

3.2.1 C. difficile strains, spores preparation and sampling method

Five C. difficile ribotype 078 isolates (B28, R3, R15, GP2 and GP80) previously
isolated from rivers, biosolids or sludge in WWTPs as described in Chapter 2 were used
(Table 3.1). Spores were prepared from C. difficile 078 isolates cultivated in BHI broth
anaerobically for 7 days at 37°C. The spores were harvested by centrifugation at 4500
×g for 10 min then re-suspended in 5 mL of 50% ethanol and incubated at room
temperature for ≥1 h. The spores were again harvested by centrifugation (4500 ×g, 10
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min) before washing twice in sterile purified H2O. The concentration of C. difficile
spores in the preparation were determined through preparing a dilution series in
phosphate buffered saline (PBS) before plating onto C. difficile moxalactam norfloxacin
(CDMN) plates and incubating anaerobically at 37°C for 24 h.
Table 3.1 Five Clostridium difficile ribotype 078 isolates used in Chapter 3
078

Sources

Presence of
Ribotypes Toxinotypes

isolates

tcdc deletion

PFGE

Toxin Genes

B28

Biosolids

A+B+CDT+

078

V

39bp deletion

NAP 7

R3

River

A+B+CDT+

078

V

39bp deletion

NAP 8

R15

River

A+B+CDT+

078

V

39bp deletion

NAP 7

GP2

WWTP

A+B+CDT+

078

V

39bp deletion

NAP 7

GP80

WWTP

A+B+CDT+

078

V

39bp deletion

NAP 7

3.2.2 Fate of C. difficile during simulated anaerobic digestion in WWTPs

Survival of C. difficile during simulated anaerobic digestion was determined at
different temperatures (36, 42, or 55°C) in fresh digested sludge (sludge derived from
the primary anaerobic digester) with or without added acetic acid (HAc, 6.0 g/L).
Volumes (500 mL) of fresh digested sludge collected from a WWTP were inoculated
with one of the 5 C. difficile ribotype 078 isolates (B28, R3, R15, GP2, or GP80) to a
final concentration of 5 log spores/mL. Each of the five mixtures was then dispensed
into 50 mL centrifuge tubes (n=9) and incubated anaerobically in triplicate at the
temperature of 36°C (60 days), 42°C (53 days), or 55°C (25 days). Three 1 ml aliquots
were collected periodically at 0 h, 1 h, 5 h, 12 h, 24 h, 48 h, 5 d, 10 d, 15 d, 20 d, 25 d,
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or extended to 60 d during the digestion and a dilution series prepared then inoculated
onto CDMN plates that were incubated anaerobically at 37°C for 24 h to count C.
difficile colonies.

3.2.3 Mode-of-inactivation of C. difficile endospores during anaerobic digestion

The pH of digested sludge was adjusted to 5 or 6 using 6 mol/L HCl. Endospores of
the five C. difficile ribotype 078 isolates were separately inoculated into 200 mL of
sludge at pH 5, 6 or 7.2 to a final concentration of 5 log spores/mL. Each of the
mixtures was then dispensed into three 50 mL centrifuge tubes and digested at 55°C for
6 days (pH 5), 48 h (pH 6) or 48 h (pH 7.2). Sludge samples (1 mL) were withdrawn
periodically at 0 h, 6 h, 12 h, 24 h, 48 h, and 6 d and a dilution series prepared in PBS
that was plated onto CDMN as previously described above. The dilution series was then
placed into a 70°C water bath for 10 min to inactivate vegetative cells then aliquots (0.1
mL) spread plated onto CDMN. The plates were incubated anaerobically at 37°C for 24
h to count C. difficile endospores.
In parallel, the survival of C. difficile endospores in the absence of competitive
microflora was assessed as above but substituting the sludge with 50 mL of CDMN
broth (protease peptone 40.0 g L-1, disodium hydrogen phosphate 5.0 g L-1, potassium
dihydrogen phosphate 1.0 g L-1, magnesium sulphate 0.1 g L-1, sodium chloride 2.0 g
L-1, fructose 6.0 g L-1, taurocholic acid sodium salt 1.0 g L-1) without antibiotics,
adjusted to pH 7.4, 5.0 or 4.5. Suspensions of the test C. difficile isolates were
inoculated into sterile water and incubated at 55°C for 7 days with samples being
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withdrawn at Day 0, Day 2 and Day 7. The samples (1 mL) were used to prepare a
dilution series that was plated onto CDMN plates then a second plating of samples
incubated at 70°C for 10 min to enumerate spore numbers (Kamiya et al. 1989).
The C. difficile counts recovered from samples were converted to log10 values, and
were found to be normally distributed as indicated by the Shapiro-Wilk test. Significant
differences were highlighted by ANOVA with repeated measures using a p<0.05 (IBM
SPSS Statistics 22).

3.2.4 Microbiota of sludge digested at different temperatures

Primary sludge samples were collected from WWTP at a two-week interval on
three occasions. The sludge samples (3×500 mL) were subject to anaerobic digestion
under different conditions in Table 3.2.
Table 3.2 Sludge samples treated with different temperatures and hydraulic retention time
Sample I.D.

Treatments

Pri1 - 3

primary sludge collected before anaerobic digestion

Meso1 - 3

primary sludge digested anaerobically at 36°C for 14 days

Thmo1 - 3

primary sludge digested anaerobically at 55°C for 6 days

M&T1 - 3

digested anaerobically at 36°C for 14 days followed by 55°C for 6 days

Samples (1 mL) were taken before and after anaerobic digestion was extracted by
E.Z.N.A. Stool DNA Kit (Omega Bio-Tek, GA, USA) following the manufacturer’s
instructions. Concentration and quality of DNA were detected by spectrophotometry
using the NanoDrop (Roche, USA). The DNA concentration was between 20 and 100
ng/μL and 260/280 ratio around 1.8 was considered sufficient quality for 16S rRNA
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PCR. Ampliﬁcation of the V4 region of the 16S rRNA gene was performed as described
by Klindworth et al. (2013). The Illumina sequencing primers were (forward
S-D-Bact-0564-a-S-15/P5Adapter

and

reverse

S-D-Bact-0785-b-A-18/P7Adapter)

(Table 3.3). The reaction mix (25 µl final volume) contained 12.5 μL of Kapa2G Fast
HotStart ReadyMix 2X (KapaBiosystems, USA), 9 μL of PCR-grade H2O, 2.5 μL of
DNA template, and 0.5 μL of both primers (10 pmol/mL). The amplification was
initiated by a single cycle at 94°C for 3 min to denature the DNA, followed by 30 cycles
of 94°C for 45 sec, 57°C for 60 sec for annealing and extension at 72°C for 1.5 min.
The PCR was completed by a final extension step at 72°C for 10 min. PCR products
were purified with magnetic beads (Agencourt AMPure XP, Beckman Coulter Inc,
Mississauga, ON). Briefly, PCR products were mixed with 20 μL AMPure and
transferred to flat bottom micro-titer plate on a magnet. DNA was absorbed by magnetic
beads and washed twice with freshly made 80% ethanol. The plate was air-dried for 10
min and removed from the magnet. Purified DNA product was washed with 30 μL of 10
mM Tris buffer (pH 8.5) and collected on the magnet. The library pool was sequenced
with an Illumina MiSeq for 250 cycles from each end at the University of Guelph
Genomics Facility.
Table 3.3 Primers used for 16s rDNA Gene PCR amplification in Chapter 3
S-D-Bact-0564-a-S-15/
P5Adapter

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAYT
GGGYDTAAAGNG

S-D-Bact-0785-b-A-18/ GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTA
P7Adapter

CNVGGGTATCTAATCC
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Sequence analysis: Mothur (version 1.31.2) (Schloss et al. 2009) was used for data
analysis following the MiSeq SOP accessed on January 2014 (Kozich et al. 2013).
Original fastq files were assembled into contigs and sequences that were longer than
244 bp and shorter than 239 bp in length or contained any ambiguous base pairs or runs
of homopolymers greater than 8 bp were removed. Sequences were aligned to the
SILVA 16S rRNA reference database (Quast et al. 2013) and sequences that did not
align correctly were removed. Chimeras were identified and removed using uchime
(Edgar et al. 2011) and the remaining sequences were assigned into operational
taxonomic units (OTUs) using a cutoff of 0.03 for the distance matrix. Taxonomic
classification was obtained from the Ribosomal Database Project (RDP - March 2012)
(Cole et al. 2014).
Diversity of sludge microbial composition was estimated by the inverse Simpson’s
diversity index, evenness by Shanno’s evenness, and richness by Chao calculator
(Bunge). The dissimilarity between groups was measured according to Yue & Clayton
(2005) index considering the relative abundance of OTUs in each group, and according
to the classical Jaccard index considering the number of shared OTUs between groups
(Smith et al. 1996). These indices were used to generate phylogenetic trees comparing
the similarity of bacterial profiles between samples and figures were generated using
FigTree (version 1.4.0, http://tree.bio.ed.ac.uk/). Relative abundances at the phylum and
class levels were graphically represented by bar charts for different sample types. The
effect of treatments on the relative abundance in each of the main phyla and class was
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evaluated by ANOVA. A p value of <0.05 was considered significant.

3.3 Results

3.3.1 Effect of sludge digestion temperature on C. difficile endospore levels

The effect of temperature on the viability the endospores of of five isolates of C.
difficile ribotype 078 was determined during simulated sludge digestion. At 36°C there
was no significant (p>0.05) change in spore numbers over the 60-day digestion period
(Figure 3.1A). When sludge digestion was performed at 42°C differences between the C.
difficile isolates were observed (Figure 3.1B). Levels of B28 endospore decreased
significantly (p<0.05) following a 10-day delay then decreased by 4 log spores in the
remaining 43-day period. The levels of the other four isolates did not change
significantly (p>0.05) over the 53-day sludge digestion period (Figure 3.1B).
All five isolates of ribotype 078 were sensitive and significantly reduced when
sludge digestion was performed at 55°C (Figure 3.1C). Here, endospores B28 began to
decrease after a 5 h lag period and reached the level of detection (1 log spores/mL) by
48h. Endospores of the remaining four isolates that were more tolerant in that a lag
period of 48h was observed before levels started to decrease over a 23 day period; all
isolates except for R15 reached the limit of detection (Figure 3.1C).
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Figure 3.1 Changes of different Clostridium difficile 078 levels during simulated
anaerobic digestion (pH 7.2) at 36°C (A), 42°C (B) or 55°C (C) (log N/No: changes of
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Clostridium difficile numbers in log in the time interval between viable count No and N)
3.3.2 Effect of pH and volatile fatty acids during sludge digestion on C. difficile
endospore levels

Sludge was collected from the WWTP and supplemented with 6.0 g/L acetic acid
(VFA) that reduced the pH from 7.2 to 5.2. Anaerobic digestion was carried out at 36°C,
42°C or 55°C for 25 days. There was no significant change (p>0.05) in endospore levels
when sludge digestion was performed at 36 or 42°C (Figure 3.2 A, B). However, at
55°C digestion temperature, the levels of B28 spores decreased by 2.9±0.4 log
spores/mL following a 5 day lag period. The levels of endospores belonging to the other
four isolates showed small decreases (~0.5 log spores/mL) throughout the 25 day
incubation period (Figure 3.2 C). The results would suggest that the presence of VFA
inhibits or delays endospore germination compared to when pH neutral sludge was
digested.
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Figure 3.2 Changes of different Clostridium difficile 078 levels in HAc adjusted sludge
(pH 5.2) during simulated anaerobic digestion at 36°C (A), 42°C (B) or 55°C (C) (log
N/No: changes of Clostridium difficile numbers in log in the time interval between viable
count No and N)
To access the effect of acid type, further trials were performed with the sludge pH
prior to digestion being adjusted using HCl from pH 7.2 to 5 or 6. The sludge samples
were then inoculated with one of the five isolates and then incubated at either 36 or
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55°C.
At 36°C there was no significant (p>0.05) reduction in endospore numbers
irrespective of starting pH (results not shown). When sludge digestion was performed at
55°C a pH effect on endospore levels was observed (Figure 3.3). At pH 5 there was a
3.9±0.2 log spore reduction of strain B28 endospores over a 24 h period (Figure 3.3 A).
In contrast there was no significant (p>0.05) decrease in endospore numbers of the other
four C. difficile isolates tested (Figure 3.3A).
C. difficile B28 endospores decreased during digestion when the starting pH of the
sludge was pH 6 (Figure 3.3B). There was also a decrease in endospore numbers
ranging from 1 - 3 log spores/mL with the other isolates tested at pH 6, but only after an
initial lag of 24 h. The same trend was obtained with sludge adjusted to neutral pH for
all the five different isolates although the degree of endospore decrease was
significantly (p<0.05) higher compared to trials using pH 6 sludge (Figure 3.3C).
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Figure 3.3 Survival of different Clostridium difficile 078 spores in sludge adjusted by
HCl at pH 5 (A), 6 (B) & 7 (C) during simulated anaerobic digestion at 55°C (log N/No:
changes of Clostridium difficile numbers in log in the time interval between viable
count No and N)
3.2.3 Mode-of-inactivation of C. difficile endospore inactivation at 55°C digestion
temperature

The observed decrease in endospore levels when sludge was digested at 55°C might
be attributed to a number of causes, including direct spore inactivation, selection of
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antagonistic microbes indigenous to the sludge and/or via activation of spore
germination followed by inactivation of the vegetative cells.
To assess the effects of temperature and pH on C. difficile germination a series of
trials were performed using CDMN broth in the absence of background microflora. On
this occasion the spore types tested were B28, GP2 and R3 given the latter two types
acted the same as GP80 and R15. At pH 4.5 or 5.0 there was a decrease in B28
endospores over 24 h with levels of GP2 and R3 decreasing less than 0.7 log spores/mL
(Figure 3.4 A, B). However, at pH 7.4 endospores of all three isolates within 6 h of
incubation were undetectable at 55°C both before and after the heat treatment (70°C, 10
min). When endospores of the different isolates were incubated in sterile water at 55°C,
C. difficile spore numbers remained stable for GP2 and R3 over a 7-day period (Figure
3.5). However, a decrease of 2.5 log spores/mL reduction in B28 spores was observed
over the same time period (Figure 3.5).
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Figure 3.4 Survival of different Clostridium difficile 078 spores in sterile conditions
(nutritional broth) at pH 4.5 (A), 5.0 (B) and 7.4 (C, for samples both before treating at
70°C for 10 min and after the treatment) at 55°C (log N/No: changes of Clostridium
difficile numbers in log in the time interval between viable count No and N)
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Figure 3.5 Survival of different Clostridium difficile 078 spores in sterilized Milli-Q
H2O at 55°C (log N/No: changes of Clostridium difficile numbers in log in the time
interval between viable count No and N)
3.3.4 Temperature influence on microbiota composition of sludge during anaerobic
digestion

The characterization of microbiota in sludge digested at 55°C was undertaken to
assess if the high temperature selected for different populations that could be potentially
antagonistic towards C. difficile. Here, sludge samples were taken prior to digestion
then following incubation at 36°C for 14 days or/and 55°C for 6 days as described in
Materials & Methods. A total of 399,421 high quality sequences from the 12 samples
passed all quality control tests (mean: 33,285; SD: 28,672; range: 5,543-92,291).
Sequences were clustered into an average of 1,850 OTUs observed per sample (SD: 782;
range: 669-3,105) and classified into 31 different phyla. Richness, diversity and
evenness data are presented in Table 3.4. No significant difference of richness, evenness
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and diversity (all p>0.05) of OTUs was observed in sludge samples digested at 36°C,
55°C, and 36 & 55°C. Therefore different digestion temperature did not influence
structure of OTUs of each sample.
Table 3.4 Good’s coverage, number of OTUs and results from Chao, Shannon and
Invsimpson for each sludge sample
Groups

Number of

Coverage

OTUs

sequences

Chao

Shannon

Invsimpson

(richness)

(evenness)

(diversity)

Pri1

27663

0.953729

2614

4381.9

0.69

32.5

Pri2

34773

0.977166

2397

3087.4

0.71

63.6

Pri3

22846

0.959512

2018

3271.2

0.68

37.5

Thmo1

5543

0.949125

669

971.5

0.69

15.3

Thmo2

92291

0.987843

3105

4139.3

0.75

31.4

Thmo3

13339

0.969788

934

1351.5

0.79

10.9

Meso1

45624

0.983605

2180

2923.0

0.69

30.4

Meso2

14708

0.971308

1291

1625.0

0.62

37.8

Meso3

12197

0.94843

1468

2227.6

0.57

95.4

M&T1

17558

0.974542

1160

1742.9

0.68

26.2

M&T2

24901

0.979157

1573

2043.0

0.74

38.0

M&T3

87978

0.989588

2792

3703.0

0.70

58.8

Relative abundances the main phyla are presented in Figure 3.6. Proteobacteria and
Firmicutes were the main phyla found in primary sludge and in sludge digested at
different temperatures. Relative abundance of Proteobacteria decreased significantly
(p<0.05) from 58.5% to 14.1% - 34.0% in sludge digested at either/both 36 and 55°C.
Conversely, the relative abundance of Fusobacteria increased after these digestions,
especially for the digestion process first at 36°C for 14 d then at 55°C for 6 d (increased
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by 21.1%). When sludge digested at 55°C, relative abundance of Thermotogae
increased by 20%; but remained consistent if digestion was performed at 36°C followed
at 55°C.
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Figure 3.6 Relative abundances of predominant bacteria at the phylum level in three
replicate sludge samples digested at different temperature regimes.
At the Class level, clostridia were the most abundant bacteria associated with
digested and non-digested sludge (Figure 3.7). The relative abundance of clostridia
significantly (p<0.05) increased with sludge digested at 55°C although remained
constant when incubation was undertaken at 36°C.
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Figure 3.7 Relative abundances of predominant bacteria at the class level in sludge
digested at different temperatures
Phylogenetic trees were generated that represented the similarities between
population structure, taking into account the OTUs present and their relative abundances
(Yue and Clayton 2005) (Figure 3.8 A), and membership, taking into account only the
species present in each sample (Smith et al. 1996) (Figure 3.8 B). These trees are
represented respectively in Figure 3.8 and suggest that sludge samples digested at the
same temperatures tended to generate very similar microorganism population profile no
matter their sampling time and sources.

Figure 3.8 Phylogenetic trees representing the similarities between population structure
addressed by the Yue and Clayton analysis (A) and community membership addressed by
the Classic Jaccard (B) (Note: Pri1 - 3: primary sludge; Meso1 - 3: digested at 36°C;
Thmo1 - 3: digested at 55°C; M&T1 - 3: digested at 36 & 55°C
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3.4 Discussion

As observed in previous studies, there was no change in C. difficile levels in the
course of mesophilic sludge digestion even following a prolonged incubation period
(Xu et al. 2014). However, when sludge digestion was performed at 55°C there was a
significant reduction in spores of all the isolates tested. Collectively, the results of the
study would suggest the mode-of-inactivation was indirect with respect to germination
being induced then inactivation of germinated cells. The theory is supported by the fact
that some spores incubated in sterile distilled water at 55°C in the absence of
germinating agents did not decrease in levels indicating no direct spore inactivation. In
addition, under acidic conditions spore germination was inhibited as evidenced by the
fact that the spore levels did not significantly change over a 25 day period despite being
held at 55°C. The thermal resistance of C. difficile endospores has been reported with
the conclusion that recommended cooking temperatures for meat (71-74°C) are
insufficient to inactivate spores of this enteric pathogen (Rodriguez-Palacios et al. 2010;
Rodriguez-Palacios and Lejeune 2011). Although no Z values have been published,
taking the data from (Rodriguez-Palacios and Lejeune 2011) the estimated Z for C.
difficile suspended in a meat matrix was 14.7°C that equates to a D55 >300 min. The
endospores of C. difficile are thermally more sensitive compared to C. perfringens that
has a D120 of 0.48 min and Z of 16.8 min (Van Asselt and Zwietering 2006). Therefore,
although more heat sensitive, C. difficile endospores would resist thermal inactivation
when incubated at 55°C as observed in the current study.
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From the isolates tested, B28 appeared to especially sensitive to the applied
temperature for sludge digestion. Unlike the four other isolates tested, levels of B28
endospores decreased at digestion temperatures of 42°C. Assuming the inactivation is
attributed to viability loss of germinating spores it can be concluded that B28 require
less heat activation and/or are sensitive to germination agents present in the sludge. It
has been previously reported that C. difficile strains vary with respect to germinating
rates, a phenotypic characteristic linked to sensitivity towards the germinating agent,
taurocholate (Heeg et al. 2012; Paredes-Sabja et al. 2014). Therefore, it is possible that
strain B28 fall into the category of being hyper-sensitive to interaction with germinating
agents. Yet, it was also noted the B28 spores decreased when suspended in sterile
distilled water at 55°C which would suggest a degree of direct thermal inactivation for
this strain at least.
An interesting feature of germination observed in thermophilic sludge digestion
was the delay (lag) in germination followed by a progressive decrease in spore levels
over days. The results would suggest that endospores within a population germinate at
different times over the digestion period. The result can be explained by superdormancy
which has been commonly observed in different spore types produced by clostridia and
Bacillus (Rodriguez-Palacios and Lejeune 2011; Chen et al. 2014). The mechanisms of
superdormancy remains to be fully elucidated but in terms of sludge digestion the result
would underline the need to have sufficient HRT to achieve the target level of C.
difficile inactivation.
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It was evident that the application of heat activation was a required step to induce
germination in C. difficile spores. However, even with the application of heat shock
(70°C for 10 min) and presence of germinating agents the acidification of the sludge or
CDMN media resulted in an inhibition of the germination cascade. It has been
hypothesized that the susceptibility of patients to CDI is through reduced acidity (HCl)
that prevents inhibition of C. difficile germination by stomach acid (Nerandzic et al.
2009). In the current study both acetic acid (transiently encountered in sludge digestion)
and HCl exhibited an inhibitory effect on spore germination. Again, strain B28 was the
exception with spore levels decreasing under acidic pH although to a lesser extent when
acetic acid was supplemented into digest compared to HCl. The results are in contrast
with those observed for C. perfringens whereby the combination of volatile acids and
thermophilic sludge digestion temperatures enhanced the lethality against spores
compared to neutral pH sludge (Salsali et al. 2008). The pH of sludge was pH 7.2
suggesting in practical terms the addition or endogenous production of volatile acids
within a thermophilic digestion process would counter the ability to decrease spore
levels.
The role of the microbiome in controlling the activity of C. difficile within the
gastrointestinal tract has been well documented (Britton and Young 2014). In the current
study it was noted that germination in CDMN at neutral pH, 55°C incubation
temperature, occurred at a greater rate compared to primary sludge. This has been
attributed to several factors including the preferential formation of chenodeoxycholate
95

that retards germination (Heeg et al. 2012). In the current study there were no
differences with respect to the composition of the bacterial population associated with
digested sludge although relative proportions of bacterial types did differ between
mesophilic and thermophilic digestion temperatures. Therefore, the role of endogenous
microflora on the decrease in C. difficile levels remains to be elucidated.
To summarize, C. difficile is frequently encountered in biosolids produced by
standard mesophilic sludge digestion thereby adding to the environmental burden of the
enteric pathogen. Although a link between environmental C. difficile and CDI remains
to be established the research has illustrated that by using thermophilic sludge digestion
the levels of C. difficile 078 can be significantly reduced. The inactivation of C. difficile
via thermophilic sludge digestion is indirect with induction of germination followed by
loss of viability. Thermophilic sludge digestion thus represents an intervention that can
be applied in waste water treatments although cost-benefit analysis is needed along with
taking into account variation in spore germination response.
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Chapter 4 Persistence of Clostridium difficile in Biosolids Following Land
Application and Composting

Abstract

Aims: To determine the persistence of C. difficile spores in biosolids during composting
or when amended into soil then held under natural environmental climatic conditions.
Methods and Results: 5 log CFU C. difficile spores (ribotypes 027 or 078) were
inoculated into agricultural soils (sandy loam or loam) amended with 10% w/w
anaerobically digested biosolids. The inoculated soil:biosolids mixture was then placed
into sentinel vials and placed at 15 cm depth within the field plot containing the
corresponding soil type. Two trials started from spring (May) or early winter (November)
were carried out separately. C. difficile ribotype 027 endospores remained constant over
the 15 month trial period irrespective of soil type or season application. However,
ribotype 078 endospore levels in loam or sandy loam soil decreased during the summer
but then increased towards the fall. Endogenous C. difficile levels in a municipal
biosolids compost were reduced by >3 log CFU/g when subjected to compositing. The
heating phase where the temperature of the compost heat attained ≥55°C for 27 days
resulted in a 0.8 log spores reduction with 3 log spores decrease observed during the
holding (curing ambient temperature for 1 year) phase. All the 20 C. difficile isolates
recovered from biosolids possessed toxin A and toxin B, 20% (4/20) of them also
possessed binary toxin. The isolates belonged to 8 ribotypes and 5 toxinotypes and no
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ribotypes 027 or 078 was found in all composts samples.
Conclusions: C. difficile ribotype 027 spores in biosolids-amended soil remained stable
after land application for one year while ribotype 078 spore levels decreased during the
summer but then increased later in fall. In addition, C. difficile levels could be decreased
significantly by composting.
Significance and Impact of the Study: C. difficile can persist over prolonged periods
in biosolids amended soil. However, composting of biosolids prior to land application is
a potential intervention strategy to reduce the environmental burden.
4.1 Introduction
In Chapter 2 it was found that the prevalence of C. difficile in biosolids was in the
order of 73%. Moreover C. difficile, including ribotype 078, can survive the various
stages of wastewater treatment thereby carried through to the effluent released into
water courses and biosolids. A significant portion of biosolids generated by
municipalities are used for soil amendment as part of nutrient management of crops
(Sylvis Environmental 2015). The application of biosolids to arable land is a part of
nutrient management for long term sustainability (Mantovi et al. 2005; Tsadilas et al.
2005; Lu et al. 2012). Annually, 7.2 million dry tons of biosolids are produced in the US
with 60% being applied to the land (Zaleski et al. 2005b; Yucel et al. 2015). In Canada
660,000 metric tons of dry stabilized biosolids are produced each year and half of them
are recycled to land (Abbott 2014; Canadian Council of Ministers of the Environment
2015). Although biosolids can harbor human pathogens such as E. coli, Salmonella and
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enteric viruses (Gerba et al. 2002; Gale 2003; Santamaría and Toranzos 2003; Sahlström
et al. 2004; Zaleski et al. 2005a; Pepper et al. 2006; Graczyk et al. 2008; Pepper et al.
2008; Zerzghi et al. 2010a; Zerzghi et al. 2010b; Brooks et al. 2012), they typically
die-off in 10 days to 3 months (Fenlon et al. 2000; Lang et al. 2003; Santamaría and
Toranzos 2003; Nicholson et al. 2005; Zaleski et al. 2005b; Pourcher et al. 2007). Yet,
clostridia can persist over years in the resistant endospore form in biosolids destined for
land application (Eamens et al. 2006; Gessler and Böhnel 2006; Pourcher et al. 2007).
To date the majority of focus has been placed on C. perfringens given the pathogenicity
of the spore forming bacterium and utility as a fecal indicator. C. difficile as an
increasingly prevalent pathogen in community associated infections reported in recent
years and consequently its survival in the environment needs to be determined (Warny
et al. 2005; Marina et al. 2009; Kuntz et al. 2011).
One management approach to reduce the potential presence of C. perfringens has
been demonstrated through compositing (Karpowicz et al. 2010). The process of
composting involves degradation of organic material by resident microbes that raise the
temperature of the pile beyond 55°C (Hassen et al. 2001; Ryckeboer et al. 2003; Mc
Carthy et al. 2011). The heat generated during composting is sufficient to inactivate
vegetative pathogens with temperature being used as a monitoring parameter to verify
the success of the process (Kuhlman 1990; Sidhu et al. 2001; Wichuk and McCartney
2007; Fourti et al. 2008; Lozano et al. 2014). In the course of composting aerobic
endospore formers typically either remain dormant or increase in number (Mc Carthy et
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al. 2011). There have been contradictory reports on the fate of C. perfringens during
composting with published works suggesting that levels remained unchanged with
others reporting a >2 log CFU reduction in endospore levels (Wéry et al. 2008;
Karpowicz et al. 2010; Klein et al. 2011). The persistence of C. difficile associated with
biosolids amended into soil or during composting has not been reported. Therefore, the
objectives of the current study were to determine the persistence of C. difficile in
different soil types mixed with biosolids under field conditions, in addition, the efficacy
of windrow composting of biosolids to reduce the levels of the enteric pathogen.

4.2 Materials and Methods

4.2.1 Survival of spiked C. difficile in vivo in amended agricultural soil

A C. difficile ribotype 027 clinical isolate and a ribotype 078 strain (GP80)
recovered from primary sludge (from wastewater treatment plant Facility A) were used
in the study. Spores preparations used were of the two C. difficile isolates referred to
3.2.1. Fresh dewatered biosolids from wastewater treatment plant (WWTP) Facility A
was mixed (1 part biosolids to 9 parts soil) with either loam or sandy loam taken from
the agricultural field plots in Southern Ontario. The biosolids amended soil was placed
in sentinel vials (Figure 4.1) constructed from HDPE 20 mL scintillation vials (Fisher
Scientific, Ottawa, CA). Two windows (2 cm2) were cut from the sides of the vials and
covered with dialysis membrane (pore size of 0.45 μm) to allow free flow of moisture
and nutrients (Robertson and Gjerde 2004). Each vial was inoculated with 5 log CFU C.
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difficile endospores of ribotypes 027 or 078 then sealed with a cap. The vials were
placed into 15 cm deep troughs at the test plot site (non-amended soil) and overlaid with
the appropriate soil type. A Campbell Scientific CR10 continuous automated data logger
(Campbell Scientific, INC, Edmonton, CA) was used to collect data as follows: soil
temperatures measured by Type E thermocouple burial probes, soil moisture measured
by a volumetric water content reflectometer, and precipitation using a TE525 automated
tipping bucket.
Two field trials were performed with the first trial starting in May 2013 (spring-start
trial) and the other starting in Nov. 2013 (winter-start trial) with samples being
withdrawn monthly. For each sampling, three vials per plot per C. difficile type were
withdrawn and sacrificed for enumeration of spore survivals. Here the vial was
transferred to an anaerobic cabinet and contents suspended in PBS prior to
homogenization. A decimal dilution series was prepared and inoculated onto CDMN
agar plates which were anaerobically incubated at 37°C for 48 h.

Figure 4. 1 Sentinel vials covered with dialysis membrane (A), inoculated with 5 log
spores Clostridium difficile in biosolids amended soils (B), and implanted into troughs
(C)
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4.2.2 Survival of C. difficile during composting of biosolids
4.2.2.1 Sampling scheme

Due to challenges in spiking C. difficile during composting the composting trials
relied on indigenous populations to track inactivation of the pathogen, as opposed to
introducing pure strains. The windrow composting method was used, a technique
commonly applied in biosolids management (Figure 4.2). Biosolids from municipal
wastewater treatment plants were mixed (25% final biosolids by dry weight) with leaf
and yard waste feedstock, along with woodchips that served as a bulking agent. During
the thermophilic aerobic composting period, temperature of compost was internally
heated and reached ≥55°C for a cumulative minimum of 15 days (not necessarily
consecutive), and the compost pile was turned at least once per day. During curing, the
compost pile remained outdoors, uncovered at ambient air and was turned once a day to
maintain proper aeration until composting finished. Moisture during composting was
monitored and maintained between 40% and 55% with periodic addition of potable
water.
Sampling was carried out as described in the “Ontario compost quality standards”
(Ontario Ministry of the Environment 2012). In detail, perimeter of the windrow
compost was measured and divided into 10 parts. Ten 3-litre grab samples were
collected at the midpoint of each part at mid pile height, approximately 1 meter into the
compost. Grab samples were then repeatedly mixed on a clean tarp, coned and quarter,
reducing the volume of the composite sample. Each composite sample consisted of a
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relatively uniform a mixture of the 10 grab samples.
Prior to composting, 16 samples of input materials were collected which included 6
biosolids samples (2 from each of three truckloads of dewatered anaerobically digested
biosolids), 2 municipal leaf and yard waste samples, 2 woodchips samples and 6
blended feedstock composite samples, immediately after the materials were mixed by
front end loader and the pile was formed. Two composite samples were also collected
one month later after the completion of thermophilic aerobic composting phase (i.e., 27
days at ≥55°C). The final 6 composite samples were collected 7 months after the
material had finishing curing in the pile and were screened through a one-inch screen
(11 months since start of trial).

Wastewater
biosolids

Mixing

Thermal composting

Passive air flow

6 samples
Self-heating, ≥55°C
for inconsecutively
27 days

Leaf and
yard waste
2 samples

6 samples

Bulking
agent

2 samples

2 samples
Finished product
6 samples

Curing
Screening

Ambient air for
≥three months

Figure 4.2 Location and number of composite samples collected during the composting
trial
4.2.2.2 C. difficile and C. perfringens numeration
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Enumeration of C. difficile and C. perfringens followed methods described in 2.2.2.
Moisture of collected composts samples was determined by oven-drying method:
30 - 50 g of wet compost samples was kept at 95°C oven until constant weight; moisture
contents were obtained by the difference of dry weight and wet weight.

4.2.2.3 Isolation and molecular analysis of C. difficile in compost samples

Isolation of C. difficile from samples referred to 2.2.2; DNA extraction referred to
2.2.3; Detection of toxin A, toxin B and binary toxin referred to 2.2.4; PCR ribotyping
referred to 2.4.6 and toxinotyping referred to 2.4.7.

4.2.3 Statistical analysis

The C. difficile and C. perfringens counts recovered from samples were converted
to log10 values, and were found to be normally distributed as indicated by the
Shapiro-Wilk test. Significant differences were highlighted by ANOVA with repeated
measures using a p<0.05 (IBM SPSS Statistics 22).

4.3 Results

4.3.1 Survival of C. difficile in agricultural soils

The soil temperature at 15 cm depth and air temperature at the field-trial plot was
monitored between 17 May 2013 to 13 Nov. 2013 (Figure 4.3 A), then from 10 June
2014 to 5 Oct. 2014 (Figure 4.4 A). Soil moisture and precipitation were also monitored
during same periods in 2013 (Figure 4.3 B) and 2014 (Figure 4.4 B). The winter months
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were omitted due to the ground being frozen. During the two years, both air
temperatures and soil temperatures remained under 25°C. Soil moisture content ranged
from 30 - 60% with the highest level occurring following rain storms. In 2014, moisture
content varied between 30% and 50% (Figure 4.4B).
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Figure 4.3 Daily average temperature of loam soil 15cm deep and daily average air
temperature in farmland soil (A), and soil moisture content and precipitation (B) during
17 May 2013 to 13 Nov. 2013
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Figure 4.4 Daily average temperature of loam soil 15cm deep and daily average air
temperature in farmland soil (A), and soil moisture content and precipitation (B) during
10 Jun. 2014 to 5 Oct. 2014
C. difficile ribotype 027 levels in loam soil introduced in spring remained constant
up to the fall then decreased over the winter by approximately 1 log CFU spores that
was significantly (p<0.05) different to the original spore concentration. A similar trend
was observed in sandy loam soil although the difference in spore levels at the end of the
trial were not significantly (p>0.05) different to those at the start (Figure 4.5). For the
winter-started trial the level of ribotype 027 spores remained unchanged from
November 2013 through the June 2014. Then in both soil types there was a decrease in
spore levels slightly by 0.5 log CFU in August but then recovery to the original 027
spore numbers during the fall (Figure 4.6).
107

C. difficile ribotype 078 spores behaved differently to 027 in that when introduced
into the field plot in the spring, spore levels in sandy loam decreased progressively
during the summer but then increased during the fall then remained constant over winter.
A further decrease in ribotype 078 spores occurred during the summer 2014 confirming
the fluctuations in endospore numbers were consistent. Ribotype 078 spores in sandy
loam soil also decreased during the summer but increased during the fall with no
significant reduction (p>0.05) compared to counts on Day 1 (Figure 4.5). In the winter
application 078 spores progressively decreased by 0.5 log CFU in sandy loam (Figure
4.6). In loam soil 078 endospore levels remained constant over winter but then
decreased and recovering in the summer but then decreasing over the fall. There was no
significant difference (p>0.05) in the levels of ribotype 078 recovered from loam or
sandy loam soil at the end of the trial period.
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Figure 4.5 The survival ability of Clostridium difficile spores in biosolids-amended soils
vials from May 2013 to Aug. 2014 (sampling time: May 2013 - Aug. 2013, Jun. 2014 Aug. 2014. S- sandy farm soil, L- loam farm soil, 027-ribotype 027, 078-riboype 078)
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Figure 4.6 The survival ability of Clostridium difficile spores in biosolids-amended soils
vials from Nov. 2013 to Oct. 2014 (sampling time: Nov. 2013, Jun. 2014 - Oct. 2014.
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S-sandy farm soil, L-loam farm soil, 027-ribotype 027, 078-riboype 078)
4.3.2 Survival of C. difficile during composting
4.3.2.1 Changes of C. difficile following composting process

Composting of biosolids started from summer period (Aug. 2013), with daily
temperature (Figure 4.7) and moisture (Figure 4.8) of composts monitored for four
months (daily temperature and moisture data was provided by the composting company
where samples collected). The daily temperature ranged between 55 and 80°C, which
were higher than the required minimum temperature of composting. Moisture levels
were between the recommended 40% - 55%, which was optimal for microbial activity;
pH for composts from feedstock to finished products was neutral (6.5 - 7.5).
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Figure 4.7 Daily temperature of composts following windrow composting and ambient
air temperature from Aug 2013 to Dec. 2013
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Figure 4.8 Daily moisture of compost pile during the process of windrow composting
from Aug 2013 to Dec. 2013
To follow the fate of C. difficile during the composting process, samples of raw
feedstocks, post thermal stage composting material and finished compost were collected
and enumerated for indigenous C. difficile and C. perfringens (Table 4.1). In biosolids,
the average levels of C. difficile and C. perfringens were 4.3±0.1 and 6.6±0.2 log CFU/g
dry weight. When blended with bulking agent, average level of C. difficile significantly
reduced (p<0.05) to 3.7±0.2 log CFU/g as feedstock of compost, average level of C.
perfringens was at 6.2±0.1 log CFU/g. After thermal process, C. difficile reduced by 0.8
log and C. perfringens reduced by 3.2 log (both p<0.05). A further of 2.6 log and 0.6 log
reduction (both p<0.05) were observed for each pathogen after the completion of curing
(Table 4.1). Levels of C. difficile and C. perfringens in finished product of windrow
composting were reduced significantly (both p<0.05) to 0.3±0.3 log CFU/g (3.4 log
reduction) and 2.4±0.5 log CFU/g (3.8 log reduction) respectively.
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Table 4.1 Levels of Clostridium difficile and Clostridium perfringens in feedstock materials and compost samples following composting process
C. difficile (log

C. perfringens (log

Mean C.

Mean C.

CFU/g dry weight)

CFU/g dry weight)

difficile*

perfringens*

ND

4.2
ND

2.1±3.0

ND

ND

ND

4.5
ND

2.2±3.2

ND

ND

4.4

6.6

4.2

6.5

4.2

6.6
4.3±0.1a

6.6±0.2a

4.4

7.0

4.2

6.5

Biosolids

4.2

6.6

Feedstock blend

3.8

6.3

3.7

6.2

3.7±0.2b

6.2±0.1a

3.7

6.1

Mean pH
Sample Types

Sampling Date

Leaf and Yard Waste
Aug. 12. 2013

6.39

Leaf and Yard Waste
Woodchips
Aug. 12. 2013

5.35

Woodchips
Biosolids - Truck 1
Aug. 12. 2013
Biosolids
Biosolids - Truck 2
Aug. 13. 2013

7.20

Biosolids
Biosolids - Truck 3
Aug. 14. 2013

Feedstock blend

Aug. 16. 2013

6.49

Feedstock blend
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Feedstock blend

3.6

6.3

Feedstock blend

3.4

6.3

Feedstock blend

3.7

6.2

3.2

4.3

Thermal phase

2.6

1.8

Finished compost

0.6

1.4

Finished compost

ND

2.5

0.6

2.6

Finished compost

ND

2.7

Finished compost

ND

2.9

Finished compost

0.6

2.5

Thermal phase
Oct. 2. 2013

6.56

Finished compost
Jul. 22. 2014

7.72

2.9±0.4b

3.0±1.7b

0.3±0.3b

2.4±0.5b

Note: Replicates were independent composite samples generated from repeated sub-samples procedures across the pile;
“Mean pH” is the process monitoring data provided by municipality; ND - not detected;
* Means numbers of Clostridium difficile or Clostridium perfringens from biosolids to finished compost changed significantly (p<0.05) during
composting.
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4.3.2.2 Recovery of C. difficile during composting
C. difﬁcile was found in all biosolids and blended feedstock samples before
thermophilic composting (Table 4.2). C. difﬁcile in leaf and yard waste samples and in
woodchips samples was lower than the detection limit (<2 CFU/g wet weight). All of
the 12 C. difﬁcile isolates from the pre-composting samples possessed tcdA and tcdB
(A+B+) and 4 (33.3%) of the 12 isolates also possessed cdtA (A+B+CDT+). Ribotyping
showed that the four A+B+CDT+ isolates belonged to the same ribotype (CX098) and
therefore the same toxinotype (IX). The other 8 A+B+CDT- isolates shared the same
toxinotype (0) but three ribotypes (CX099, CX100, and CX101). After the thermophilic
phase of aerobic composting was complete, 2 samples were collected and C. difﬁcile
was isolated from both samples. Both isolates were A+B+CDT- strains, one was typed
as CX102 and toxinotype II, the other was CX103 and toxinotype XII. C. difﬁcile were
found in all 6 broth-enriched samples of the final composting products. All of the
isolates were A+B+CDT-, three ribotypes (CX103, CX104, and CX105) and 2
toxinotypes (I, XII) were identified. No strains of ribotype 078 or ribotype 027 were
detected in the biosolids or composts.
Table 4.2 Characterization of Clostridium difficile in samples before, during and after
composting
Number of

Presence of

isolates

Toxin Genes

2

A+B+CDT+

Samples
pre-composting
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Ribotyping

Toxinotyping

CX098

IX

Biosolids

2

A+B+CDT-

CX101

0

2

A+B+CDT-

CX099

0

pre-composting

2

A+B+CDT+

CX098

IX

Feedstock

3

A+B+CDT-

CX099

0

blend

1

A+B+CDT-

CX100

0

After thermal

1

A+B+CDT-

CX102

II

phase

1

A+B+CDT-

CX103

XII

3

A+B+CDT-

CX104

XII

1

A+B+CDT-

CX105

I

2

A+B+CDT-

CX103

XII

Final product

4.4 Discussion

The persistence of ribotype 027 in biosolids-amended soils is not unexpected given
the robust nature of endospores. Variations of ribotype 078 levels implied some
bacterial reduction in biosolids-amended soil with decreased spore levels in summer.
The different resistant ability of ribotype 027 and 078 is in agree with reports from
Deng et al. (2015) who found that C. difﬁcile strains have signiﬁcant resistance
differences at low temperature (-20°C to 23°C). Reasons for the varied C. difficile 078
levels are unclear, but similar results were observed for C. perfringens which varied
after applying to farm soils with biosolids (Eamens et al. 2006; Pourcher et al. 2007).
The survival of C. difficile 027 and 078 under field conditions is longer than the waiting
period (3 weeks to 15 months before crop harvest) of biosolids for land application
(Ontario Regulation 267/03 General, under Nutrient Management Act). Therefore the
survived C. difficile has the potential of contaminating root vegetables or grazing
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animals ultimately a potential source for human exposure and infection.
Windrow composting was proved an effective way to inactivate C. difficile, with
indigenous C. difficile in biosolids was reduced by >3 log CFU/g during composting.
Reasons for the inactivation of the endospores were deduced. (1) The high average daily
windrow composting temperature was presumably a major factor for endospore
inactivation, with temperature kept above 63°C for 53 days of which 18 days were
higher than 71°C. Although no reports on D values of C. difﬁcile in soil matrices, D63°C
of C. difﬁcile spores in beef was tested ranging from 99.4 min to 45.8 min and D71°C
ranging from 71.2 min to 46.8 min (Rodriguez-Palacios and Lejeune 2011). Other
thermal resistance studies of C. difﬁcile spores indicated that C. difﬁcile spores could
survive 71°C around 2 h in PBS (Rodriguez-Palacios et al. 2010). All these imply a
reduction of C. difﬁcile levels when temperature was above 63°C thus the primary role
of C. difﬁcile reduction during composting was the high temperature. (2) The role of
germination in C. difficile spore reduction was unclear. C. difficile can only proliferate
in anaerobic environment; it remained as endospore form with the presence of oxygen.
For windrow composting, bulking agent of composts provided room for air and daily
turning supplied fresh air. However, it should be noted that the moisture content of
composts was around the ideal value for microbial activity, ranging from 40 to 55%
(Liang et al. 2003). This water content may displace air and fill some of the pore spaces,
which might then facilitate creation of local anaerobic environments. The created
microcosmic anaerobic environment has the potential to provide conditions for
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germination of endospores and subsequently thermal killing of the vegetative cells.
In conclusion, C. difficile presented in biosolids-amended soils was persistent for
more than one year in farm soil environment thereby potentially increases
environmental burden and may contaminate roots vegetables or grazing animals.
Windrow composting can be an effective way for further treating biosolids from
WWTPs, with the levels of indigenous C. difficile significantly reduced via direct
inactivation of C. difficile endospores. As an economical and easy operating technique,
windrow composting are highly recommended for biosolids prior to land application to
reduce the environmental burden of C. difficile.
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Chapter 5. General Discussion and Future Research

5.1 General discussion

The results obtained from the current study demonstrated that the prevalence of
toxigenic C. difficile was highly prevalent in sewage from WWTPs, and persisted
following application of biosolids in arable farmland soils, but can be reduced by
thermophilic anaerobic digestion and windrow composting.
Little information was available on the prevalence of C. difficile in sludge from
wastewater treatment plants before the study, with only one study in the literature
reporting that the most frequently isolated C. difficile from WWTPs was ribotype 078 in
Southern Switzerland (Romano et al. 2012). Since June 2015, several other publications
have become available (Romano et al. 2012; Xu et al. 2014; Nikaeen et al. 2015; Steyer
et al. 2015). All of the studies including this research indicate that regardless of the
geography of WWTPs, C. difficile is presented in WWTPs and the prevalence rate is
high up to 100%. Moreover, C. difﬁcile ribotypes from WWTPs can be linked with
ribotypes from local watershed or from patients from the same broad region. In this
research it is clearly demonstrated that C. difficile survived through the wastewater
treatment, i.e. mesophilic anaerobic digestion. Thus WWTPs may not play the role of
reducing but concentrating and distributing C. difficile by discharge of biosolids and
effluent. Accordingly, WWTPs may represent a potential reservoir of C. difficile and
one potential source of contamination to soil and water environments.
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One of the most notable findings in the research is that in all C. difficile isolates
from WWTPs and watershed, 20.9% (59/282) of the isolates were ribotype 078. The
ribotype is also reported one of the most common strains in food animals and hospitals.
The shared ribotype 078 from WWTPs, watershed, food animals and hospitals suggests
possible connection among the four sources and potential contribution to CA-CDI.
Considering the high prevalence and persistence of C. difficile in WWTPs, survival
of C. difficile after biosolids land application in farmland soil was further studied since
up to 60% biosolids were applied in farmland in countries such as Canada, US, and UK
(Beecher et al. 2007; DEFRA 2011; Abbott 2014). The results revealed that both
hyper-virulent strains 027 and 078 survived for more than one year in biosolids
amended farm soils. Their survival is longer than the waiting periods for land
application of biosolids (Ontario Regulation 267/03 General, under Nutrient
Management Act). Thus this raises concern that the persistent C. difficile could
potentially pose a risk if the pathogen could be spread to food crops or to water courses.
To reduce environmental burden, application of biosolids to a field is recommended
only once for every five years (Turovskiy and Mathai 2006; Hydromantis Inc. 2007).
Although this is sufficient to reduce most pathogens, it is still questionable for the
capacity of the time period to eliminate the presence of C. difficile, since endospores are
resistance to hostile environmental conditions.
Biosolids with undetectable C. difficile are suggested to reduce risks from C.
difficile during biosolids land application. In this research, two methods were proved
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effective to reduce the endogenous levels of C. difficile spores, which are thermophilic
temperature during anaerobic digestion and

biosolids windrow composting.

Thermophilic anaerobic digestion at higher temperature (55°C) in neutral pH
environment (pH 6 - 7) could decrease C. difficile levels of digested sludge down to the
detection limit. Mechanisms for the reduced C. difficile levels during the process was
studied, the reduction of C. difficile was attributed to the germination of C. difficile
spores and the following inactivation of germinated cells at high digestion temperature.
Moreover, microbiota compositions of sludge digested at mesophilic or thermophilic
temperature was analyzed, which indicated that digestion temperature did not influence
the variety of indigenous microbial community of sludge. Therefore anaerobic digestion
of sludge could still occur at 55°C since similar decomposition can be accomplished in
both mesophilic and thermophilic anaerobic digestion. Windrow composting of
biosolids at 55°C for 27 days following by prolonged curing can also reduce C. difficile
levels of biosolids down to the detection limit. Reasons for the reduction were not
investigated but could primarily from the direct inactivation of C. difficile spores or a
small proportion of reduction from the lethality of germinated cells. Therefore, two
options are available for the WWTPs to reduce C. difficile burden during biosolids
application in farmland soil and to block cycle of C. difficile from WWTPs to
environment to human beings and subsequently to WWTPs again, either the
involvement of composting of biosolids after the dewatering of digested sludge or
increasing the temperature of anaerobic digestion.
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Clostridium perfringens is widely used as a spore-forming bacteria indicator. Its
reduction was in good consistent with C. difficile during composting (Pearson
Correlation=0.974, p<0.05). However, during anaerobic digestion, C. difficile was more
easily reduced at neutral pH while C. perfringens was reported more susceptible to
inactivation in the presence of more VFA at lower pH. Reasons for this are deducible:
composting is aerobic while C. difficile and C. perfringens cannot grow with oxygen
thus the reduction of C. difficile was primarily from the direct inactivation of
endospores; conversely, the decrease of C. difficile was from germination of C. difficile
in appropriate living conditions which might not be suitable for the germination of C.
perfringens. Therefore, the use of C. perfringens as an indicator during sewage and
biosolids treatment need to be carefully considered and analyzed based on reasons of
bacteria death.
In conclusion, our study showed that toxigenic C. difficile is widely distributed in
municipal sewage. Soil and water environments can potentially be a reservoir for C.
difficile due to long term survival of the spores. This provided further evidence to the
argument that soil and water environments are potential transmission route of C.
difficile contributing to CA-CDI. The main findings of the thesis are summarized as
follows:
(1) Prevalence of C. difficile in raw sewage and treated sludge is high. It was
resistant to treatment of mesophilic anaerobic digestion in WWTPs and could
potentially be spread to the environment.
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(2) C. difficile can be reduced by thermophilic anaerobic digestion (55°C) by the
mechanism of stimulating germination of endospores and subsequent heat inactivation.
(3) PCR ribotype 078 is a common strain in the water and sewage environment.
(4) C. difficile appears to be persistent after land application of biosolids.
(5) Windrow composting was an effective way to eliminate C. difficile endospores
in biosolids.

5.2 Future research

5.2.1 Risk assessment of C. difficile in the environment with respect to the impact
on CA-CDI

Our research shows that viable C. difficile spores can contaminate the environment
through the spreading of biosolids and discharge of effluent. Therefore to lower the
potential of C. difficile in the environment of increasing CA-CDI cases, the significant
hazards of the wide distribution of C. difficile need to be identified. Besides, measures
that have been undertaken and will be done to reduce those hazards to an acceptable
level should also be identified. Risk assessment of C. difficile in the environment can be
carried out to fulfill the goal.

5.2.2 Determine a minimum temperature for enhanced inactivation of C. difficile
during anaerobic digestion

Temperature is generally the most important factor determining the reduction of
pathogens. The temperature selected in the simulation study for the reduction of C.
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difficile during anaerobic digestion in the study was that of typical thermophilic
digestion process 55°C, which is a commonly used temperature in thermal digestion
process. Higher temperatures could have a greater ability to inactive pathogens but are
associated with high economic cost. An optimal temperature that can result in the
reduction of C. difficile with lower economic cost should be investigated. The lower
cost can also make the application of balanced temperature more acceptable and feasible
in WWTPs.

5.2.3 Detecting the mechanism for C. difficile reduction during windrow
composting

In the current study, windrow composting was shown to be efficient in decreasing C.
difficile levels of biosolids. Composting has many advantages such as easy operation,
excellent fertilizer quality, and low capital and operating costs. However, more
reduction of C. difficile levels was observed during curing in ambient temperature rather
than higher temperature at 55°C, the mechanism of composting under the decreasing of
C. difficile levels was not investigated. This should be further studied to understand
factors crucial for C. difficile reduction, and therefore improve the reduction efficacy
and combat composting disadvantage such as timing-consuming.

5.2.4 Prevalence of C. difficile in biosolids with different treatments

A more comprehensive comparative survey of compost and biosolids amendment
materials that go on land can be conducted to characterize the distribution of C. difficile
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in different fertilizing amendments. For example biosolids materials sold as fertilizers,
including heat-treated pelletized biosolids products (e.g. Milorganite-Milwaukie
biosolids; Nutripel - Toronto biosolids) and alkaline stabilized biosolids materials, e.g.
Lystek (WWTP Guelph), N-VIRO (Niagara Region and Halifax biosolids) and alkaline
stabilized septage.
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