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ABSTRACT

A bout 3.2 billion episodes o f  diarrhea, with 1.15 million estim ated deaths annually  occur in children in 
South and South-East Asia. Escherichia coli, the w idely used w ater quality indicator, is one o f  the 
prom inent waterborne pathogens causing a  variety o f  gastrointestinal and extra-intestinal infections. 
However, inform ation about the influence o f  seasonal factors and its prevalence and persistence in 
tropical surface w aters is limited.
To m onitor E. coli in tropical aquatic systems, 46 sam pling sites w ere selected covering m ajor natural 
w ater bodies in Bangladesh. To enhance E. coli recovery from the environm ent, enrichm ent techniques 
w ere designed. DNA extracted directly from w ater filtrates, pre-enrichm ent and tw o enrichm ent cultures 
w ere assessed for distribution o f  E. coli virulotypes and -outbreak strains, fo r three successive seasons. 
fliC -P C R  follow ed by Southern blot hybridization was used to  track  E. coli. M ultiplex PC R  w as used to 
assess nine virulence-associated genes o f  diarrheagenic E. coli. G enes associated with enterotoxigenic 
(ETEC), enteropathogenic (EPEC), and enterohaem orrhagic (EH E C ) viru lotypes w ere detected 
consistently in this study, bu t that o f  enteroinvasive (EIEC) and enteroaggregative (EA EC ) virulotypes 
could be traced only occasionally. ETEC was the m ost prevalent viru lotype detected follow ed by EPEC. 
However, the EIEC and EAEC virulotypes could not be detected in w inter and in the  rainy seasons, 
respectively. Specific regional distribution patterns o f  different E. co li virulotypes and their temporal 
fluctuations were identified. Prevalence o f  cytolethal distending toxin (C dt)-genes harbored by E. coli 
was also identified by PCR targeting five different E. eoli-edt alleles (cd t I  to  V). cdt-IA  w as the m ost 
prevalent gene detected. S ignificant influence o f  salinity was observed on the prevalence o f  different cdt- 
alleles. Correlations o f  the occurrence o f  afr-alleles with diarrheagenic E. co li virulotypes could no t be 
established. E. coli H-types (based on the flagellar antigen) known to  be associated with outbreaks, w ere 
also m onitored using_/7/C-sequence genotyping. H4 was the m ost prevalent H -type detected follow ed by 
H10 in this study. This m ethod could help in em ergency epidem iological investigations and to  track 
m utated or em erging H-types. These approaches have potential as a m ethodological platform  fo r seasonal 
risk assessm ent and to  identify vulnerable areas o f  the country prone to  E. co//-associated outbreaks.
This study also encom passes investigations into the adaptation and survival potential o f  E. coli in tropical 
waters. W ater m icrocosm  study with genetically m arked strains revealed significant bacterial association 
with the freshw ater fish, H eterop neustes  fo ss ilis . Surface w ater film , sedim ents, as w ell as phytoplankton 
rhizoids also contained a high proportion o f  E. coli test organism s as com pared to  bulk water. N o  signs o f  
colonization by the te s t strains w ere found in the fish gut except for one specific environm ental isolate, 
term ed D U M 10, isolated from  a  pond at the U niversity o f  D haka cam pus. Fish intestinal content harbored 
the E. coli DU M 10 with a load o f  2 .0 x l0 6 cfu/g, indicating colonization and active grow th o f  the 
bacterium  in the fish gut. This finding points toward fish as a possible E. co li reservoir in aquatic systems. 
M easurem ent o f  hydrophobicity, biofilm  form ation and detection o f  adhesion-related genes in the  strains 
could not be correlated with the colonization o f  the fish gut. In both sterile m arine and fresh w ater 
m icrocosm s experim ents, the E. coli strains, isolated from a sea beach at the B ay o f  Bengal, steadily 
m aintained their survivability up to 53days. The generation tim e o f  these isolates w as low er in  m arine 
m edia as com pared to  freshw ater m edia. These isolates, w hen grow n in m edia with different salt 
concentrations (0.85%  to 10%), showed a characteristic aggregation pattern and biofilm  form ation. The 
isolates were viable and showed m otility in m edium  containing as high as 10% sea salt. The high salt 
tolerance, extended survivability and faster growth rate in m arine w ater indicate an  adaptation o f  the 
isolates to  the m arine ecosystem s.
This study also aim ed to  screen the environm ental E. coli isolates for cross-reaction w ith Shigella-specific  
antisera and to assess their potential as probiotics o r vaccine agents against shigellosis. S ixty nine E. coli 
isolates w ere shown to cross-react with polyvalent and m onovalent antisera specific for all the  four 
Shigella  serogroups. Som e isolates cross-reacted with m ultiple antisera concurrently. A lthough none o f  
the isolates were found PCR-positive for any o f  E. coli and Shigella  spp.-specific viru lence genes, further 
studies are required to  assess their potential for developm ent o f  safe and effective probiotics o r vaccine 
candidates to  com bat shigellosis.
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M da M ega D alton
mL m illiliter
min minute
mM M illim ole
M LST M ulti locus sequence typing
N norm al
NBTC N itoblue tetrazolium  chloride
nm N anom eter
NM EC neonatal m eningitis E. coli
NTEC necrotoxigenic E. coli
N-W ASP N eural W iskott-A ldrich  Syndrom e Protein
OD Optical Density
OmpA outer-m em brane protein A
ONPG ortho-nitrophenyl galactoside
PAGE Polyacrylam ide gel electrophoresis
PAIs pathogenicity islands
PCR Polym erase chain reaction
pH negative logarithm  o f  hydrogen ion concentration
QIRs quiescent intracellular reservoirs
RAPD random ly am plified polym orphic DNA
RFLP restriction fragm ent length polymorphism
rpm Rotetion per m inute
RT Room  Tem perature
SDS Sodium Dodecyl Sulphate
sp. Species (singular)
spp. Species (plural)
sec Second
STEC Shiga toxin producing E. coli
SGTl sodium -D -g!ucose cotransporter 1
SPATE serine protease autotransporter o f  the Enterobacteriaceae
TAE Tris-A cetate EDTA
TUG truly unique genes
tTJs tigh tjunctions
USEPA U nited States Environm ental Protection Agency
UPEC U ropathogenic E. coli
UTIs urinary tract infections
V Volt
VBNC V iable but non-cullurable
Vol. V olum e
w/v W eight per volume
WHO W orld Health Organization
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1. INTRODUCTION and 
ITERATURE REVIEW

A ccord in g  to  th e  WHO a n d  UNICEF (2 0 1 2 ) , r e g io n s  w ith  th e  lo w e s t  c o v e r a g e  o f  im p ro v ed  
sa n ita t io n  in  2 0 0 6  in c lu d e d  S o u th ern  (3 3 % ) an d  E a stern  A sia  (6 5 % ). A  s y s te m a t ic  r e v ie w  
(F isch er  W alk er  e t  a l ,  2 0 1 2 )  r e v e a le d  th a t  th e r e  a r e  5  b ill io n  e p is o d e s  o f  d ia rrh ea  in  
ch ild ren  a n n u a lly , w ith  3 .2  b illio n  c a se s  in  th e s e  r e g io n s . A lth o u g h  d ia r r h e a g e n ic  a g e n ts  
are  k n o w n  to  sp r e a d  th ro u g h  fo o d  an d  w a te r  co n ta m in a te d  b y  fe c e s , l im ite d  in fo rm a tio n  
is  a v a ila b le  on  c lim a tic  fa c to rs  o r  th e  o ccu rren ce  an d  p r e v a le n c e  in  su r fa ce  w a te r s  th a t  
are  u sed  fo r  d r in k in g , b a th in g , c o o k in g  a n d  w a sh in g  in  d e v e lo p in g  c o u n tr ie s  (R ow land , 
1 9 8 6 ) . T h is s tu d y  a p p r o a c h e s  to  h a v e  an  in s ig h t  in  th e  p r e v a le n c e  o f  E scherich ia  coli, 
w id e ly  u sed  feca l in d ic a to r  a n d  o n e  o f  th e  m ajor  d ia rrh ea l a g e n ts , in  a  tr o p ic a l r e g io n  an d  
its  p o te n tia l fo r  a d a p ta tio n  a n d  su rv iv a l s tr a te g ie s  in  a q u a tic  s y s te m s .
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1.1 I N T R O D U C T IO N

According to  centre for disease control (CDC, 2004), an estim ated four billion episodes o f  diarrhea 
resulted in an approxim ately tw o million deaths annually, m ostly am ong children. Waterborne 
bacterial infections may account for as many as half o f  these episodes and deaths each year. The 
episodes have also emerged as a major diarrheal disease in Bangladesh. Several studies suggest that 
diarrheal disease accounts for abou t 20%  o f  a!) deaths (K o ssk  e t  a l., 2003). Investigations into the 
microbial w ater quality in developing countries have prim arily focused on drinking water. This is 
because there are nearly 1.1 billion people in the world lacking access to  safe drinking water, living 
in developing countries (W HO, 2009). Global estim ates indicate that each year, m ore than 120 
million cases o f  gastrointestinal diseases are caused by swim m ing and bathing (Shuval, 2003). In 
recent years, there has been an increasing concern about the sanitary quality o f  beach sand and its 
potential influence on water quality o f  intertidal zone and on public health (W hitm an and Nevers, 
2003; Y am ahara et al., 2007; Heanev et a l ,  2009; W hitman et al., 2009). Potential sources o f  these 
bacteria may include zoonotic sources (Standridge e t al., J 979; B enoit e t a l ,  1993; W y e r e ta l ,  1995; 
A lderisio and DeLuca, 1999), diffuse sources located directly on aquatic system s (W eiskel et al., 
1996; Roll and Fujioka, 1997; Boehm et al., 2002; D w ight et al., 2002), the shedding through 
swim m ing-related activities coupled with interactions between water and beach sand (Papadakis et 
a l ,  1997; E lm ir et a l ,  2007), aquatic macrophytes (W hitm an and N evers, 2003; Englebert et a l ,  
2008; Ishii and Sadowsky, 2008) and marsh vegetation (Anderson et a l ,  1997; G rant et a l ,  2001). 
Microbial occurrence, survival and grow th in natural environm ents are influenced by various 
physical, chem ical, and biological factors. Within aquatic systems, physical and biological factors 
control the dynam ics o f  the bacterial flux (W hitm an and Nevers, 2003; G e e t al., 2010).
Escherichia coli is a m em ber o f  the predom inant enteric bacteria that is widely distributed in the 
intestines o f  hum an and other warm -blooded animals. Although found in all sorts o f  environm ent, E. 
coli strains are usually harm less; even their presence in the hum an intestine is necessary for normal 
health. Some strains help synthesize K and B vitamins and act as probiotics. In 1982, Shardinger 
proposed the use o f  E. coli as an indicator o f  fecal contam ination based on the prem ise that E. coli is 
abundant in hum an and animal feces and not usually found in other niches (Feng and Hartm an, 1982; 
Feng et a l ,  2002). However, now it has been discovered that E. coli has adapted in soil, sedim ent and 
aquatic environm ent quite well particularly in tropical countries. Adaptation o f  E. coli in marine 
environm ent creates skepticism  about the credibility o f  this organism  as an indicator. Elevated 
survival and growth rate in sea w ater have prom pted concern that environm ental reservoirs o f  fecal 
indicator bacteria disrupt the  correlation between indicator organism s, pathogens and human health 
risks. As a consequence o f  adaptive evolution, m icrobes develop and adapt a variety o f  traits for 
adhesion and successful colonization, survival, and growth in a variety o f  natural environm ents. The 
survivability o f  E. coli in surface waters is influenced by w ater salinity, tem perature, sunlight, 
predation and com petition for available nutrients (Fujioka et a l ,  1981; M cCam bridge and 
M cM eekin, 1981). Solar inactivation is an important m echanism  for natural reduction o f  indicator 
bacteria in water (Fujioka e t a l ,  1981; Whitman et a l ,  2004). In seawater, in presence o f  sunlight, 
90% o f  the fecal conform s are inactivated within 3 hours, whereas, in the absence o f  sunlight, these 
bacteria survive for days and even for weeks. Am ong the abiotic factors, w ater salinity has a 
significant influence on bacterial survival. Generally, lower salinity leads to  a longer survival time
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(Sinton et a l ,  2002); salinity limits E. coli survival affecting glucose uptake, which resulting in rapid 
cell death (Carlucci and Pram er, 1960; Barcina et a l ,  1990). But E. coli strains have been reported to 
selectively adapt to the salinity o f  seawater, rem aining in a culturable state for long tim e (Byrd and 
Colwell, 1993). E. coli, generally considered as neutrophiles, can also grow in m oderate acidic or 
alkaline conditions (H ughes et a l ,  2007). E. coli survives at a pH as low as 2.0 (Gorden and Small, 
1993), and as high as 10.0 (Sm all et a l ,  1994) for several hours but the range o f  pH  values under 
which grow th is possible is significantly smaller. In estuarine ecosystem , the survival o f  fecal 
coliforms were found to  be negatively correlated with increasing w ater tem perature (Faust et a l ,
1975). Study on E. coli 01 57 :H 7  serotype in water m icrocosm s found that the bacteria survived for 
m ore than 12 weeks at 8°C and for 7 to  12 weeks at 25°C, depending on the w ater source. In addition, 
significant levels o f  viable bacteria were detected after sam ples could no longer be cultured on 
traditional m edia, which also indicate the possibility o f  these cells to  enter into V BN C states (W ang 
and Doyle, 1998). As a  secondary habitat in the environment, E. coli remain in stressed and starved 
conditions com pared to  its prim ary habitat, intestine. Reduction o f  bacteria! recovery was interpreted 
as a form o f  cellular dam age that reduced the culturability (Harris, 1963; Ray, 1989) and such 
damaged bacteria becam e m ore fastidious in their nutritional requirem ents for subsequent growth 
(W right, 1955).
Predation and com petition are perhaps the two biotic factors that m ost strongly influence the long­
term survival and growth o f  E. coli in the environm ent (K orhonen and M artikainen, 1991). Free and 
suspended bacteria in w ater are more likely to  be affected by com petition and predation com pared to 
attached ones (M cCam bridge and M cM eekin, 1981). In seawater, these bacteria are subject to higher 
rate o f  predation than in freshw ater (Jannasch, 1968). Com petition and antagonism  were less 
important in controlling growth (M arino and Gannon, 1991); however, com petition for growth 
lim iting nutrients can greatly influence the growth o f  E. coli in soil (Byappanahalii and Fujioka, 
2004) and saline ecosystem s (Carlucci and Pramer, 1960). The com petition with the natural 
microbial flora o f  the water and soil may have a primary impact on the reduction in num bers o f  E. 
coli (Flint, 1987; Cooley et al., 2003). However, the growth requirem ents o f  E. coli are relatively 
simple com pared to  other enteric members and it has the ability to synthesize com plex building 
blocks from inorganic nutrients and glucose (Andrews, 1991). Thus E. coli could be assum ed to 
outcom pete its relatives for growth and survival under nutrient deficient environm ent. In natural 
microbial ecosystem , such as soil o r aquatic environment, adherence o f  a cell to  a solid surface 
confers several com petitive advantages and provides the cells with constant carbon and energy 
sources (Boland et al., 2000). A ttachment, colonization and adaptation o f  enteric E. coli to  natural 
surfaces like clay, sand, soil, sedim ent or aquatic biota m ight have far reaching im plications. In this 
respect, role o f  E. coli, which has already been adapted to  the environm ent, as a reliable indicator 
particularly for tropical countries requires to  be reassessed.
Although most strains o f  E. coli are regarded as harmless, virulent E. coli strains are now considered 
as m ajor diarrhoeagenic pathogens and are classified into several virulotypes according to  their 
virulence m echanism s (Scott and Kaper, 1994). There is evidence that pathogenic E. coli is well- 
adapted for aquatic survival. The first widespread outbreak o f  E. coli 0157 :H 7 in the USA was 
actually associated with a groundwater source (Swerdlow et a l ,  1992). O ther outbreaks have also 
been tied to  recreational waters, which is a strong indicator that this pathogen may survive in 
freshwater environm ents (Leclercq et al., 2002; M uniesa et a l ,  2006). T hese studies contribute to the
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grow ing evidence that certain environm ents support indigenous populations o f  E. coli (Fujioka et al.,
1998; W infield and Groisman, 2003) with a belief that populations o f  these bacteria may grow and 
establish them selves in the environm ent. These findings have led several researchers to propose that 
environmental fecal indicator bacteria should be considered as part o f  the natural biota (Fujioka and 
Byappanahalli, 2003; Lasalde et a l ,  2005).
There are many tracking m ethods practiced in w ater safety assay. M ultiplex PCR am plification has 
been adopted to detect alm ost all o f  these virulotypes in a single reaction (A randa et al., 2004), which 
can be a good approach for environm ental m onitoring o f  E. coli virulotypes in aquatic systems, to 
observe the distribution o f  different E. coli virulotypes in surface water, to  assess the seasonal risk 
for com m unities that are vulnerable to  waterborne diseases as well in understanding the 
environmental factors driving these fluctuations. Cytolethal distending toxins (Cdt), acquired by a 
group o f  unrelated Gram -negative bacteria (Cortes-Bratti et al., 2001), has been reported in E. coli as 
well. The cdt-allelic cluster was found in m ost o f  shiga toxin producing E. coli (STEC) 0 1 5 7 :H “ 
strains (Janka et al., 2003), in enteropathogenic E. coli (EPEC), E. coli causing extraintestinal 
infections, and animal pathogenic E. coli. However, infection with C dt-producing E. coli has already 
been reported in Bangladesh (A lbert et a l ,  1996; Talukder et a l., 2008) and thus should not be 
neglected in tropical countries. E. coli strains causing diseases in humans are associated with certain 
serotypes characterized by their O (lipopolysaccharide) -H (flagellar) antigens (Orskov et a l ,  1990; 
Whittam e t al., 1993). Thus, investigation o f  serotypes is im portant in investigations o f  outbreaks and 
for studying reservoirs, spread and em ergence. But high num ber o f  O- and H-types (W ang et a l ,
2003), as well as frequent serological cross-reactions between E. coli surface antigens, spontaneously 
agglutinating strains and nonm otile (NM ) strains limits the use o f  serotyping as a routine m ethod for 
nonspecialized laboratories (Scheutz et a l ,  2004), The fl iC  gene, specifying structural subunit o f  H- 
antigen (M acnab, 1996), has been successfully used for polym erase chain reaction (PCR)/restriction 
fragment length polym orphism  (RFLP) genotyping (Fields et al., 1997; M achado et al., 2000) o f  
both m otile and nonm otile strains. It m ight be advantageous over classical H-serotyping and could be 
useful for epidem iological investigations and studies on the em ergence o f  new  EPEC and STEC 
clones.
E. coli strain N issle (EcN ) is the most studied probiotic strain (D ezfulian et. al., 2008). With 
antagonistic activity against enteric pathogens, this strain has been proposed for treatm ent o f  acute 
diarrhea in infants. On the other hand, shigellosis is endemic throughout the world caused by Shigella 
spp., which is categorized as a  priority waterborne disease by w orld health  organization (W HO,
2001). It has long been reported that E. coli gave serological cross-reactivity with polyclonal group- 
specific Shigella  antisera (Lefebvre et. al, 1995). Thus, cross-reactive E. coli strains could have 
potential to  be a  vaccine or probiotics against shigellosis.
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1 .2  L I T E R A T U R E  R E V IE W

1.2 .1  T h e  b a c te r iu m  E sc h e rich ia  co li
1.2.1.1 H isto r ica l b a ck g rou n d
Escherichia coli was first described by the Germ an pediatrician, Theodore Escherich in 1885. He 
term ed this organism  as B acterium  coli, to indicate its universal occurrence in the colon o f  healthy 
individuals. A fter much controversy, it was renamed and is now placed in the family 
Enterobacteriaceae (Janda and Abbott, 2006). Escherich showed that the organism  was pathogenic if  
injected into rabbits, bu t he rem ained uncom m itted on the subject o f  its pathogenicity for humans 
(Robins-Browne, 1987). Over the past hundred years, E. coli has been studied to  such an extent that 
it is now the m ost thoroughly understood free-living form so far.
1.2 .1 .2  T a x o n o m y  an d  c la ssifica tio n
Taxonom icaily E. coli is the m em ber o f  the family Enterobacteriaceae (Janda and Abbott, 2006). The 
classification schem e o f  E. coli is as follows:

P hy lum : Proteobacteria
C lass: Gam m a Proteobacteria 

O rd e r : Enterobacteriales 
Fam ily: Enterobacteriaceae 

G enus: Escherichia
Species: Escherichia coli

1.2 .1 .3  E. co li  p an  g en o m e
This section is based on the observation o f  Rasko et at., (2008). A total o f  17 E. coli isolates were 
included in the study representing a broad sam pling o f  the diverse pathogens o f  this species. A 
sim ilar m ethodology to  Tettelin (2005) was used in the determ ination o f  the pan-genom e. The trend 
is the continual addition o f  new  genes with each new ly sequenced genom e and as such, the pan- 
genome o f  E. co li is considered to  be open. The open pan genom e indicates that the species is still 
evolving by gene acquisition and diversification. The E. coli pan-genom e contains a reservoir o f 
greater than 13,000 genes. The com plete sequence  o f  a com m ensal E. co li H S  strain has revealed 
significant genom e m osaicism  betw een pathogen and com m ensal. T his has significant implications 
on the evolution o f  pathogenic E. coli in m em bers o f  the com m ensal m icroflora, which may act as 
genetic sinks. T he interaction o f  "precursor" pathogen species with com m ensals may allow the 
developm ent o f  fully pathogenic isolates via horizontal transfer (Rasko et a l ,  2008).

1.2.1.3.1. C o nserved  co re  genom e
Com parative genom e analysis preform ed with the 17 genomes (Rasko et a l ,  2008) provided with a 
glimpse o f  the genetic diversity within the E. coli species. The isolates had an average genom e size 
o f  5020 ±  446 genes (m ean ±  sd). Using the BLAST Score Ratio (BSR) analyses (Rasko et al., 2005) 
“conserved core” genom e size was calculated to be 2344 ±  43 genes. The exponential decay mode! 
predicted that the  num ber o f  core genes in the E. coli is approxim ately 2200. Exam ination o f  the 
functional annotation o f  these genes suggests that the conserved core genes are mostly o f  core 
m etabolic processes. Previous com parative genome m icroarray hybridization based m ethods using
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22 isolates with an incom plete array dataset indicated that the “conserved core” o f  E. coli genome 
was approxim ately 2800 genes (Fukiya et a!., 2004). Chen e t al., (2006), using bioinform atics, 
determ ine that the core genom e size o f  E. coli was 2865 genes, which was derived from a  dataset o f 
the genom ic content o f  seven isolates, tw o o f  which were Shigella flexneri.
1.2.1.3.2. U n iq ue  gene
The pan-genom e analysis also identified truly unique genes (TU G), i.e. the genes present only in the 
reference genom e and not in any o f  the other genomes. The num ber o f  TUG ranges from  -2 0  in the 
laboratory adapted isolates to  greater than 300 depending on the genom e used as the reference. The 
mean num ber o f  TUG found within this E. coli genom e dataset is 176 ±  95. The large deviation to 
the mean is indicative o f  the high degree o f  variation within E. coli, as well as the fact that not all 
isolates have sim ilar clinical presentations. The majority o f  the TU G s do no t contain functional 
annotation and as such they m ay represent novel biosynthetic or pathogenic features. Uropathogenic 
E. coli (UPEC) isolates contain the greatest num ber o f  unique genes, which anticipated that they 
contain a greater am ount o f  genetic diversity m ostly conveyed by m ultiple pathogenicity and/or 
genom ic islands (W elch et al., 2002; Dobrindt et al., 2003; Lloyd et a l., 2007). Enteroaggregative E. 
coli (EA EC) was identified as a group with unexpectedly significant diversity. M ost typical EAEC 
isolates are known to  contain a  large virulence plasmid (Harrington et al., 2006; H uang et al., 2006). 
However, the large num bers o f  TUG in each EAEC isolate suggests that chrom osom al differences 
may also play a  role in pathogenesis. The identification o f  unique genes in each isolate may not 
always represent the virulence factors o f  the group, as these genes could be shared with isolates o f 
sim ilar clinical origin.

1.2.1.3.3. P a th o v a r  specific gene con ten t
The 17 E. coli genom es, observed by Rasko el al., (2008), contained at least one genom e sequence 
from each o f  the E. co li pathovars. But surprisingly there are fewer pathovar-specific genes than 
anticipated. Only the enterohem orrhagic E. coli (EHEC) genomes contain a significant proportion o f 
pathovar-specific genes. O f those genes unique to  EHEC, 43%  are associated with prophage and 
phage elem ents, confirm ing that the phage have played a significant role in the evolution o f  this 
pathovar (W ick et al., 2005; Steele et al., 2007; Zhang et a!., 2007). In contrast, eleven or fewer 
pathovar-specific genes could be identified in the com m ensal, enterotoxigenic E. coli (ETEC), 
enteropathogenic E. coli (EPEC) or EAEC groups. This suggests that w hile these isolates are 
grouped as pathovars, there is significant genetic heterogeneity within these groups and is most likely 
a reflection on how these isolates cause disease. The extraintestinal pathogenic E. coli (ExPEC) 
genomes share a significant level o f  pathovar sim ilarity suggesting that outside o f  the gastrointestinal 
tract E. coli is utilizing com m on m olecular mechanisms. O ne exception to  this observation was the 
avian pathogenic E. coli (APEC) isolate, which shares 3 genes with the other ExPEC isolates 
(Johnson et al., 2005, 2007). This would indicate that the APEC strain contains a distinct genetic 
repertoire for colonization and infection o f  avian species that is not required for the infection o f 
humans. In general, these com parisons suggest that E. coli pathovars are not distinct on the m olecular 
level, with the exception o f  EHEC and ExPEC to a  lesser extent, o r that E. coli, as a pathogen, is a 
“generalist” containing the  genetic potential to  colonize and infect hum ans (Rasko et a l ,  2008).
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1 .2 .1 .4  B io ch em ica l p ro p er tie s  o f £ .  co li
The m ajor set o f  phenotypic characteristics defining the Enterobacteriaceae fam ily include the 
following: short Gram -negative rods, facultative anaerobic but preferring aerobic m etabolism, lack. 
cytochrome-C oxidase and are catalase positive, most can reduce nitrates, do not require Na+ for 
growth, can ferm ent D-glucose producing lactic acid and other products. They contain 
enterobacterial com m on antigens, and have a mol% G+C content o f  38 to 60 (Janda and Abbott, 
2006). M ost E. co li  ferm ent lactose, approxim ately 10% are late lactose ferm enter and a few o f  them 
are non-lactose ferm enter. They are positive for methyl red test and negative for Voges-Proskauer 
test. They produce indole and do no t utilize citrate as the sole carbon source. Isolates o f  this species 
usually do not produce extracellular DNase, H2S, phenylalanine deam inase and urease and do not 
grow in inositol and K C N  containing m edia. Typical gas production from glucose, indole, lysine, 
arabinose, m annitol, ortho-nitrophenyl galactoside (ONPG), trehalose, lysine and xylose is found in 
this species (Farm er and Kelly, 1992).
1.2 .1 .5  E. c o li g ro u p s an d  typ es
E. coli can be sub-classified into three groups: com m ensal, diarrheagenic and extraintestinal. The 
commensal E. coli is the nonpathogenic and often considered to be the norm al inhabitant o f  the 
gastrointestinal tract o f  warm -blooded animals. The second group can cause infection in the 
gastrointestinal tract and the third is the group capable o f  infecting sites o ther than intestine (Carrero- 
Colon et a!., 2011).
1.2.1.5.1. V irulotypes
Virulent E. coli strains are now considered as one o f  the m ajor diarrheagenic pathogens, and are 
classified into several virulotypes according to their virulence m echanism s (Scott and Kaper, 1994). 
There are certain strains capable to  colonizing host sites other than G1 tract, com m only nam ed as 
ExPEC strains and attributed to a range o f  m ild to  severe fatal com plications o f  diseases in human. A 
detail story o f  the pathogenic strains o f  E. coli has been provided in Section 1.2.2.

1.2.1.5.2. Serotypes
The O-antigen is a part o f  the lipopolysaccharide (LPS) in the outer m em brane o f  Gram-negative 
bacteria. O-antigens are present in both pathogenic and nonpathogenic E. coli strains but som e are 
most com m only found in pathogenic clones (Nataro and Kaper, 1998). The O -antigen is a  major 
target o f  both the im m une system  and bacteriophages, and plays an im portant role in the bacterium - 
host interplay. E. coli strains causing diseases in hum ans are associated with certain serotypes 
characterized by their O and H (flagellar) -antigens and som etim es with K -antigen (capsular). It has 
been shown that the m ajor clonal types o f  EPEC and STEC could be linked to  distinct 0 :H  serotypes 
o f th e ir  representative strains (Orskov et al., 1990; W hittam et al., 1993). At least 166 antigen types 
have been recognized in  E. coli and 33 in Shigella  spp. (Lior, 1994). Thirteen o f  those were common 
to both based on cross-reactions sum m arized by Ewing (1986) and chem ical structural data (Parolis 
et a l ,  1997), which indicates the close relationship between Shigella  spp. and E. coli.
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1.2.2 Pathogenesis of E. coli
E. coli is a rem arkable and diverse organism . Certain isolates have been im plicated in a  w ide range 
o f  diseases that affect either animals o r hum ans worldwide (Croxen and Finlay, 2010). This norm ally 
harm less com m ensal can become a highly adapted pathogen capable o f  causing a  range o f  diseases, 
from gastroenteritis to  extraintestinal infections o f  the urinary tract, bloodstream  and central nervous 
system  (Croxen and Finlay, 2010). The subset o f  genes involved in the subversion o f  host responses 
and hijacking o f  host cell m achinery m akes each pathovar distinct. To date, eight pathovars and their 
mechanism s o f  disease have been extensively studied. These pathovars can be broadly classified as 
either diarrheagenic E. coli o r extraintestinal E. coli (ExPEC) (K aper e t al., 2004). S ix  pathovars: 
enteropathogenic E. coli (EPEC), enterohaem orrhagic E. coli (EHEC), enterotoxigenic E. coli 
(ETEC), enteroinvasive E. coli (EIEC; including Shigella), enteroaggregative E. coli (EA EC) and 
diffusely adherent E. coli (DAEC) are diarrheagenic, and tw o pathovars: uropathogenic E. coli 
(UPEC) and neonatal m eningitis E. coli (NM EC) are the most com m on ExPEC isolates. O ther 
pathovars have been identified, but their m echanism s o f  pathogenesis are not as well defined. In 
addition to  the eight m ain E. coli pathovars, necrotoxigenic E. coli (NTEC), cell-detaching E. coli 
(CD EC) and adherent invasive E. coli (AIEC) have also been reported.
1.2 .2 .1  In te stin a l p a th o g en ic  E . c o li
1.2.2.1.1 Enteropathogenic E. coli (EPEC)
EPEC is a  m ajor cause o f  potentially fatal diarrhea in infants in developing countries (K aper e t al.,
2004). It is an attaching and effacing (A/E) pathogens that efface the m icrovilli and subvert host cell 
actin to  form pedestals beneath the attachm ent site (Frankel and Phillips, 2008).
Sero ton in
opta<e o  D isru p ted  ic r

@  @ )  <SU) i i l o o d  v e s s e l

Fig. 1.1 T he m echanism o f pathogenesis o f EPEC  and EHEC. The figure has been adopted from  Croxen and 
Finlay (2010).
(Additional abbreviations used in the  figure are  CDC42, cell division control protein 42; Cx43, connexin 43 
(or G JA 1); Cif, cycle-inhibiting factor; M ap, m itochondrial-associated protein; NHE3, Na+-H + exchanger 3; 
NleA, non-LEE-encoded effector A (or, EspI); SERT, serotonin transpo rte r; T J, tigh t junctions).
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Effectors secreted by the type III secretion system can affect C l -O H ' and N a+- H + exchanger 
activity, m islocaiize aquaporins and inhibit sodium -D-glucose cotransporter 1 (SGT1). EPEC 
attaches to the small bowel through the bundle-form ing pilus (BFP), form ing localized adhesions 
(LA). Intim ate attachm ent is m ediated by the interaction between intim in and the translocated intimin 
receptor (Tir). T ir is phosphorylated by host tyrosine kinases, and phosphorylated T ir recruits Nek, 
which activates neural W iskott-A ldrich syndrom e protein (N-W ASP) and the actin-related protein 
2/3 (ARP 2/3) com plex to  m ediate actin rearrangements and pedestal form ation. U sing the locus o f  
the enterocyte effacem ent-encoded type III secretion system, a large repertoire o f  effector proteins is 
injected into the host cell, subverting host cell pathways (Fig. 1.1).

1.2.2.1.2 Enteroiiaem orrhagic E. coli (EH EC)
EHEC is a highly infectious pathogen that colonizes the distal ileum and large bowel in hum ans and 
is often the causative agent o f  outbreaks o f  severe gastroenteritis in developed countries. E. coli 
0 1 57:H7 has been considered the m ain cause o f  the hum an diseases in both infants and adults e.g. 
hem orrhagic colitis (Padhye and Doyle, 1992), and farther com plications can lead to  the potentially 
fatal hem olytic-urem ic syndrom e (HUS) (Griffin and Tauxe, 1991), and thrombotic 
throm bocytopenic purpura (M achin, 1984). Cattle are a  key reservoir for EHEC. It is also an 
attaching and effacing (A /E ) pathogen. The mechanism o f  pedestal form ation by EHEC is slightly 
different from that used by EPEC. T ir is not phosphorylated, and pedestal form ation is Nck- 
independent. The actin rearrangements that are necessary for pedestal form ation are m ediated by T ir 
cytoskeleton-coupling protein (TccP; also known as EspFy), w hich is linked to  T ir through the host 
protein insulin receptor tyrosine kinase substrate (IRTKS; also known as B A IA P2L1) and interacts 
with N -W A SP to activate the ARP2/3 complex. In addition to  this intim ate attachm ent, EHEC 
attaches to the large bowel through the E. coli com m on pilus (EC P) and the haem orrhagic coli pilus 
(HCP). EHEC injects many o f  the sam e effectors as EPEC into the host cell to  m anipulate host 
processes (Fig. 1.1). In addition, Shiga toxin (Stx; also known as verocytotoxin) is released following 
phage-m ediated lysis in response to stress, further contributing to  disease. EHEC lacks a  secretory 
m echanism for Stx, so the release o f  Stx occurs through lambdoid phage-m ediated lysis in response 
to DNA dam age and the SOS response (Toshim a e t a l ,  2007); antibiotic therapy should therefore be 
discouraged, as the toxin would be released. G lobotriaosylceram ides (G b3s) on Paneth cells in the 
human intestinal m ucosa act as receptors for Stx (Fig. 1.1).
1.2.2.1.3 Enterotoxigenic E. coli (ETEC)
ETEC, the m ost com m on cause o f  traveler’s diarrhea, can have fatal consequences for children less 
than 5 years o f  age and infants. In hum ans, ETEC caused disease results in the greatest num ber o f  E. 
coli related deaths per year, exceeding 800,000 worldwide (Turner et a l ,  2006). However, the vast 
majority o f  these cases occur in underdeveloped countries. ETEC is also im portant in the farming 
industry, as post-w eaning piglets are highly susceptible to infection (Nataro and Kaper, 1998). ETEC 
become anchored to  enterocytes o f  the small bowel through colonization factors (CFs) and an 
adhesin that is found at the tip o f  the flagella (EtpA). T ighter adherence is m ediated through Tia and 
TibA. Two toxins, heat-labile enterotoxin (LT) and heat-stable enterotoxin (ST), are secreted and 
cause diarrhea through cyclic AM P and cyclic GM P m ediated activation o f  cystic fibrosis 
transm em brane conductance regulator (CFTR). Other virulence factors have also been shown to be 
secreted by ETEC (Turner et a l ,  2006), e.g. EatA, a  serine protease autotransporter that may
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accelerate fluid build-up, CylA, a pore-form ing cytotoxin, and E. coli ST1 (EA ST1), w hich may 
have sim ilar ftinctions to  STa (Fig. 1.2).
1.2.2.1.4 Enteroagreggative E. coli (EAEC)
Although EAEC is considered to  be an em erging pathogen, is the second m ost com m on cause o f  
traveler’s diarrhea after ETEC in both developed and developing countries. EAEC is also becom ing 
com m only recognized as a  cause o f  endem ic and epidem ic diarrhea worldwide. D iarrhea caused by 
EAEC is often watery, but it can be accom panied by mucus o r blood. EAEC colonization can occur 
in the m ucosa o f  both the small and large bowels, w hich can lead to  m ild inflam m ation in  the  colon 
(N ataro and  Kaper, 1998). EAEC attaches to enterocytes in both the small and large bowels through 
aggregative adherence fim briae (AAF) that stim ulate a  strong interleukin-8 (IL -8) response, allow ing 
biofilm s to  form  on the surface o f  cells. Plasm id-encoded toxin (Pet) is a serine protease 
autotransporter o f  the Enterobacteriaceae (SPA TE) that targets a-fodrin (also known as SPTAN1), 
which disrupts the actin cytoskeleton and induces exfoliation (Fig. 1.2).
a ETEC b EAEC B'Ofim c DAEC

Nut* It'iis
Fig. 1.2 The mechanism of pathogenesis of ETEC , EAEC and  DAEC. T he figure has been adopted from 
Croxen and Finlay (2010).
(Additional abbreviations used in the  figure a re  AMP, antim icrobial peptides; G,<„ stim ulatory guanylyl- 
nucleotide-binding (G) protein a-subunit; M APK, mitogen-activated protein kinase; PKA, protein  kinase A).
1.2.2.1.5 Diffusely adherent E. coli (DAEC)
DAEC colonize the  small bowel and have been im plicated in diarrhea in  children between the ages o f  
18 m onths and 5 years, as well as in recurring urinary tract infections (UTIs) in  adults (Servin, 2005). 
DAEC form s a diffuse attaching pattern on enterocytes o f  the  small bow el, w hich is m ediated 
through afim brial (Afa) and fimbria! adhesins, which are collectively know n as A fa-D r fimbriae. 
M ost A fa-D r fim briae bind to  com plem ent decay-accelerating factor (DAF); a  subset o f  A fa-D r 
fim briae bind to  receptors in the  carcinoem bryonic-antigen-related cell-adhesion molecule 
(CEACA M ) family. The autotransported toxin Sat has been im plicated in  lesions o f  tight junctions 
(TJs) in A fa-D r-expressing DAEC, as well as in increased permeability. Polym orphonuclear 
leukocyte (PM N) infiltration increases surface localization o f  DAF (Fig. 1.2).
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1.2.2.1.6 Enteroinvasive E. coli (EIEC)
EIEC pathovar, sim ilar to  Shigella  spp. differs from the other E. coli pathovars, because it includes 
obligate intracellular bacteria that have neither flagella nor adherence factors. V irulence is largely 
due to  a  220 kb plasm id that encodes a T3SS that is required for invasion, cell survival and apoptosis 
o f  m acrophages (Ogawa et al., 2008; Schroeder and Hilbi, 2008). EIEC o r Shigella  gain access to  the 
subm ucosa through m icrofold (M ) cells and, following replication in m acrophages, invade the 
basolateral side o f  colonocytes; all o f  these processes are achieved by effectors that are secreted into 
host cells by the type III secretion system. Once in the colonocyte cytoplasm , m ore effectors are 
injected to  hijack host m achinery, prevent detection by the host im m une system  and prom ote cell-to- 
cell dissem ination o f  the  bacterium  (Fig. 1.3).

Fig. 1.3 The mechanism o f pathogenesis o f EIEC. The figure has been adopted from  Croxen and Finlay 
(2010).
(Additional abbreviations used in  th e  figure are  ARP2/3, actin-related protein 2/3; D O C K I8O, dedicator of 
cytokinesis protein 1; ELM O, engulfm ent and cell motility; IkBo, inhibitor o f NF-kB subun it-a; IL-8, 
interleukin-8; ILK , integrin-linked kinase; M APK, m itogen-activated protein kinase; NF-kB, nuclear factor- 
kB; N-W ASP, neural W iskott-A ldrich syndrom e protein; PtdIns(5)P, phosphatidylinositol-5-phosphate; 
PtdIns(4,5)P2, phosphatidylinositol-4,5-bisphosphate; T J, tigh t junctions).

1 .2 .2 .2  E x tra -in testin a l p a th o g en ic  E . c o li
ExPEC strains w ere defined by Johnson et al., (2003) as E. coli isolates containing tw o or m ore o f  
the follow ing virulence m arkers: papA  (P  fim briae structural subunit) and/or p a p C  (P  fimbriae 
assem bly), sfa /foe  (S and F1C fim briae subunits), afa/dra  (Dr-antigen-binding adhesins), kpsM T  II 
(group 2 capsular polysaccharide units), and iutA  (aerobactin receptor). O ther virulence m arkers may 
also be associated with ExPEC status (Johnson and Russo, 2005).
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1.2.2.2.1 Uropathogenic E. coli (UPEC)
UPEC has the challenge o f  m oving from the intestinal tract to  establish an  infection in the urinary 
tract, where it uses peptides and am ino acids as the prim ary carbon source for fitness (A lteri et al., 
2009). The ability to  ascend the urinary tract from the urethra to  the bladder and kidneys reflects 
exceptional m echanism s for organ tropism , evading innate im m unity and avoiding clearance by 
urination. Highly regulated virulence factors contribute to  this com plex pathogenesis, including 
m ultiple pili, secreted toxins e.g., Sat and Vat, m ultiple iron acquisition system s and a  polysaccharide 
capsule (W iles et al., 2008). UPEC attaches to  the uroepithelium  through type 1 pili, which bind the 
receptors uroplakin la  and Ilia; this binding stim ulates unknown signalling pathw ays (indicated by 
the question m ark) that m ediate invasion and apoptosis. B inding o f  type 1 pili to  a 3 p i integrins also 
m ediates internalization o f  the  bacteria into superficial facet cells to  form intracellular bacterial 
com m unities (IBC s) o r pods. Sublytic concentrations o f  the pore-form ing haem olysin A (HlyA) 
toxin can inhibit the activation o f  Akt proteins and leads to  host cell apoptosis and exfoliation. 
Exfoliation o f  the uroepithelium  exposes the underlying transition cells for further UPEC invasion, 
and the bacteria can reside in these cells as quiescent intracellular reservoirs (Q IRs) that may be 
involved in recurrent infections. UTIs that are left untreated can dissem inate to  the kidney in an 
ascending progression o f  disease. Ascension to  the kidney is m ediated by type 1 pili and motility. 
M otility was shown to  perm it the ascension from  the bladder to  the kidney (Lane e t al., 2007). UPEC 
isolates that are associated with pyelonephritis often express the P  fim briae that adhere to  kidney 
epithelial cells (K aper et al., 2004) (Fig. 1.4).
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Fig. 1.4 The mechanism of pathogenesis of UPEC and NMEC. The figure has been adopted from Croxen 
and Finlay (2010).
(A dditional abbreviations used in the  figure a re  PM N, polym orphonuclear leukocyte; Sat, secreted 
au to transporte r toxin; Vat, vacuolating au to transporte r toxin).
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1.2.2.2.2 Neonatal M eningitis E. coli (NMEC)
N M EC is a com m on inhabitant o f  the gastrointestinal tract, is the m ost frequent cause o f  Gram- 
negative-associated m eningitis in newborns. Fatality rates can approach 40%  (K aper et a l , 2004), 
and survivors are usually burdened with severe neurological sequelae. The pathogenesis o f  N M EC is 
complex, as the bacteria must enter the bloodstream through the intestine and ultim ately cross the 
blood-brain barrier into the centra! nervous system, which leads to  m eningeal inflam m ation and 
pleocytosis o f  the cerebrospinal fluid. NM EC is protected from the host im m une response by its K1 
capsule and outer-m em brane protein A (OmpA). Invasion into m acrophages may provide a 
replicative niche for high bacteraem ia, allow ing the generation o f  sufficient bacteria to cross the 
blood-brain  barrier (BBB) into the central nervous system. A ttachm ent o f  N M EC is m ediated by 
type 1 pili b inding to  CD48 and Om pA binding to  ECGP96. Invasion involves cytotoxic necrotizing 
factor 1 (CNF1) binding to  67 kDa lam inin receptor (67LR; also known as RPSA, as well as typel 
pili and Om pA binding their receptors (Fig. 1.4).
1.2.2.2.3 Cytolethal D istending toxin producing E. coli (CDTEC)
Cytolethal distending toxins have been reported to  be acquired by a group o f  unrelated Gram- 
negative bacteria (Cortes-Bratti et al., 2001). Cdt effects on arrest o f  the eukaryotic cell cycle in the 
Gi o r G2 phase (Pickett et al., 1994; Peres et al., 1997; Cortes-Bratti e t al., 2001; Lara-Tejero and 
Galan, 2001), which characteristically distends cell morphology leading to  cell death (Peres et al., 
1997; Lara-Tejero and Galan, 2000, 2001; Cortes-Bratti e t a l ,  2001). Cdt is tripartite toxin encoded 
by three adjacent o r slightly overlapping genes nam ed as cdtA, cdtB, and cdtC  (Pickett et a!., 1994; 
Scott and Kaper, 1994; Peres et a l ,  1997; Lara-Tejero and Galan, 2001; B ielaszewska et al., 2004). 
W ithin the Cdt holotoxin, CdtB is the enzym atically active subunit having D N ase I-like activity 
(Lara-Tejero and Galan, 2000, 2001) that arrests the cell cycle inflicting DNA dam age. The CdtA 
and CdtC polypeptides constitute the heterodim eric subunit (Lara-Tejero and G alan, 2001; Lee et al.,
2003) that is required for C dt binding to target cells (Lee et a l ,  2003) and for intracellular delivery o f  
CdtB (Lara-Tejero and Galan, 2001). It was first identified in culture supernatants from clinical 
isolates o f  E. coli and Cam pylobacter spp. (Johnson and Lior, 1988). Currently, it is established that 
Cdt is also produced by Haemophilus ducreyi (Cope et al., 1997), Actinobacillus 
actinom ycetem com itans (Sugai et a l ,  1998), H elicobacter hepaticus and H. pu llorum  (Young et a l ,  
2000). Salm onella enterica  serovar contains a cdtB  gene in its genom e, but no cdtA  or cdtC  genes 
(Parkhill et a l ,  2001).
Five different cd t alleles have been reported in E. coli encoding Cdt-I (Scott and Kaper, 1994), Cdt-II 
(Pickett et a l ,  1994), Cdt-IIl (Peres e ta !., 1997), Cdt-IV (Toth et a l ,  2003) and Cdt-V (Janka et a l ,
2003) respectively. T he fifth cdt allelic cluster was found in m ost o f  sorbitol-ferm enting STEC 
0 1 57:H” strain (Janka et a l ,  2003) and the others were reported in  enteropathogenic E. coli (EPEC), 
E. coli causing extraintestinal infections, and animal pathogenic E. coli. A lthough, Cdt infer 
pathogenesis in ‘chancro id’, a  sexually transm itted disease characterized by genital ulcers caused by
H. ducreyi (Stevens et a l ,  1999; Lewis et a l ,  2001; Young et a l ,  2001) and in localized-aggressive- 
periodontitis, endocarditis, meningitis, osteom yelitis and glom erulonephritis (Collazos et a l ,  1999; 
Slots and Ting, 1999; H enderson et a l ,  2003) caused by A. actinomycetemcomitans-, only a  low 
percentage o f  E. coli isolates taken from diarrheal stools strains are positive for cdt genes, although 
the percentage is higher than that in non-diarrheic isolates (A lbert et a l ,  1996; da Silva and da Silva 
Leite, 2002; M arques et a l ,  2003). These studies do not show a  strong association o f  Cdt with
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diarrheal disease. However, there are reasons for suspecting an  underestim ate in detection o f  cdt 
genes, as not all E. coli Cdt variants, such as the IV (Toth et a l ,  2003) and V (Janka et a l ,  2003) 
would have been tested in these early studies. Cdt producing E. coli infection has already been 
reported in Bangladesh (A lbert et a l ,  1996; Talukder et al., 2008).
1.2.2.2.4 Necrotoxigenic E. coli (NTEC)
NTEC can be isolated from hum an extra intestinal infections such as urinary tract infections. NTEC 
secretes tw o cytotoxic necrotizing factors (CFN1 and CN F2), as well as cytolethal distending toxin. 
Cell-detaching E. co li (CDEC), which secretes CNF] and a haem olysin, m ay be associated with 
diarrhea in children (K aper e t al., 2004).
1.2.2.2.5 A dherent invasive E. coli (AIEC)
Perhaps the m ost interesting pathovar is AIEC as it has been im plicated in 36%  o f  ileai Crohn's 
disease (B am ich et al., 2007; Carvalho et a l ,  2009). AIEC adheres to  carcinoem bryonic antigen- 
related cell adhesion m olecule 6 (CEACA M 6) in the ileum, which is over-expressed in patients who 
are predisposed to  Crohn's disease. Adherence o f  AIEC also increases the expression o f  CEA CA M 6 
through the stim ulation o f  tum or necrosis factor and interferon-7, which possibly prom otes better 
colonization o f  the ileal m ucosa and subsequent inflam m ation (Barnich et a l ,  2007). Following 
adhesion, AIEC can invade the intestinal epithelium. Individuals with C rohn's disease are often 
unable to control bacterial infections, possibly ow ing to defects in autophagy (Lapaquette e t a l ,  
2010), so AIEC can replicate quickly in epithelial cells and is inefficiently cleared by the innate 
immune response. AIEC can translocate through the intestinal epithelium  into the lam ina propria, 
where the bacteria interact and survive inside m acrophages; they further exacerbate inflam m ation by 
stim ulating tum our necrosis factor, eventually form ing granulom as (Rolhion and Darfeuille- 
M ichaud, 2007).
1.2.2.3 Evolution o f  pathovars
Horizontal gene transfer (HGT) is an  im portant m echanism  that rapidly dissem inates new traits to 
recipient organism s. A cquiring these new traits is crucial in prom oting the fitness and survival o f  a 
pathogen while it co-evolves with its host (Sham es et al., 2009). Large clusters o f  virulence genes, 
called pathogenicity islands (PAIs), can be found on plasm ids or integrated into the chrom osom e in 
pathogenic bacteria, ft is not surprising that many o f  the virulence traits that are present in E. coli are 
carried on PAIs as well as on plasm ids and prophages. One theory is that m ultiple HGT events 
expose the bacteria to  new selective pressures, which eventually select for m ore virulent organisms 
that become epidem ic, such as EHEC and EIEC (W irth et a l ,  2006). It should be noted that the 
evolution o f  pathovars m ight not always occur in a  lineage-specific manner; for exam ple, EHEC 
virulence factors were found to  have been acquired independently by different phylogenies o f  E. coli 
(Ogura et a l ,  2009). Although the  genomes o f  most pathogenic E. coli isolates can encode m ore than
5,000 genes, less than h a lf  o f  these genes make up the core genom e (R asko et a l ,  2008; Touchon et 
al., 2009). This allows for substantial genetic diversity and plasticity in pathogenic isolates. The 
distribution o f  virulence factors am ong UPEC isolates is heterogeneous, and no single factor has 
been im plicated in uropathogenesis. Com parative genomics has identified 131 UPEC-specific genes 
(Lloyd et al., 2007). As these genes are specific to UPEC isolates, they m ight constitute a  common 
subset that contributes to virulence. Recently sequenced EPEC found to  encode approxim ately 400 
more genes than E. coli K-12 sub-strains, but around 650 fewer genes than EHEC 0157 :H 7  and 770
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few er genes than UPEC (str. CFT073) (Iguchi et a l ,  2009), suggesting that the repertoire o f  acquired 
virulence factors that are necessary to becom e EPEC m ight be substantially sm aller than that 
required to create the other pathovars. O f the pathogenic E. coli, EIEC has endured the most 
recom bination and has undergone patho-adaptation (M aurelli, 2007), including the loss o f  genetic 
material. HGT o f  the virulence plasm id pINV gave EIEC the ability to  be invasive; however, a 
deletion, also referred to  as black holes (M aurelli, 2007), in a region o f  the genom e that contains the 
lysine decarboxylase gene (cadA ), was necessary for full fitness and adaptation to  an intracellular 
lifestyle. Both gene loss and gain have contributed to the divergence and em ergence o f  a diverse set 
o f  E. coli pathovars.
1 .2 .3  E p id e m io lo g ic a l fe a tu r e s
1.2.3.1 G lo b a l scen a r io
Precise inform ation on the health im pact from E. coli is needed to  adequately inform  policy-m akers 
how best to  allocate resources. To date, however, no com prehensive inform ation exists. In particular 
data on E. coli from developing countries, where populations are m ore exposed to  contam inated 
environm ents, are scarce. In order to  fill the current data vacuum , W HO and its partners launched the 
initiative to  estim ate the global burden o f  food-bom e diseases. Three to five billion diarrheal illness 
cases and 5-10 m illion diarrhea-related deaths occur annually am ong the 3 billion people living in 
Africa, Asia, and Latin A m erica (Lim a and Guerrant, 1992). A system atic review by Fischer-W alker 
et a l ,  (2012) revealed that there are 5 billion episodes o f  diarrhea in children aged >5 annually, with
3.2 billion cases in South-East Asia. There were m ore than 1.15 m illion estim ated deaths from 
diarrhea in South East A sia and Africa each year in children >5. Pathogens in the spotlight in these 
system atic review s were the usual suspects, including E. coli, Shigella  spp., Vibrio cholerae, 
Campylobacter spp. and Salm onella enterica  serovers. The burden is no t solely borne by people 
living in poverty, but with 455 m illion episodes o f  diarrhea each year in the USA and 419 m illion in 
Europe (Jones, 2009).
In N orth Am erica, Japan and parts o f  Europe, most outbreaks are due to  EHEC serotype 0157:H 7, 
whereas o ther serotypes are im portant health concerns in o ther developed countries (K aper et al.,
2004). In the ten years follow ing the 1982 outbreak, approxim ately thirty E. coli 01 57 :H 7  outbreaks 
were recorded in the United States (Griffin and Tauxe, 1991). Though, EHEC occurs in all countries, 
the incidence seems to  vary between countries. In 2004 the num ber o f  laboratory confirm ed cases in 
the European Union and N orw ay was 1.3 cases per 100000 populations while in the sam e year the 
incidence in the USA was 0.9 cases per 100000 people. These differences could be real or could 
simply reflect different capacities o f  surveillance system s to  accurately collect and report cases 
(Stein, 2010). A c c o rd in g  to  C D C  (2 0 1 2 ) , th e  m o st r e c e n t E. c o l i  a s s o c ia te d  o u tb re a k s  
re p o rte d  in  201 2 is a m ultistate outbreak o f  shiga toxin-producing E. coli 0 2 6 . In 2 0 1 1, a total o f 
four major m ultistate outbreaks were reported in CD C, three o f  which w ere E. coli 0157:H 7 
associated infections linked to  a  rom aine lettuce, another with Lebanon bologna and the third one 
associated with in-shell hazelnuts. A severe pandem ic outbreak o f  shiga toxin-producing E. coli 
0 1 0 4  (STEC 0104 :H 4 ) got the most coverage in 2011, which was associated with travel to 
Germany. In 2 0 1 0 , tw o  E. coli 01 57 :H 7  outbreaks were reported, one associated with cheeses and 
another one with beef. An E. coli 01 45  outbreak was reported to  be associated with shredded 
rom aine lettuce from a single processing facility. Between 2006 and 2009, several outbreaks were
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reported and in all these cases, E. coli 0157 :H 7  was detected only; 3 outbreaks in 2009 associated 
with beef; one outbreak in 2 0 0 8  w as  a lso  a s s o c ia te d  w ith  beef; tw o outbreaks in 20 0 7 w as 
a s s o c ia te d  w ith  pizza and ground b ee f patties; one outbreak in 2006 associated with fresh spinach.

1.2 .3 .2  B a n g la d esh  p ersp ectiv e
D iarrhea caused by ETEC is highly prevalent in young children in developing countries as well as in 
travelers to these areas (W HO, 1999). In Bangladesh, ETEC is a com m only isolated agent from 
patients seeking treatm ent in hospitals (Black et al., 1981; Qadri et al., 2000). Reports have 
suggested that ETEC, in addition to  cholera, is a  predom inant cause o f  diarrhea in Bangladesh (Khan 
et al., 1988; Faruque et a l ,  1998). Flooding in D haka (capita! o f  Bangladesh) in July 2004 caused a 
diarrheal epidemic. ETEC was alm ost as prevalent as Vibrio cholerae  01  in diarrheal stools. ETEC 
that produced heat-stable enterotoxin alone was m ost prevalent (Qadri et a l ,  2005). D uring the peak 
period, >700 patients were attended per day, and the total num ber during the epidem ic was >17,000. 
Bangladesh experienced severe flooding and diarrheal epidem ics in 2007 also. A com parative study 
with flood data from 2007, 2004 and 1998 for diarrheal patients attending a  hospital in Dhaka 
revealed a shifting in prevalence o f  m ajor diarrheal pathogens in the region (Harris et a l ,  2008). 
M ore severe dehydration was seen in  2007 com pared with 2004 and 1998 (P  < 0 .001). In 2007, 51% 
o f  ETEC produced the heat labile toxin, 22%  expressed the heat stable and 27%  were ST/LT 
positive. The CS7 colonization factor (CF) was the m ost prevalent in 2007 (20%  com pared with 6% 
in 2004; P = 0.05). T he findings dem onstrate alterations in clinical features and phenotypic changes 
o f  major bacterial pathogens in the recent Bangladesh flood.
In India and Bangladesh, ETEC was first described extensively and was shown to  be a cause o f  adult 
diarrhea resem bling cholera in the severity o f  infection (Ryder et al., 1976; M erson e ta l .,  1980). In a 
detailed investigation in children aged from 0 to  5 years in Bangladesh, 90%  o f  cases o f  ETEC 
diarrhea reporting to  the hospital were children aged from 3 m onths to 2 years (Qadri et al., 2000). In 
an ongoing birth cohort study in Bangladesh, it was found to  be the m ost com m on cause o f  diarrhea 
in children 0 to  2 years o f  age, accounting for 18% o f  all diarrheas. Lim ited epidem iological 
information is available for adults. In Bangladesh, ETEC follows a very characteristic biannual 
seasonality with tw o separate peaks, one at the beginning o f  the hot season, that is the spring, and 
another peak in the autum n m onths, ju s t after the m onsoons, but it rem ains endem ic all the year 
round (Rowland, 1986; K han et al., 1988; A lbert et al., 1995; Qadri el al., 2000). Surface water 
sources in Bangladesh, in both rural and urban areas, are highly contam inated with ETEC. In a study, 
ETEC strains w ere obtained from clinical sam ples as well as from ponds, rivers, and lakes around the 
clinical field site; 32%  o f  w ater sam ples obtained from the surface water sources were contam inated 
with ETEC (Begum  et al., 2005). In a study with ETEC strains, isolated from  diarrheal patients in 
Bangladesh from 1996 to  1998, 0 6  (n=28), 0 1 1 5  (n=20) and 0 1 2 8  (n=20) were found to  be the 
prom inent O -serotype (A nsaruzzam an et al., 2007). STEC is not a com m on pathogen in Bangladesh 
neither am ong hospitalized patients with diarrhea nor am ong m ild cases o f  diarrhea in the 
com m unity. STEC was found in 9 out o f  410 hospitalized children aged 2 to  5 years and 11 out o f 
160 diarrheal patients o f  sam e age in a rural slum o f  D haka city in Bangladesh (Islam  et al., 2007). 
Avian pathogenic E. coli, close to  ExPEC, are com m only found in the poultry industries o f 
Bangladesh. In a  study, 101 pathogenic E. coli strains were isolated from 279 dead o r sick broilers 
and layer hens. The high level o f  antibiotic resistance found am ong A PEC isolates indicates that
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w idespread use o f  antibiotics as feed additives for growth prom otion and disease prevention could 
have negative implications for hum an and animal health and the environm ent (Hasan et a l ,  2009).
1 .2 .4 . A d a p ta t io n  a n d  s u r v iv a l o f  E. c o li
Understanding m echanism s and processes that generate biological diversity is a  fundamental 
problem in evolutionary ecology. In the past decade, the theory o f  evolutionary branching and 
adaptive diversification has provided new perspectives for understanding the evolution o f  diversity 
caused by ecological interactions (Spencer el a l ,  2008). Due to their high growth rate and large 
population size, m icrobes have a rem arkable capacity to  evolve and diversify by generation and 
spread o f  m utations that improve their fitness in a given environm ent (Elena and Lenski, 2003).

1.2 .4 .1 . E. c o li in  h u m a n  h ost
E. coli is one o f  the first colonizers o f  the human GI tract. A t birth, the vaginaily delivered neonate 
can be colonized with the bacteria via exposure to  maternal flora and subsequently through exposure 
to  other people (Adlerberth and W old, 2009). By 12 months o f  age, 100% o f  infants are colonized by 
E. coli. It is found in m am m alian feces in num bers as high as 109 per gram  o f  feces and often 
comprises alm ost 1% o f  the total bacterial biomass. M ore im portantly, E. coli are considered as a 
stable mem ber o f  intestinal com m unity, and they are not as sensitive to  dietary considerations as 
bacteria in other genera (Leclerc et a l ,  2001). Yet, the intestine is a  com plex and highly dynamic 
ecosystem  com posed o f  a large diversity o f  niches that vary in space and tim e, where bacteria 
confront a perm anent adaptive challenge. Furtherm ore, intestinal bacteria m ust be able to  hurdle 
between their hosts across the exterior environm ent and to switch betw een two entirely distinct 
natural environm ents (G iraud et a l ,  2001). In E. coli, stress protection com es at the cost o f 
nutritional com petence through the regulation o f  m em brane perm eability (K ing et a l ,  2004). In the 
gut environm ent, bacterial nutrient intake is likely to  be sufficient even if  perm eability is restrained, 
so that the grow th rate is not significantly affected (Ferenci, 2005). Intriguingly, certain E. coli 
(EH EC) can sense the  horm ones adrenaline and noradrenaline from  host cells, as well as the quorum- 
sensing m olecule from gastrointestinal cells, to  regulate m otility and receptor expression (Hughes 
and Sperandio, 2008). EHEC injects around tw ice as many effectors into host cells as EPEC, most o f  
which are redundant (Tobe et a l ,  2006). This redundancy may provide EHEC with an evolutionary 
advantage that allow s it outcom pete other bacteria. The initial attachm ent o f  EPEC to enterocytes in 
the small bowel is thought to involve the bundle-form ing pili that are encoded on the EPEC 
adherence factor (EA F) plasmid (Hyland et a l ,  2008). Recently, it was dem onstrated that the E. coli 
com m on pilus may act in concert with bundle-form ing pili to  stabilize interactions between EPEC 
and host cells (Saldana et a l ,  2009). Type IV pilus, also nam ed as hem orrhagic coli pilus 
(X icohtencatl-Cortes et a l ,  2009) is involved in adherence and biofilm  form ation. Intimate 
attachm ent o f  both the EHEC and EPEC to host cells occurs through interactions between intimin 
and T ir (Robinson et a l ,  2006). Cyclom odulin, produced by EPEC and EHEC, is able to  block host 
eukaryotic cell-cycle progression (M arches et a l ,  2003; Taieb et a l ,  2006).
The m am m alian im m une response, m aintenance o f  epithelial barrier functions, and cellular 
differentiation affect the grow th and colonization o f  pathogenic bacteria. The gut m icrobiom e is an 
intim ate sym biosis with the host (Dinalo and Reiman, 2009). M ajor factors affecting microbial 
number and com position along the length o f  the intestine appear to  be age, diet, and host genotype
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(van Der W ielen et a l ,  2000; Apajalahti et a l ,  2001; Hill et a l ,  2005). The com plem ents o f  genes 
represented in the gut m icrobiom e is estim ated to  be 100 tim es the num ber o f  genes found in the host 
(Backhed et a l ,  2005) and is enriched in genes for glycan, am ino acid, and xenobiotic m etabolism; 
m ethanogenesis; and synthesis o f  vitam ins and isoprenoids (Gill et a l ,  2006). Interestingly, m otility 
and chem otaxis are two characteristics that seem  to  be underrepresented am ong gut m icrobiota 
(Tum baugh e t al., 2009; Verberkm oes et a l ,  2009).
1.2 .4 .2 . E. c o li  in  n o n h u in a n  h ost
E. coli is usually the first colonizer not only o f  hum an but o f  alm ost every m am m alian newborn 
germ -free intestine (G ophna et a l ,  2006; Palm er et a l ,  2007). Both m onogastric and polygastric 
livestock carry E. coli. In som e cases, they are asym ptom atic carriers o f  serotypes that are pathogenic 
to humans. Cattle, sheep, and goats are the most im portant reservoir for the EHEC, with som e reports 
in swine as well as wild anim als (Yoon and Hovde, 2008; La Ragione et a l., 2009). The Stx receptors 
found on Paneth cells in the human intestinal m ucosa (Schuller et a l ,  2007) and the surface o f 
kidney epithelial cells (Nataro and Kaper, 1998) are absent in cattle, which may explain why EHEC 
colonization in cattle is asym ptom atic (Pruim boom -Brees et a l ,  2000). H ousehold dogs, cats and 
cockatoos are also reservoirs o f  E. coli, including pathogenic types (F lam m er and Drewes, 1988; 
Beutin, 1999; Dam borg et al., 2009). Various pathovars o f  E. coli can also be associated with a wide 
variety o f  serious illness in  anim als, including the GI infection accom panied by diarrhea in calves, 
lambs and piglets; mastitis in dairy cattle; and colibacillosis in poultry (Gyles, 1994). Gordon and 
Cow ling (2003) included som e key phenom ena about E. coli reservoir, it stated that the species was 
more com m only detected in m am m als, less frequently in birds, and infrequently in fish, frogs, and 
reptiles. It was less prevalent in carnivores than herbivores or om nivores. Proxim ity to humans 
increased the likelihood o f  E. coli being detected in wildlife. A nim als living in desert clim ates were 
less likely to harbor E. coli than i f  they lived in tem perate or tropical regions. Organism s with large 
body mass o r with a GI tract that included a hindgut ferm entation cham ber had a higher prevalence 
o f  E. coli (Harwood et al., 1999; G opee et a l ,  2000; M ontgom ery et a l ,  2002; Santoro et a l ,  2006). 
Animals living in Polar Regions also carry E. coli (Aguirre et a l ,  2000; Lisle et al., 2004; Buck et 
a l ,  2006). Aquarium  experim ents with fish immersed in water containing varying densities o f  E. coli 
inoculums revealed that higher levels o f  w ater contam ination resulted in higher levels o f  E. coli in 
gut contents (H ansen et a l ,  2008) suggesting that fish can be considered as a vector for E. coli rather 
than a reservoir.
1.2 .4 .3 . E. co li  in  h o s t’s ex tra -in testin a l sites
Characterization o f  extra intestinal pathogenic E. coli (ExPEC) strains has shown that they harbor 
many sim ilarities, despite their isolation from different host species, leading to  the hypothesis that 
ExPEC m ay have zoonotic potential (Tivendale et al., 2010). Sim ilarities in  the virulence traits found 
am ong avian pathogenic E. coli (APEC) and other ExPEC sub-pathotypes have led to  the sim ilar 
speculation (Johnson et a l ,  2006, 2007, 2008, 2009; M oulin-Schouleur et a l ,  2006; M anges et a l ,  
2007; M ellata et a l ,  2009). A t least one study has found avian isolates to  be indistinguishable from 
human isolates (Johnson e t a l ,  2006). However, o ther studies showed that hum an ExPEC strains 
were clearly distinct from avian strains (Graziani et a l., 2009) and that the consum ption o f  poultry or 
contact with poultry did not correlate with the colonization o f  APEC (Sannes et a l ,  2008).
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1 .2 .4 .4 . E. c o li  in  th e  en v iro n m en t
1.2.4.4.1 Environm ental source ofE . coli
There are various point sources e.g. sewage outflows to  be responsible for the fecal bacteria pollution 
in sea beaches but nonpoint sources are also involved including river outfalls (Nevers and Whitman,
2005), beach sands (W hitm an and N evers, 2003) and aquatic birds (A lderisio and DeLuca, 1999). In 
addition, hydrom eteorological conditions, like precipitation accom panied by increased runoff and 
onshore wind can contribute to pollution. Studies across geographical areas covering tropical, sub­
tropical and tem perate locations have shown that populations o f  fecal indicator bacteria are 
com m only found in variety o f  habitates: rivers and streams in presum ably pristine watersheds 
(Berm udez and Hazen, 1988; Fujioka et a l ,  1988), stream banks and upland soils (H ardina and 
Fujioka, 1991; Fujioka et a l., 1998; Solo-Gabrieie et al., 2000), beach sands (G hinsberg e t a l ,  1994) 
and plants and aquatic m achophytes (R ivera et al., 1988; M uller et a l ,  2001; W hitman and Nevers,
2003). Fujioka and Byappanahalli (2001) observed that populations o f  fecal indicator bacteria have 
the genetic capability to  colonize and adapt to  becom e a m inor but significant fraction o f  soil 
microflora in hum id, warm  climates. E. coli densities were found highest between sum m er and early 
fall and lowest in the w inter in a tem perate, boreal watershed o f  Lake Superior (Ishii et a l ,  2006). E. 
coli densities also show ed to  have a cyclic pattern corresponding to  the tidal cycles: the highest and 
lowest o f  E. coli densities were found during high and low tides respectively (Solo-G abriele et a l ,
2000). The soil environm ent may not select one or two dom inant E. coli strains, instead numerous 
strains may have the ability to  colonize, persist and adapt to  the soil habitat to  becom e part o f  the 
m icroflora (Fujioka and Byappanahalli, 2001). Several studies showed that both the fresh and marine 
water sediments harbor high densities o f  fecal indicator bacteria (G erba and M cLeod, 1976; Gary 
and Adams, 1985; O biri-Danso and Jones, 2000; An et al., 2002), with relative densities being 
several orders o f  m agnitude higher than those in the overlying water (Burton et a l ,  1987), which can 
be attributed to  their better survival against environmental stresses, such as solar inactivation and 
predation (Ishii et al., 2007). Potential sources may include beach-dwelling birds (Ishii et a l ,  2007), 
the shedding o f  hum an derived bacteria during swim m ing or related activities coupled with bacterial 
flux or interaction betw een w ater o f  intertidal zone and sand, aquatic m acrophytes (Englebert et a l ,
2008) and m arsh vegetation. Cladophora  spp., a m acrophytic green algae found in fresh and marine 
waters, harbores high levels o f  E. coli (W hitm an et a l ,  2003). Even the E. coli found to  survive and 
persisted in sun-dried algal mats. In mesocosm  study, Cladophora  was able to  prolong E. coli 
survival longer than in  water. Fecal indicator bacteria norm ally retained in the upper layer o f  the soil 
depending on soil type, tem perature, rate o f  water flow and other environm ental variables (Bicudo 
and Goyal, 2003) and possessed potential to  contam inate ground and surface water (Unc and Goss,
2004). The im pact o f  w ild anim als on water quality is usually a more lim ited o r a localized problem 
com pared to  m igratory birds (Gabrey, 1996). Stream outfalls have been identified as significant 
sources o f  fecal bacteria to  standing water ecosystems. Even during dry periods, these input sources 
provide a continuous background microbial loading and, during floods, their concentrations may 
increase several orders o f  m agnitude because the river carries m icrobial pollution from the entire 
watershed (W hitm an et a l ,  2006; N evers et a l ,  2007). E. coli flows within and between stream  and 
beach watersheds has been presented in the following conceptual diagram  (Fig. 1.5).
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Figure 1.5 Conceptual flow diagram  of E. coli within and between stream  and beach w atersheds (left and 
right triangles, respectively). For stream s, the model partitions stream  inputs as hum an or nonhum an; the 
la tter might include bacterial inputs originating from growth within riparian  soils and long-term  storage. 
W ithin the  stream , m ajor processes include (i) inactivation and reactivation, (ii) deposition (tem porary  and 
perm anent loss) and resuspension, and (iii) death and direct input (e.g., anim al defecation and 
multiplication). C ulturab le  bacteria are  delivered from the stream  to the  beachshore as surface w ater or 
ground water. In ternal input of the E. coli into the lake include foreshore bacteria resuspension (from 
storage, defecates and growth) and w astew ater releases. W ithin the lake, there  are  dynam ic interactions 
between inactivation/reactivation, deposition/resuspension, and offshore im portation/exportation o f bacteria. 
The whole beachshed system eventually yields the net culturable E. coli densities. The figure has been quoted 
from W hitm an et al., (2006).

Many human activities, such as dairy and poultry farming and grazing, can directly affect sediment 
quality by introducing fecal indicators into the system. Because o f  their close interaction with the 
surface water, sedim ents play a significant role in affecting water quality through resuspension by 
mechanical disturbances or hydrological processes (Goyal et a l ,  1977; Crabill et a l ,  1999; An e ta l ,  
2002; Ferguson et al., 2005). In large water bodies, m ore than 80% o f  indicator organism s were 
directly associated with suspended sedim ents (Sayler el al., 1975; Jam ieson et a l ,  2005). Moreover, 
other hum an activities, such as dredging can also result in the release o f  significant am ount o f  
indicators organism s into the w ater (Grim es, 1975). W ithin aquatic system s, biological and physical 
factors control the dynam ics o f  the bacterial flux (W hitm an and N evers, 2003). Survival is mediated 
by the ability o f  the fecal bacteria to  recover once injured (Sinton et a l ,  2002; Jungfer et al., 2007) in 
environm ent and an apparent increase in the cell density may be caused by the increasing 
culturability over tim e. Thus the concentration o f  bacteria in w ater is really the net total o f  these 
inputs and losses. Wave action may influences the early colonization, hom ogenous distribution, and 
release o f  E. coli from beach sand into the w ater colum n (Ishii et a l ,  2007). The fecal bacteria 
population may be attached to m aterials in biofilms or entrained within the m atrix. The degree o f 
these associations likely affects the transport o f  E. coli into the overlying water. Growth o f  E. coli 
within these m icrohabitats has been suggested (Byappanahalli et al., 2003).
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1.2.4.4.2 Prevalence o f  E. coli in the environm ent
Environmental prevalence and survival o f  E. coli is perhaps the m ost studied o f  all the enteric 
pathogens. E. coli have been detected in a variety o f  environments and geographical areas (W infield 
and Groism an, 2003; Byappanahalii et a l., 2006). Concentrations in the coastal waters o f  southern 
Portugal ranged betw een 20 and 2 .7 x l0 5 cfu/100 mL (Dionisio et al., 2002) but in N ew  Zealand, it 
was detected in low num bers in ground water (Savill et a l ,  2001). A study on E. coli in a  tem perate 
forest soil environm ent found the organism  in 88%  o f  sam ples with a m ean o f  16 M PN/g; the result 
also indicated that E. coli was capable o f  surviving over w inter in the soil (Byappanahalii et al.,
2006). In a  study o f  river soil and sedim ents in Florida, E. coli was detected in significant num bers in 
the soil along the river, but very little in the soil more than 20 m from the bank (Desm arais et al., 
2002).
1.2.4.4.3 Survival o f  E. coli in the environm ent
The survival o f  E. coli in the environm ent is influenced by m any factors including tem perature, 
protozoa grazing, exposure to  UV radiation, and the availability o f  nutrients. The survivality o f  E. 
coli in surface waters is affected by w ater salinity, tem perature, sunlight, predation and competition 
for available nutrients (Fujioka et al., 1981; M cCambridge and M cM eekin, 1981). Solar inactivation 
is an im portant m echanism  for natural reduction o f  indicator bacteria in w ater (Fujioka e t al., 1981; 
Whitman et al., 2004). In seawater, in presence o f  sunlight, 90%  o f  the fecal coliform s are 
inactivated within 3 hours, whereas, in the absence o f  sunlight, these bacteria survive for days. 
M oisture has been shown to affect fecal indicator bacterial activity in soils. E. coli appears to be 
more sensitive to  soil desiccation than enterococci (Byappanahalii et al., 2006). N o viable E. coli 
cells were found in soils when m oisture dropped from 33%  to 12% over 4 days; however they 
recovered within tw o days follow ing rehydration (Byappanahalii and Fujioka, 2004). The organism 
can be harbored, survive, and potentially proliferate in other secondary hosts and environmental 
m atrices (Anderson et a l ,  2008). There is evidence that pathogenic E. coli is well-adapted for aquatic 
survival. The first w idespread outbreak o f  E. coli 0157 :H 7  in the USA was actually associated with a 
groundwater source (Sw erdlow  et al., 1992). O ther outbreaks o f  this serotype have been tied to 
recreational waters, which is a  strong indicator that this pathogen may survive in freshwater 
environments (Leclercq et a l ,  2002; M uniesa et a l ,  2006). A review  by Rozen and Belkin (2001) 
provides an in-depth discussion o f  factors affecting the survival o f  E. coli in seawater. They 
concluded that the organism  is capable o f  extended survival in m arine environm ents when available 
nutrients are available with limited exposure to  sunlight. Low w ater tem perature, favorable pH, and 
association o f  sedim ents are also conditions associated with extended survival (Rozen and Belkin,
2001). The serotype 01 57 :H 7  survived more than 15 days in seaw ater and able to  m ultiply in 
sterilized w ater (M iyagi et a l ,  2001). O f the enteric pathogens, E. coli 01 57 :H 7  is one o f  the best 
survivors. E. coli was found to  survive longer in river sediments that overlying waters (Czajkowska 
et al., 2005). E. coli population in  m arine sediments m aintained stable levels for m ore than 2 months 
(Davies el al., 1995). M oreover, the organism  survived m uch longer in soil-w ater m icrocosm  than in 
m icrocosm  containing only w ater (Fish and Pettibone, 1995). O ne o f  the m ost interesting results o f  
environm ental surveys for E. coli is the grow ing belief that populations o f  these bacteria may grow 
and establish them selves in the environm ent. E. coli isolates taken from river w ater m ultiplied upon 
addition o f  sterile soil and then began to decrease after 2 days (Desm arais et al., 2002). Another
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study showed potential re-growth o f  E. coli in riverbank soils (Solo-G abriele et al., 2000). A 
laboratory m esocosm  study dem onstrated that E. coli and enterococci tended to die o ff  in water, but 
survived and replicated in wet and dry sterile sand. N o population grow th was recorded in 
unsterilized sand, which the author attributed to  com petition and lim itation o f  essential nutrients 
(H artz e t a l ,  2008). But in other studies, E. coli was shown to survive in w ater containing a 
reasonable am ount o f  m icroflora and nutrients at 15 to  18°C for approxim ately 4 to 12 weeks 
(Edberg et al., 2000) A dditional studies have also suggested that E. coli may be capable o f 
proliferation in beach sand (W hitm an and Nevers, 2003; B eversdorf et a l ,  2007). These studies and 
others contribute to  the grow ing evidence that certain environm ents support indigenous populations 
o f  E. coli (Fujioka e t al., 1998; W infield and Groisman, 2003).
1.2.4.4.4 A d ap tive  m echan ism  o f  E. coli to  ex trem e env ironm en ts
Many environm ental factors such as tem perature, pH, m oisture content, antim icrobial agents, and 
water activity affect the  growth o f  bacteria in nature (Jay, 2000). As a  consequence o f  adaptive 
evolution, natural populations o f  an organism  under selective conditions change genetically and 
phenotypically after a  num ber o f  generations in order to  survive in that particular environm ent. The 
available data suggest that the selection for genotypes capable o f  survival in the  environments 
(Lasalde et al., 2005; Byappanahalli et al., 2006), com petitive interaction with other indigenous 
m icroflora, and selection o f  strains capable o f  utilizing different carbon substrates (Fujioka and 
Byappanahalli, 2001) influences survival o f  fecal indicator bacterial populations. T hese findings 
have led several researchers to  propose that environm ental fecal indicator bacteria should be 
considered as part o f  the natural biota (Fujioka and Byappanahalli, 2003; Lasalde et a l ,  2005).
Predation and com petition are the tw o biotic factors that m ost strongly influence the long term 
survival and growth o f  fecal indicator bacteria in the environment. An experim ent o f  E. coli, in a 
small eutrophic lake, concluded that those tw o factors are affecting survival o f  the bacteria in aquatic 
environm ent (K orhonen and M artikainen, 1991). It has been dem onstrated by G onzalez et al., (1992) 
that the predation o f  enteric bacteria was the dom inating factor in their disappearance from marine 
and freshw ater aquatic ecosystem . M oreover, many different studies showed that E. coli could 
survive longer in the absence o f  protozoa in estuarine and m arine habitats (M cCam bridge and 
M cM eekin, 1981; S0rensen et a l ,  1999). Similar result has been observed in Rhodes and K ator’s 
study (1988) that reduction o f  E. coli concentrations in estuarine waters were associated with 
increase in the density o f  m icroflagellates and predators. Free and suspended bacteria in water are 
more likely to  be affected by com petition and predation than attached one (M cCam bridge and 
M cM eekin, 1981). In seaw ater or settled sediments, these bacteria are subject to  higher rate o f  
predation than in freshw ater (Jannasch, 1968). The rate o f  predation is related to  initial predator 
densities, and in som e extent with solar radiation, which injure cells m aking them  m ore susceptible 
to  predation (M cCam bridge and M cM eekin, 1981). Com petition and antagonism  w ere less important 
than predation in controlling growth (M arino and Gannon, 1991); however, com petition for growth 
limiting nutrients can greatly influence the growth o f  E. coli in soil (Byappanahalli and Fujioka,
2004) and saline ecosystem s (Carlucci and Pramer, 1960). In the presence o f  available nutrients 
leading to  less com petition and predation, these bacteria can readily grow  (Solo-G abriele et a l ,  2000; 
Byappanahalli and Fujioka, 2004). It has found that the com petition with the natural microbial flora 
o f  the w ater and soil may have a prim ary im pact on the reduction in num bers o f  E. coli (Flint, 1987;

21
Introduction and  literature review

Dhaka University Institutional Repository



Cooley et a l ,  2003). The grow th requirem ents o f  E. coli are relatively sim ple than other enteric 
m em bers and this bacterium  has the ability to  synthesize com plex building blocks from simple 
inorganic nutrients and glucose (Andrews, 1991), thus E. coli can be assum ed to  outcom pete its 
relatives in growth and survival under nutrient deficient environment.
A m ong the abiotic factors, w ater salinity has a significant influence on bacterial survival. Generally, 
lower salinity leads to  a  ionger survival tim e (Sinton et al., 2002). The salinity o f  natural sea water 
limits E. coli survival, with higher salinities affecting glucose uptake, resulting in rapid cell death 
(Carlucci and Pram er, 1960; Barcina et a l ,  1990). It has been reported that the higher the salinity, the 
greater the stress o n £ . coli survival (Anderson, 1979). The survival pattern and plasm id m aintenance 
o f  was exam ined in an artificial seawater microcosm  and found that the strains o f  E. coli were able 
to  maintain a portion o f  cells in the culturable phase for at least 3 years in artificial seawater. It was 
concluded that cells o f  E. coli were selectively adapted to  the salinity o f  seaw ater, rem aining in a 
culturable state (Byrd and Colwell, 1993). In an experim ent, E. coli cells w ere grown anaerobically 
in batch and chem ostat reactors at different NaCl concentrations using glycerol as a carbon source 
and observed enzym e activities o f  the main m etabolic pathways, external m etabolites, A TP level, 
N A D H /N A D ' ratio and the expression level o f  the main genes related to stress response to 
characterize the m etabolic state under the osm otic stress (A rense e t al., 2010). The results 
dem onstrate that, under salt stress, E. coli enhances energy production by substrate-level 
phosphorylation (P ta-A ck  pathw ay) and the anaplerotic function o f  the T C A  cycle, in order to 
provide precursors for biosynthesis. The ant gene o f  E. coli have been found to be responsible for the 
salt adaptation (Padan et al., 1989).
pH is a biologically significant environm ental stress for enteric bacteria, such as E. coli, which are 
considered neutrophiles grow ing best at neutral pH, although they can also grow in m oderate acid or 
base (Hughes et al., 2007). Tolerance o f  even m ore extrem e pH conditions is fundam ental to  the 
survival o f  enteric bacteria, as the m am m alian intestinal tract subjects them  to  extrem e acidity in the 
stomach before reaching the more alkaline intestine. W ith tolerance to pH as low as 2.0, som e E. coli 
are able to  colonize w ithin a host with as few as 10 bacterial cells (A udia et al., 2001) and their 
com plex m echanism s for acid resistance have suggested that they may be partly acidophilic and 
partly neutrophilic (Foster, 2004). In addition, E. coli are also exposed to som e alkaline conditions at 
the pancreatic duct (Evans et a l., 1988). There are reports o f  E. coli to  survive at a pH as low as 2.0 
(Gorden and Small, 1993), and as high as 10.0 (Small et a l., 1994) for several hours but the range o f  
pH values under which growth is possible is significantly smaller. Three different m echanisms o f 
acid resistance in E. coli have been described. The first m echanism  is an R poS-dependent oxidative 
or glucose-repressed system  (Small et al., 1994). The second m echanism  is a GA D  system  that 
involves glutam ate decarboxylase (Lin e ta l., 1995;H ersh et a l ,  1996; De Biase et a l., 1999); and the 
third m echanism  is an A R G  system  that requires arginine decarboxylase activity (Lin et a l ,  1995; 
Castanie-Cornet et a l ,  1999). In the presence o f  glutam ate or arginine, E. coli can reverse the 
electrical m em brane potential to  make the inside o f  the cell positively charged, the sam e strategy 
used by various acidophiles grow ing in extrem ely low pH environm ents (R ichard and Foster, 2004). 
A lkaline stress resistance m ay involve different m echanism s, som e suggestions are: a protein repair 
m echanism o f  L-isoaspartyl protein carboxyl m ethyltransferase (PCM ) (Hicks et a l ,  2005), 
topoisom erase I influence on RpoS-dependent and GadA  and GadB system s (Stewart e t a l ,  2005), 
the decarboxylase activity linked to  chloride ion exchange activities o f  C lC -ecl (G ut et a l ,  2006), or
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the identification o f  alkaline resistance activity through ATP synthase and NhaA /M dfA  antiporters 
(Padan et a l ,  2005). As a pH stress becom es more extreme, adaptation becom es more rapid and 
extensive (Hughes et a l ,  2007).
In an estuarine ecosystem , the survival o f  fecal coliform s were found to be negatively correlated with 
increasing water tem perature (Faust et al., 1975). In river water, E. coli survived for longer than 260 
days in the absence o f  o ther m icroorganism s at natural tem perature between 4 and 25°C. Study o f  
0157 :H 7  serotype in w ater m icrocosm s found that the bacteria survived for m ore than 12 weeks at 
8°C and for 7 to  12 weeks at 25°C, depending on the w ater source. In addition, significant levels o f 
viable bacteria w ere detected after sam ples could no longer be cultured on traditional m edia, which 
also indicate the possibility o f  these cell to enter VBNC states (W ang and Doyle, 1998). E. coli 
survived in soil for 12 to  100 days and river water for 6 to  12 days in another study, with wide 
variation in survival tim e dependent on tem perature (Bogosian et al., 1996). H eat stress in E. coli 
0157 :H 7  can be classified as heat shock or heat adaptation. Heat shock is a short period o f  exposure 
o f  a cell to tem peratures above its normal growth m aximum, and the response is associated with heat 
shock genes (rpoH ). In a sim ilar m anner, heat adaptation is a  long period o f  exposure o f  a cell to a 
tem perature above its optimal range for growth and the response o f  the cell is associated with the 
rpoS  gene and the alteration o f  the cell membrane. The alteration o f  m em brane lipid com position 
plays an im portant role in bacterial response to  heat stress, the so-called “hom eoviscous adaptation” 
(Sinensky, 1974; A m eborg e t a l., 1993). Heat-adapted E. coli O I57 :H 7 strains were m ore heat 
resistant than control cells or heat-shocked cells.
1.2.4.4.5 VBNC s ta te  o f E. coli
The term  ‘nonculturable’ was invoked (Xu et a l ,  1982) to  describe starved but viable ceils in a 
survival or dorm ant state o f  existence, observed to  occur after an actively grow ing culture o f  E. coli. 
These cultures enum erated by acridine orange direct counting (AOD C) were m etabolically active 
even though they could not be recovered on any plating medium o r broth (K ogure et a l ,  1979). 
Hence, the phrase “viable but nonculturable (VBN C)” was coined to describe these bacteria that 
were apparently in a dorm ant state. As a secondary habitat, in the environm ent E. coli remain in 
stressed and starved conditions com pared to its primary habitat, intestine. R eduction o f  bacterial 
recovery was interpreted as a form o f  cellular damage that reduced the culturability (H arris, 1963; 
Ray, 1989) and such dam aged bacteria became more fastidious in their nutritional requirem ents for 
subsequent growth (W right, 1955). Several enrichm ent m edia has been designed and used 
successfully, e.g. buffered peptone water alone or containing vancom ycin, cefixim e and cefsulodin 
(Foster et a l ,  2003), peptone water containing 0.5%  sodium  thioglycolate (Sata e t al., 2003), 
minimal lactose enrichm ent broth (Shelton et a l ,  2004) consisting the basal salts m edium  o f 
Hylemon and Phibbs (H ylem on and Phibbs, 1972) (50 mM  potassium  phosphate, 15 mM  ammonium 
and trace nutrients) m odified by the addition o f  NaCl, bile salts and lactose.
1.2 .4 .5  B io film  fo rm a tio n  as a m ea n s o f  ad ap tation
In most ecological niches, bacterial interactions with a  surface prom ote novel behaviors leading to 
the developm ent o f  structured and heterogeneous, m atrix-encased bacterial com m unities known as 
biofilms. Several key factors, including different extracellular appendages, are im plicated in E. coli 
surface colonization and their expression and activity are finely regulated, both in space and time, to
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ensure productive events leading to m ature biofilm  form ation (Beloin et a l ,  2008). M any E. coli 
isolates have the capacity to  form  biofilm  structures in vivo and in  vitro. Indeed, E. coli is a 
predom inant species am ong facultative anaerobic bacteria o f  the gastrointestinal tract, where it 
thrives in an environm ent with structural characteristics o f  a m ultispecies biofilm  (Costerton et a/., 
1995; Probert and G ibson, 2002).
1.2.4.5.1 Pre-determ inants o f  E. coli biofllm
Pratt and Kolter (1998) showed that motility itself, and not chem otaxis or d irect surface contact by 
flage 11 a, was required to  form a biofilm. Genevaux and co-workers (1996) confirm ed the study and, 
m ore recently. W ood and co-workers (2006) dem onstrated that the biofilm  form ation capacities o f  E. 
coli K-12 w ere directly correlated with its motility. Although, it is not an absolute requirem ent, and 
nonm otile bacteria can still form biofilm s under certain conditions, as shown for E. coli K-12 (Pratt 
and Kolter, 1999), and also for EAEC (Sheikh et al., 2001). Even som e reports dem onstrated that 
neither flagellar m otility is required for initial adhesion, nor is it required for biofilm developm ent 
(Prigent-Com baret et al., 2000). In E. coli strain bearing a conjugative piasmid, known as a strong 
adhesion factor (Ghigo, 2001), the presence o f  flagellum was dispensable for biotilm  formation 
(Reisner et al., 2003). In these cases, the expression o f  strong adhesion factors m ight replace flagellar 
movements during initial interactions between adhering bacteria and the surface (Pratt and Kolter, 
1999; Geesey, 2001; Donlan, 2002).
Initial bacterial adhesion to  abiotic surfaces is likely to  be highly dependent on physicochem ical and 
electrostatic interactions between the bacterial envelope itself and the substrate conditioned by the 
fluids to  which it is exposed (Dunne, 2002). This reversible attachm ent is strongly influenced both by 
environmental conditions such as pH  and the ionic force o f  the m edium  o r the tem perature (Fletcher, 
1988; Danese el al., 2000). The nature o f  the surface e.g. rugosity, increasing surface adhesion or 
hydrophobicity (D onlan, 2002), adsorption and desorption o f  nutrients at the surface are also 
important factors that may influence bacterial initial attachm ent both positively and negatively 
(Zobell, 1943; van Loosdrecht et a l., 1990). Type 1 fim briae, curli, and conjugative pili have a  role in 
strengthening the bacteria-to-surface interactions. Type 1 fim briae, com m only expressed both by 
commensal and pathogenic E. coli isolates (Sauer et al., 2000), can adhere to  a variety o f  receptor 
molecules on eukaryotic cell surfaces (Duncan et al., 2005). A long with their role in the form ation o f 
biofilm within the gut (Bollinger et al., 2003, 2006; O rndorff et al., 2004), type 1 fim briae have 
reported to  be critical for biofilm  form ation on abiotic surfaces (Harris et a l ,  1990; Pratt and Kolter, 
1998; Cookson et a l ,  2002; M oreira et a l ,  2003; O m dorff et a l ,  2004). Fim H  adhesin may also have 
sim ilar binding activity at abiotic surfaces (Pratt and Kolter, 1998). Type 1 fim briae-m ediated abiotic 
biofilm form ation by K-12 E. coli M G1655strain m ight represent a strategy to  escape bacteriophage 
attack (Lacqua et al., 2006). Curli fim briae in E. coli aggregate at the cell surface and have been 
dem onstrated to  attach to  proteins o f  the extracellular m atrix (O lsen et a!., 1989; Ben N asr et a l ,  
1996), thus prom oting adhesion o f  the bacteria to  different human ceils. In addition, they promote 
biofilm form ation to  abiotic surfaces both by facilitating initial cell to surface interactions and 
subsequent cell to  cell interactions (Vidal et a l ,  1998; Cookson et al., 2002; Uhlich et a l ,  2006). 
Although m ost laboratory E. coli K-12 strains are poor biofilm form ers, the introduction, either 
artificially or naturally, in  m ixed E. coli communities o f  a conjugative plasmid in these strains 
induces form ation o f  a th ick m ature biofilm (Ghigo, 2001; Reisner et a l ,  2003; Reisner et al., 2006).
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The F-pilus prom otes both initial adhesion and biofilm m aturation through nonspecific attachm ent to 
abiotic surfaces and subsequent cell to  cell contacts, which stabilize the structure o f  the biofilm 
(Ghigo, 2001; M olin and Tolker-N ielsen, 2003; Reisner et a l ,  2003). Both conjugative and non- 
conjugative plasmids are likely to carry determ inants for biofilm  initiation and architecture, thus 
prom oting biofilm  developm ent, which in turn affects the extent o f  plasm id-m ediated horizontal gene 
transfer within the biofilm (W uertz et a l ,  2004). Ag43 is a surface autotransporter protein and does 
not seem to be involved in non-specific initial adhesion to  abiotic surfaces, but rather, prom otes cell 
to cell adhesion (K jaergaard e t a l ,  2000). W hile, in liquid culture, this property leads to 
autoaggregation and clum p form ation, it also facilitates three-dim ensional developm ent o f  the 
biofilm  (O w en et a l ,  1996; H enderson et a l ,  1997; Hasm an et a l ,  1999; K jaergaard et a l ,  2000). 
Correlation betw een an increased level o f  f lu  expression and capacity to  form a biofilm on different 
abiotic surfaces (Danese et a l ,  2000; Kjaergaard et a l., 2000; Beloin et al., 2006) was dem onstrated. 
Gene fusion studies suggest that the expression o f  up to  38%  o f  the E. coli genom e is affected by 
biofilm form ation (Prigent-Com baret et a l ,  1999). The virulence activator RfaH, has recently been 
linked to  biofilm form ation in E. coli (Beioin et a l ,  2006), since R faH -dependent biofilm  formation 
and virulence gene expression are m utually exclusive processes. Signals leading to  activation o f 
stress responses often lead to biofilm  form ation which, in turn, can trigger induction o f  stress 
response m echanism s, suggesting direct cross-talk between the tw o cellular processes (Landini,
2009).
1.2.4.5.2 Biofilm  matrices
One o f  the m ost distinctive features o f  biofilms is the presence o f  an extracellular m atrix em bedding 
the biofilm  bacteria and determ ining m ature biofilm architecture (Sutherland, 2001). A long with 
expression o f  proteinaceous adhesins, production o f  this matrix is essential for m aturation o f  the 
biofilm structure. The biofilm matrix is a com plex m ilieu essentially com posed o f  w ater (97%), but it 
also includes exopolysaccharide polymers, proteins, nucleic acids, lipids/phospholipids, absorbed 
nutrients, and m etabolites (Ghannoum  and O ’Toole, 2001). A lthough the m atrix is a  hallm ark o f 
bacterial biofllm s, its role is not fully understood. The biofilm  matrix offers a  constantly hydrated 
viscous layer protecting em bedded bacteria from desiccation or from host defenses by preventing 
recognition o f  biofilm  bacteria by the immune system. The m atrix m ay also play a significant 
protective role as a diffusion barrier and a sink for toxic m olecules (antim icrobials, hydroxyl radicals, 
and superoxide anions). The biofilm m atrix could also inhibit w ash-out o f  enzym es, nutrients, or 
even signaling m olecules that could then accumulate locally and create more favorable 
m icroenvironm ents within the biofilm  (Redfield, 2002; W elch et a l ,  2002). All these aspects o f  the 
putative roles o f  the m atrix could contribute to  developm ent o f  phenotypic resistance o f  pathogenic 
E. coli biofilms and lead to  persistent infections (Anderson et a l ,  2003; Justice et a l ,  2004). Several 
exopolysaccharides found in  the E. coli biofilm matrix (cellulose, PG A , colanic acid) are key 
com ponents o f  the biofilm  m atrix, while others such are lipopolysaccharides and capsular 
polysaccharides may not accum ulate significantly in the matrix, but still play an  im portant indirect 
role in biofilm form ation. To date, three exopolysaccharides, P - l ,6-N-acetyl-D -giucosam ine polym er 
(PGA), colanic acid, and cellulose, have been detected in the biofilm  m atrix o f £ .  coli and have been 
shown to  be im portant for biofilm  formation. M utations affecting LPS synthesis have been shown to 
affect E. coli ability to adhere to  abiotic surfaces (Genevaux el a l ,  1999), suggesting a role o f  LPS in
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adhesion processes. As seen for colanic acid and LPS, the E. coli capsule has also been shown to 
play an indirect role in biofilm s by shielding o f  bacterial surface adhesin (Schem bri e t al., 2004).
1 .2 .5  E . c o li  a s  a n  in d ic a to r
Indicators are ‘living tracers ' and should have sim ilar behavioral characteristics and responses to 
environmental perturbations as pathogens (Armon and Kott, 1996). Fecal indicators have been 
defined as ‘bacteria utilized to  determ ine the sanitary and m icrobiological quality o f  w ater’ (Haack et 
a l ,  2009). Indicator bacteria m ust ideally m eet a num ber o f  criteria in order to  be useful robust 
indicators o f  fecal pollution (Buttiaux and M ossel, 1961; Yates, 2007).
In 1892, Shardinger proposed the use o f  E. coli as an indicator o f  fecal contam ination (Feng et a l ,
2002). This was based on the prem ise that E. coli is abundant in hum an and animal feces and not 
usually found in other niches. Although the concept o f  using E  .coli as an indirect indicator o f  health 
risk was sound, it was com plicated in practice, due to  the presence o f  o ther enteric bacteria like 
Citrobacter, K lebsiella  and Enterobacter that are alom ost sim ilar to  E. coli in phenotypic 
characteristics. As a result, the term  "coliform" was coined to describe this group o f  enteric bacteria. 
Coliform is not a taxonom ic classification but rather a working definition used to  describe a group o f 
Gram -negative, facultative anaerobic rod-shaped bacteria that ferm ent lactose to  produce acid and 
gas w ithin 48 h a t 35°C. In 1914, the U.S. Public Health Service adopted the enum eration o f 
coliforms as a m ore convenient standard o f  sanitary significance. A test for this organism  as a 
measure o f  drinking water potability was suggested in 1895 by T. Smith. In 1986, the United States 
Environmental Protection Agency produced guidelines recom m ending E. coli as an appropriate 
indicator to  m onitor recreational waters (USEPA, 1986) replacing the therm o-tolerant E. coli 
recom m ended in 1976. Now, E. coli has been recognized as the fecal indicator bacteria o f  choice for 
m onitoring drinking water, and has adopted in WHO drinking w ater guidelines and in m any national 
drinking water quality standards.
1.2.5.1 C ontroversy o f  u sing E. coli a s Indicator
There have been several reports showing that E. coli are capable o f  surviving and grow ing in the 
environment (Davies et a l ,  1995). This violates one o f  the m ajor criteria applied to  indicators, 
namely that a fecal indicator m ust not grow in the natural environm ent (Dufour, 1984). Moreover, 
there are reports that contam ination can be introduced by birds and anim als. Bird feces, for example, 
are rich in fecal bacteria (O shiro and Fujioka, 1995). E  .coli is capable o f  surviving and replicating in 
beach sand. So, sand may act as a reservoir o f  fecal bacteria and that, during strong w eather or tidal 
events, these cells may be released into the water (H artz et a l ,  2008). Reports o f  high numbers o f  E. 
coli in sand (Bonilla et a l ,  2007), their occurrence a t locations remote from obvious sewage 
contam ination and the notion that E. coli is grow ing in soils and sedim ents com bine to  potentially 
weaken the usefulness o f  E. coli as indicator for m onitoring recreational w ater quality.
1 .2 .6  T r a c k in g  o f  E. c o li
Bacterial source tracking (BST) o r M ST (microbial source tracking), includes several m ethodologies 
used to determ ine sources o f  bacteria (wildlife, hum ans, and dom estic livestock) from environmental 
samples. The term  was first coined by Hagedorn and W iggins, which describes various sub-typing 
methods (Harwood, 2002). M ethods for BST fall into three groups: m olecular, biochemical, and
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chem ical. Currently, there is no standard m ethod that has been adopted for source tracking. Source 
tracking o f  bacterial contam ination in drinking w ater is a rapidly grow ing area o f  research and 
technology developm ent.

1.2.6.1 C u ltu re dep en dan t track ing
In the past, fecal coliform /fecal streptococci (FC/FS) ratios have been used to assess the general 
source o f  nonpoint fecal pollution, with FC/FS >4 indicating humans, FC/FS between 0.1 and 0.6 
indicating dom estic anim ais, and FC/FS <0.1 indicating wild anim als as the source (Geldreich,
1976). However, studies have found that the FC/FS ratio was difficult to  use in agricultural settings 
(Howell e ta l.,  1996), and the  Am erican public health association (A PH A ) no longer recom m ends the 
use o f  the FC/FS ratio as a m eans o f  differentiating human and animal sources o f  pollution (APHA, 
1998). Approved by the U .S. Environmental Protection Agency (U SEPA , 1991), 4- 
m ethylum belliferyl-p-D -glucuronide E. coli broth medium (EC-M U G) is an effective and rapid 
method for detection and verification o f  E. coli in food, water, and environm ental samples. The 
enzym e B-glucuronidase was recognized in about 96 to  97%  E. coli (H ajna and Perry, 1943; Buehler 
et al., 1949) that is capable o f  hydrolyzing M UG to yield a bluish fluorogenic product 4- 
m ethylum belliferone that fluoresces under long wave UV light (366 nm ) and can be easily visualized 
in the m edium  or around the  colonies (Poelm a et al., 1987; Fam leitner e t a l ,  2001). This tracking 
has been used to detect E. coli in m ilk and dairy products, food and shellfish (Feng and Hartman, 
1982; W atkins et al., 1988), water and wastewater (Feng and Hartm an, 1982; C lark et al., 1991) and 
urine and other clinical sam ples (Chang et al., 1989; M anafi and Kneifel, 1989). This technique is 
sensitive, selective, and specific and has high precision and accuracy rate.
1.2.6.2 M olecu lar tracking
The lack o f  culturability o f  E. coli possesses a potential public health challenge, because the 
m ethodologies accepted for detecting and counting E. coli rely m ostly on culturing (M uela et al., 
2008). The use o f  culture independent m ethod like PCR to measure the occurrence o r concentration 
o f  fecal indicators is gaining w idespread interest. The PCR can also be perform ed quantitatively in 
real-time to detect and quantify the num ber o f  copies o f  target DNA sequence in the original sample. 
M ultiplex PCR detecting the virulence associated genes o f  E. coli pathovars can be an easier 
alternatives o f  isolation dependent tracking. Today, there are a num ber o f  different m olecular and 
biochemical m ethods proposed for BST including: ribotyping (Parveen e t a l ,  1999; Carson et al., 
2001; Hager, 2001; Hartel e t al., 2002; Scott et al., 2002; Sim pson et a l ,  2002), random ly amplified 
polymorphic DNA (RAPD) (Tynkkynen et al., 1999), denaturing-gradient gel electrophoresis 
(DGGE) (Fam leitner et a l ,  2000; Buchan et a l ,  2001; Chee-Sanford et al., 2001; Sim pson et al.,
2002), repetitive DNA sequences (Rep-PCR) (Dom bek e t a l ,  2000), length heterogeneity PCR (LH- 
PCR) (Suzuki et al., 1998; Bernhard and Field, 2000), term inal restriction fragm ent length 
polym orphism  analysis (T-RFLP) (Bernhard and Field, 2000), hostspecific 16S rDNA (Suzuki et al., 
1998; Bernhard and Field, 2000), toxin biomarkers (Hager, 2001; O lson et al., 2002), reverse 
transcriptase PCR (Hager, 2001), phage analysis (Hager, 2001) and antibiotic resistance analyses 
(ARA) (W iggins, 1996; Parveen e t al., 1997; H agedom  et al., 1999; W iggins et al., 1999; Harwood 
et al., 2000; Hager, 2001). Several o f  the m olecular and biochem ical techniques have been applied or 
suggested for use in  watershed studies (Sim pson et al., 2002).
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1.2.6.3 N ew  ap p roach es to track  E. coli
Serotyping, an im portant tool to  identify and group E. coli strains, hence also provide source tracking 
in investigations o f  outbreaks, reservoirs, spread and em ergence. The j l iC  gene has been successfully 
used for PCR/RFLP and sequence genotyping (Fields et al., 1997; M achado et al., 2000) o f  both 
motile and nonm otile strains might be advantageous over classical H serotyping.
Chen and his group (2010) used laser im aging and high-resolution optica! scattering im age analysis 
to produce their new detection method. One o f  the m ost im portant im plications o f  the  new work is 
that authorities m ight soon becom e able figure out which waters are infected m ore rapidly. This 
could help them develop relevant clean-up programs in due time, and thus decrease the health risk to 
the general population.
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1.3 A IM S  AN D  O B JE C T IV E S

Escherichia coli is an indicator o f  fecal contam ination based on the prem ise that E. coli is abundant 
in hum an and anim al feces, is no t usually found in other niches and has in general a limited survival 
tim e follow ing discharge. E. coli has been detected in a variety o f  environm ents and geographical 
areas (W infield and Groisman, 2003; Byappanahalli el al., 2006) and there are several reports 
showing that E. coli are capable o f  surviving for extended periods and even m ultiplying in certain 
environments (Davies et al., 1995). However, contam ination can be introduced by zoonotic sources 
even in environm ents considered to be unaffected by human activity. T his normally harmless 
commensal bacterium  can become an aggressive pathogen, capable o f  causing a  range o f  diseases, 
affecting either anim als o r hum ans worldwide (Croxen and Finlay, 2010). Precise inform ation on the 
health im pact from E. coli is needed to  adequately inform policy-m akers. Although E. coli is one o f 
the most studied enteric pathogens, no com prehensive inform ation exists to date about its 
environmental prevalence and survival in developing countries, where the human populations are 
more exposed to  contam inated environm ents. The goal o f  the present study is to  m onitor E. coli 
pathovars in tropical aquatic systems covering a nationwide area using different tracking systems and 
to further assess novel tracking approaches using m olecular techniques. A daptive potential and 
survivability o f  environm ental E. coli isolates have also been discussed, and, E. coli isolates 
possessing potential to  be used as probiotics or vaccine agents against shigellosis have been 
characterized.

Specific ob jective  o f the  stu dy

• Collection o f  w ater sam ples from natural aquatic system s covering a large area in tropical 
region in three successive seasons to  assess the water quality and tracking o f  E. coli.

• D esigning o f  different pre-enrichm ent and enrichm ent m edia to  resuscitate environm ental E. 
coli isolates and m olecular tracking o f  the species using JliC  PCR and subsequent Southern 
blot analysis.

•  M onitoring o f  five different diarrheagenic E. coli virulotypes in the water sam ple by multiplex 
PCR assay along with monitoring o f  comparatively new virulotype, cytolethal distending toxin 
producing-#. coli in the environmental water samples in three seasons. The study will serve to 
assess the temporal and regional occurrence and prevalence o f  these E. coli virulotypes in the 
aquatic systems.

•  Use o f  yZ/C-sequence genotype to  assess the prevalence o f  different E. coli Fl-types in the 
aquatic systems and am ong the environmental isolates, which would facilitate investigating 
epidemiological study as well as emerging H-types in the environment.

• Isolation o f  environmental E. coli strains from different aquatic systems, identification by 
biochemical profiling using API 20E and m olecular typing o f  the isolates by 16S rDNA 
sequencing, f l iC  sequence genotyping, RFLP and Rep-PCR.

•  Survival study o f  the environmental E. coli isolates in aquatic microcosm and mesocosm study. 
Determination the role o f  fish population in the net E. coli load in aquatic system.

• Comparative growth rate and survival study o f  marine E. coli isolates in freshwater and marine 
water to  delineate the adaptive potential as well as tolerance to high salt concentrations.
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•  Screening for the environmental E. coli isolates, cross reactive to antibodies specific for its 
close relative Shigella  spp. by slide agglutination test, to  be used as vaccine candidate or 
potential probiotics against Shigellosis.

•  W estern blot analysis o f  LPS and protein extracted from the cross-reactive isolates with 
Shigella  spp. specific polyvalent and monovalent antibody to confirm the structural similarity 
between surface antigens o f  these two genera.

•  PCR detection o f  virulence associated genes in the environmental E. coli isolates to assess its 
potential as probiotics as well as identifying the prevalence o f  these pathovar specific genes in 
the environmental isolates.

•  PCR detection o f  adhesion genes in the environmental E. coli isolates to  correlate the role o f 
adhesions with the association o f  colonization in fish gut and to assess the potential as probiotic 
strains or vaccine candidate.

• Plasmid profile analysis o f  E. coli strains.
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T he m e th o d o lo g ie s  u se d  for th e  e x p e r im e n ts  in c lu d e  c o lle c t io n  o f  su r fa ce  w a te r  sa m p le s  
from  d ifferen t  n a tu ra l a q u ife r s  to  a n a ly ze  th e  p r e v a le n c e  an d  p e r s is te n c e  o f  d ifferen t  
E scherichia co li p a th o v a r s  in  B a n g la d esh . T he w o rk  w ill s u g g e s t  s o m e  r e g im e  o f  fa s te r  an d  
m o r e  re lia b le  m e th o d s  o f  e n v iro n m en ta l m o n ito r in g  o f  E. co li v ir u lo ty p e s  an d  
in v e s tig a tin g  d is e a se  o u tb rea k s . T he s tu d y  a lso  in c lu d e s  iso la t io n  a n d  id e n t if ic a t io n  o f  
e n v iro n m en ta l E, co li a n d  o u t lin e s  th e ir  a d a p tiv e  fe a tu r e s  fo r  p e r s is t e n c e  a n d  e x ten d ed  
su rv iv a l in  w a ter . T h e e x p e r im e n ts  a lso  ap p ro ach  to  sc r e e n  e n v ir o n m e n ta l is o la te s  cross-  
rea c tin g  to  an ti-S h igella  sp p . a n t ise r a  an d  to  a s s e s s  th e ir  p o te n tia l a s  v a c c in e  ca n d id a te . 
AH th e  m ed ia  c o m p o s itio n s , ch em ica ls , r e a g e n ts  u sed  in  th is  s tu d y  h a v e  b e e n  p r o v id e d  in  
th e  A p p en d ix  s e c t io n s .
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2  M A T E R I A L S  A N D  M E T H O D S

2.1  S a m p le  c o l le c t io n , tr a n s p o r t  an d  p r o c e ss in g
2.1.1 S am pling sites
W ater sam ples were collected from 46 different natural aquatic locations in Bangladesh between 
D ecem ber 2009 and January 2010 (w inter season), in April 2010 (sum m er season) and in July 2010 
(rainy season). T he sam pling points included 35 freshwater and 11 m arine/ brackish sites covering a 
large part o f  the country. The sam pling sites were chosen such that they included m ajor rivers and 
sea beaches located in regions with higher hum an activity, econom ic im portance, and tourist interest. 
The map o f  Bangladesh m arked with the sam pling sites (by GPS position coordination) has been 
shown in Fig. SI in Appendix III.

2.1.2 M easu rem ent o f  p hysicochem ical param eters
Physicochemical param eters e.g. tem perature, salinity, conductivity and total dissolved solids o f  the 
water sam ples were m easured by ‘sension5 conductivity M eter’ (Hach Company, USA), pH and 
dissolved 0 2 were m easured by ‘CyberScan pH/DO M eter’ (Eutech Instrum ents, Singapore) and 
GPS coordinates recorded by 'eT rex Legend HCx personal navigator’ (Garm in Corporation, 
Taiwan). All the param eters were m easured on site, enlisted in  Table SI in A ppendix 111.
2.1.3 P re-en rich m en t and en rich m en t techniques
Sixty mL o f  each w ater sample was added to  20 mL o f  concentrated pre-enrichm ent broth to achieve 
the follow ing final concentrations: Lab-Lemco pow der (0.5 g/L), yeast extract (1.0 g/L), peptone (2.5 
g/L) and o f  N aC l (2.5 g/L) a t pH 7. After 8 h o f  incubation at am bient tem perature, one m illiliter o f  
each o f  pre-enriched cultures was transferred to 50 m L o f  tw o different enrichm ent broths; one 
supplem ented with 0.15%  bile salts and another with streptom ycin (50fig/m L) in a broth containing 
peptone (3 g/L), N aCl (I g/L), K2H P 0 4 (1 g/L) and KH2PO 4 (1 g/L) at pH 7. The enrichm ent cultures 
were incubated for 16 hrs at 37°C with shaking a t 120 rpm.

2 .2  T r a c k in g  o f  E . c o li  in  th e  a q u a tic  e n v ir o n m e n t
2.2.1 E xtraction  o f  D N A
Chromosomal D N A was extracted from pure culture o f  isolates as well as from  pellets collected from 
direct water filtrate, pre-enrichm ent and the tw o enrichm ent cultures from each sam ple as described 
by Faruque et al., (2002). DNA extracted from direct water filtrate was further purified using the 
GenElute™  Bacterial Genom ic DNA K it (Sigm a-A ldrich, Germany).
2.2.1.1 H arvesting o f  cells
One or tw o discrete colonies from nutrient agar (N A ) plate o f  pure culture was inoculated into 6 mL 
Luria Bertani (LB) broth and incubated at 37 °C at 120 rpm for overnight for the extraction o f  DNA 
from pure culture. T he cells were then harvested by centrifugation (NUV E, Turkey) o f  1.0 mL o f  
culture (pure culture isolate, pre-enrichm ent and enrichm ent culture) at 12000 rpm for 10 min. The 
supernatant was drained off. For harvesting cells directly from w ater sam ple, 100 mL o f  water for
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each sam ple was filtered through 0.45 |am m em brane filter (M illipore, USA). The filter was then 
soaked in 2.0 m L o f  norm al saline (0.85%  NaCl) in a  sterilized petridish and the pellet was scrubbed 
out by sterile pipette tip. The suspended pellet was then harvested by centrifugation at 12000 rpm  for 
10 min.
2.2.1.2 Lyses o f  th e  cells
Cell harvest, taken from isolate, water filtrate, pre-enrichm ent and enrichm ent cultures, was 
resuspended in  200 [iL D N A extraction solution 1 (20% sucrose and 50mM EDTA in 50mM  Tris 
HCI Buffer) containing lysozyme (20m g/m L) and incubated for 30 min at 37 °C. Then 300 jiL o f  
DNA extraction solution 2 (50m M  N aC l and 1% SDS) containing 5 \xh o f  proteinase K solution 
(200 mg/mL) was added to  each tube and the sam ple was incubated at 55 °C for 60 min in a water 
bath (M em mert, Germany).
2.2.1.3 P heno l ex trac tio n  o f DNA

A fter the lysis treatm ent, DNA was extracted using phenol: chloroform : isoam ylaicohol (25:24:1). 
Tubes were m ixed well until a milky white appearance was observed. The tubes w ere then 
centrifuged for 5-7 min at 12000*g, which produced three phases, the top aqueous phase with DNA, 
middle solid phase consisted o f  cellular proteins and debris and the lower phase o f  phenol. Using 
pipette, the top  phase was recovered carefully and transferred into the fresh m icrocentrifuge tube.
2.2.1.4 E th an o l p rec ip ita tio n

After phenol extraction, 1/10“' volume o f  the 3M sodium acetate (pH 5.2) was added to  the DNA 
solution and m ixed well by flicking the tube several times with a finger. D ouble volume o f  ice-cold 
95%  ethanol was added and m ixed well by inverting the tubes, and was kept at -30 °C for overnight. 
DNA precipitate was collected by centrifugation followed by w ashing with 70%  ethanol. Finally the 
pellet was dried in a concentrator (Eppendorf, Germ any) under vacuum. Dried D N A pellet was 
dissolved in 30 fiL o f  TE buffer and stored in -20 °C.
2.2.1.5 P u rifica tion  o f  DNA
DNA extracted from direct water filtrate contained som e impurities giving rise to  a reddish color o f 
DNA suspension, w hich could not be rem oved by the  procedure followed. For these sam ples, a 
further purification step was followed with the colum n provided with G enElute bacterial genomic 
DNA kit (Sigm a, USA). The colum n was prepared with 0.5 mL o f  colum n preparation solution. The 
50 |iL  o f  DNA suspension extracted before was m ixed with 200 (iL o f  ethanol and was poured into 
the column. T he colum n was centrifuged at I2000*g for 1 min followed by a washing step by 0.5 
mL washing solution and was eluted with elution buffer provided with the DNA extraction kit.
2.2.1.6 D e te rm in a tio n  o f  DN A  c o n cen tra tio n

DMA concentration was m easured by N anodrop 2000 Spectrophotom eter (Therm o Scientific, USA) 
using deionized w ater o r elution buffer (as applicable) as blank.
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2.2 .2  J liC  P C R  assay  fo r  d e te c tio n  o f  E . coli
JliC  is the flagellin encoding gene responsible for H-type specific serological heterogeneity for most 
E. coli. There are certain E. coli strains, which have flagellin proteins encoded by genes other than 
f l iC  but they still possess this gene. The prim er used to  am plify JliC  gene o f  E. coli co-am plify the 
gene o f  other closely related members o f  Enterobacteriaceae e.g, Shigella  spp., Salm onella  spp., 
Klebsiella  spp., Enierobacter  spp. and Citrobacter spp.
2.2.2.1 P C R  am plifica tio n  o f/K C
DNA extracted from direct water filtrate, pre-enrichm ent and enrichm ent cultures were used as 
tem plate for the PCR o f  JliC  gene. The am plification o f  the gene by PCR was done using the primer 
pair (M achado et a l ,  2000): 5'-CA AG TCATTA ATACM AA CAG CC-3' (forw ard) and 5’- 
GA CA TRTTRG A V A CTTCSG T-3’ (reverse). Am plification was perform ed in  50 (iL reaction 
volume for each specim en containing 2 pL o f  tem plate DNA, 0.5 pL  o f  2 U /pL  DyNA zym e™  DNA 
polymerase, 5 fiL o f  10x buffer for DyNAzyme, 1.0 nL  o f  a m ixture o f  deoxynucleoside 
triphosphates (25 mM o f  each), and 1.0 nL o f  25 |aM solution o f  each prim er (Sigm a-Aldrich, 
Germany). The therm o-cycler conditions with a PTC 200, Peltier thermal cycler (M J Research, USA) 
was as follow: a 3-m inute denaturing at 95’C followed by 35 cycles o f  3-step panel having
“denaturing a t 95°C for 30 sec, annealing at 60’C for 60 sec and extension a t 72°C for 2 m in” with a 
final extension at 72°C for 7 min.

2.2.2.2 E lec tro p h o res is  an d  ob serv atio n  o f P C R  p ro d u c t
The PCR products were separated through agarose gel electrophoresis. A horizontal slab o f  1.5% 
agarose was made. Agarose (SeaK em ®  LE Agarose, N orw ay) was dissolved in lx  Tris-acatate- 
EDTA (TA E) buffer. Follow ing solidification o f  the gel, it was subm erged in lx  TA E buffer in an 
electrophoresis tank. PCR product was mixed with 2 )iL o f  6 * gel loading dye and was loaded into 
the slots o f  the gel with the aid o f  a  m icropipette. Electrophoresis was continued at constant volts 
(60-70). Upon EtBr staining, DNA bands were observed in a U V -trans-illum inator (Gel Doc, 
BioRad, USA). Photographs were taken using prefixed cam era in Gel Doc (BioRad, USA) machine 
attached to  a com puter and DNA bands were analyzed w ith ‘Quantity O n e’ softw are (BioRad, USA).
2.2.3 C o n f irm a tio n  o f  E. coli-  specific  J liC  gene  by S o u th e rn  b lo t h y b r id iz a tio n
2.2.3.1 G el p re tre a tm e n t
Standard protocols for denaturation and neutralization o f  the gel described by Sam brook and Russel 
(2001) were followed. The gel was immersed in 100 mL o f  0.25N HC1 solution in a tray and was 
shaken gently for 15 m in for depurination followed by washing with dH 20 .  The gel was then 
immersed in 100 mL o f  denaturing solution and was shaken gently for 15 min. Prior to 
neutralization, the gel was rinsed well for 2 to 3 tim es in deionized w ater and then dipped into 
neutralization solution and was shaken for 15 min again in room tem perature.
2.2.3.2 C ap illa ry  tra n s fe r  o f  DNA on to  n itrocellulose m em brane
Capillary transfer o f  DN A  was done using 20x SSC with a vacuum  blotter (B ioRad, USA). W hatman 
filter paper and nitrocellulose m em brane was cut into the shape o f  the agarose gel but slightly bigger
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in size to  overhang the gel. The W hatman paper and mem brane were soaked in 2 x SSC and placed 
on the porous plate o f  vacuum  blotter and was covered by the precut (to a size slightly sm aller than 
the gel but the w indow  m ust accom m odate the electrophoresis zone o f  the gel) w indow  gasket. The 
gasket covered the entire O -ring to  ensure proper sealing. The gel was then placed on the window 
and sealed the entire fram e and DNA loading well by m elted agarose to  prevent breach in the well. 
The sealing fram e was placed and locked onto latch posts. The vacuum pum p was sw itched on and 
the pressure was adjusted to  5 mm Hg. The cham ber was kept flooded with 20x SSC for 90 m in with 
additional gentle pouring o f  the buffer. The gel was then removed and discarded. The m em brane was 
then placed in a W hatm an paper soaked in 10* SSC and the w et m em brane placed under UV for 
cross-linking. The filter was then washed with deionized water briefly and allow ed to  air-dry.
2.2.3.3 D IG -labeling o f  probe DNA
2.2.3.3.1 PC R  am plification probe DNA
Probe for hybridization was PCR-generated am plicon o f  oligoncleotide primers 5'- 
CA AG TCATTAA TACM AACAG CC-3' (forward) and 5'-G ACA TRTTRGA VA CTTCSGT-3' 
(reverse) from E. coli 0 1 57:H7 clinical strain.
2.2.3.3.2 Purification o f  probe DNA
PCR products were purified using GenElute PCR clean-up kit (Sigm a, USA). Before starting the 
purification, wash solution was diluted using 48 mL o f  100% ethanol. G enElute M iniprep binding 
columns were inserted into collection tube and 0.5 mL o f  colum n preparation solution was added to 
the column. Upon centrifugation at 12000 xg for 1 min, elute was discarded. Five volume o f  binding 
solution was added to  one volum e o f  PCR product and m ixed well. The m ixture was transferred into 
the binding colum n and centrifuged a t 12000 xg for I min. Elute was discarded retaining the 
collection tube. The colum n was washed with addition o f  0.5 m L o f  wash solution and centrifuges 
for the second tim e for 2 min to  remove the residual ethanol. The colum n was then placed into a 
fresh collection tube. Fifty m L o f  elution solution was applied to  the colum n and incubated at room 
tem perature for 1 min. The colum n was then centrifuged at 12000 xg for 1 m in to  elute PCR product 
and stored at -20°C.
2.2.3.3.3 DIG -labeling
DIG DNA labeling and detection kit (Roche, Germany) was used for labeling. D igoxigenin (D iG ) - 
labeled DNA probes are generated according to  the m ethod o f  random prim ed labeling based on the 
hybridization o f  random oligonucleotides to the denatured D N A tem plate. The com plem entary DNA 
strand is synthesized by Kienow enzym e using random  oligonucleotides as prim ers and mixture o f 
deoxyribonucleotides containing DIG-11-dUTP, alkali-labile for elongation. D igoxigenin is a steroid 
hapten used to label probe to  ease subsequent detection o f  hybridization by enzym e immunoassay. 
The product list provided with the kit is listed in Appendix II. Two to  three ^g  o f  purified probe 
DNA were diluted with PCR grade w ater to make a volume o f  15 |iL . Subsequently the control DNA
2 (vial 2 o f  the supplied kit) was also diluted by adding 10 (0.L o f  w ater to  5 [iL o f  DNA. The DNA 
was denatured by boiling for 10 min and im m ediately chilled into ice. The tube was then briefly 
centrifuged and 2.0 nL  o f  hexanucleotide m ixture, 2.0 jiL o f  dN TP labeling m ix and 1.0 (iL o f
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Klenow enzym e were added followed by gentle m ixing and incubation at 37°C for overnight. The 
reaction was stopped by heating the probe at 65°C for 10 min.
2.2.3.4 Determ ination o f  labeling efficiency
Determ ination o f  the yield o f  labeled probe is im portant to optim ize reproducible hybridization. A 
series o f  dilutions o f  labeled probe was prepared and applied as drops on positively charged 
nitrocellulose m em brane. A series o f  defined dilutions o f  D IG-labeled control DNA (vial 4) were 
also applied. The m em brane was UV-fixed and subjected to im m unological detection with anti- 
digoxigenin-AP conjugate (vial 8) and freshly prepared color substrate solution. The color intensity 
o f  the probe was com pared with the control to  measure the yield o r efficiency o f  probe.
2.2.3.5 H ybridization and detection
The m em brane fiiter was prehybridized in 20 mL o f  prehybridization buffer in the  rotor bottle for 30 
min at hybridization tem perature (the hybridization tem perature, Top, was determ ined by the equation 
T0pt = Tm -  20-25°C) in the oven. The prehybridization solution was poured o ff  and 20 mL o f  pre­
warmed hybridization solution was added to  the m em brane together with 50 |iL  o f  denatured DNA 
probe. The m em brane was then incubated in hybridization buffer at hybridization tem perature for 16 
h with gentle rotation in the hybridization oven. The m em brane was then washed twice in washing 
buffer for 15 min at room tem perature followed by stringent wash at 68 °C for 30 min. The 
m em brane was then washed in washing buffer with 0.75%  Tween 20 solution for 2 m in and then in 
maleic acid buffer for 30 min. The mem brane was then subjected to  incubation at room  tem perature 
with continuous shaking in m aleic acid buffer containing 1/10000 volume o f  D1G-AP conjugate 
followed by w ashing tw ice in buffer for 15 m in each and once in detection buffer for 5 min. The 
m em brane was placed into nitroblue-tetrazoliam chloride/5-brom o-4-chloro-3-indoylphosphate 
(NBT/BCIP) color substrate containing detection buffer and kept in dark at room  tem perature until a 
desire color appeared in the positive colony blot. The color may appear within couple o f  m inutes to 
several hours.
2.2.4 M ultip lex P C R  assay for dctcction  o f  v iru lcn cc-associatcd  genes
2.2.4.1 Target genes and PC R  primers
Detection o f  virulence m arker genes was perform ed by m ultiplex PCR (Svenungsson et al., 2000; 
Nguyen et al., 2005) using 9 prim er pairs (Table 2.1) targeting the virulence-related genes e.g. eaeA 
(intim in o f  EHEC and EPEC strains), bfpA  (bundle-form ing pilus o f  EPEC strains), v tl  and/or vt2 
(Shiga toxins 1 and 2 o f  EHEC strains), eltB  and/or estA (enterotoxins o f  ETEC strains), ial 
(invasion-associated locus in EIEC and Shigella), ipaH  ( in large invasive plasm id and the 
chrom osom es in Shigella  and EIEC strains) and pCVD (£coR I-Ps/I DNA fragm ent o f  pCVD432 o f 
EAEC). The m ultiplex PCR reaction was segregated into 3 different sets choosing prim er pairs 
generating PCR products o f  different sizes which could easily be separated and distinguished by 
agarose gel electrophoresis.
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Table 2.1 L ist o f oligonucleotide primers used in the m ultiplex PC R  assay for the detection of
genes associated w ith diarrheagenic E. coli virulotypes.

Prim er T arget
gene

P rim er sequence Ref. Amp.
size

ST EstA 5 ’-GCTAAACCAGTAgaGGTCTTCA A A A-3 ’ 
5 ’-CCCGGTAC A °aGCAGG ATT ACAACA-3’

(Moseley et ah, 
1983)

147

SHIG lal 5 ’-CTGGTAGGTATGGTGAGG-3’
5 ’-CCAGGCCAACAATTATTTCC-3'

(Frankel el al., 
1990)

320

*5Crt bfpA BfpA 5 ’-TTCTTGGTGCTTGCGTGTCTTTT-3 ’ 
5 ’-TTTTGTTTGTTGTATCTTTGTA A-3 ’

(Yatsuyanagi et 
a l ,  2002)

367

EA Pcvd 5'-CTGGCGAAAGACTGTATCAT-3’
5 ‘-CAATGTATAGAAATCCGCTGTT-3’

(Pereira et a l ,  
2007)

630

VT1 vtl 5 ’-GA AG AGTCCGTGGG ATTACG-3 ’ 
5 AGCG ATGC AGCTATTA ATAA-3 ’

(Pollard et a l ,  
1990)

130

fS VT2 vt2 5 ’-ACCGTTTTTCAGATTTT°aC AC ATA-3 ’ 
5 ’-TACACAGGAGCAGTTTCAGACAGT-3 ’

(Lindqvist,
1997)

298

Eae eaeA 5 ’-CAC ACGAATA A ACTGACTA AA ATG-3 ’ 
5 ’-AAAAACGCTGACCCGC ACCTAAAT-3 ’

(Svenungsson et 
a l ,  2000)

376

ipaH ipaH 5 ’-GCTGG AAAA ACTC AGTGCCT-3 ’ 
5 ’-CCAGTCCGTAAATTCATTCT-3’

(Tomieporth et 
a l ,  1995)

423

•w4J LT eltB 5’-TCTCTATGTGCATACGGAGC-3’
5 ’-CCATACTGATTGCCGCAAT-3’

(Inoue et a l ,  
1993)

322

1.2A.2  Com position o f  PC R  reaction m ixture and therm ocycler conditions
PCR was perform ed in 20 pL  reaction m ixture containing 1 |iL  o f  tem plate DNA, 0.2 (iL o f  2 U /|iL 
DyNAzym e™  DNA polym erase, 2 ^L  o f  10x buffer for DyNAzym e, 0.4 o f  a m ixture o f 
deoxynucleoside triphosphates (25 mM  o f  each), and 0.5 |iL  o f  25 pM  solution o f  each prim er 
(Sigm a-Aldrich, Germ any). T he therm ocycler conditions with a PTC 200, Peltier therm al cycler (MJ 
Research, USA) were as follows: a regim e o f  94°C for 1 min, 55°C for 1 min, and 72°C for 1 min for 
30 cycles, with an initial denaturation at 96°C for 4 min and a final 7 m in extension at 72°C.
2.2.4.3 Agarose gel electrophoresis
PCR products (10 |iL ) were evaluated by electrophoresis through a 1.5% (w/v) agarose gel at 70 V 
for 30 min. Upon EtBr staining, DNA bands were observed, photographs w ere taken and the bands 
were analyzed according to  the Section 2.2.2.2.
2.2.4.4 D eterm ination o f  detection limit
To determ ine the detection limit o f  the m ultiplex PCR reaction, a series o f  mixed cultures were 
prepared having cell ratios (determ ined by cfu/m L) o f  1:1 to  1:1013 (w ith 10-fold dilution) o f  an 
avirulent laboratory control strain (E. coli D H 5a) and two virulent strains designated as MMLA 
(possessing v t l  and v t l )  and B171 (possessing bfpA). DNA was extracted and m ultiplex PCR was
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perform ed as for the  test DNA samples. The sensitivity o f  the assay was defined as the lowest ratio 
o f  diarrheagenic to  non-diarrheagenic E. coli that yielded positive results. In case o f  bfpA  and v t l ,  at 
least 1:103 was the ratio o f  diarrheagenic to  non-diarrheagenic cells needed for a positive PCR 
reaction, while for vt2, it was 1:104 (Fig. S3 in Appendix III).
2.2A.5  Data Analysis
Chi-square test was used to  assess the significance o f  the data. Relative standard used in the research 
i s p >  0.05.
2.2.5 PC R  assay for detection  o f  ‘cytolethal d istending tox in ’ (C d t)-associa ted  genes
2.2.5.1 T arget genes and PCR
Seven cd t genes (cdt-lA , cdt-IIA, cdt-III, cdt-IVB, cdt-VA, cdt-VB  and cdt-VC ) w ere targeted to  detect 
five different cdt alleles (cdt-I  to  V) reported in E. coli. The PCR primers and sequences for target 
genes are listed in Table 2.2. PCR was perform ed in 20 fiL  reaction m ixture, which was prepared 
according to  Section 2.2.4.2 with ccfr-specific primers pairs. The PCR reaction was perform ed with 
an initial denaturation at 94°C for 5 m in followed by 30 cycles o f  the specific program  given in Table
2.3 with a final 7-min extension at 72°C.
Table 2.2 L ist o f  oligonucleotide prim ers used in the PC R  assay for the detection CDT- 
associated genes.
T arget
gene

P rim er sequences A m plim er 
size (bp)

References

cdt-JA 5’-TGG TGA GAA TCG GAA CTG-3' 
5’-CAT TCC ATC AGG TTT GTC-3’

418 (Bielaszewska 
et al., 2004)

cdt-IIA 5’-AAT CCC TAT CCC TGA ACC-3’ 
5-G TT CTA TTG GCT GTG GTG-3'

542 (Bielaszewska 
et al., 2004)

cdt-III 5-A A A  CAG GAC GGT AAT A A T G A C TA A  TA-3' 
5-GTG ATC TCC TTC CAT GAA AAT ATA GT-3'

2230 (Clark et al., 
2002)

cdt-IVB 5’-CCTGATGGTTCAGGAGGCTGGTTC-3’ 
5'-TTG CTC CAG AAT CTA TAC CT-3’

350 (Toth et al., 
2003)

cdt-V 5'-AGC ATT AAA TAA AAG CAC GA-3’ 
5-ATG GTC ATG C T T T G T T A T  AT-3'

2449 (Janka et al., 
2003)

cdt-VA 5'-AGC ATT AAA TAA AAG CAC GA-3' 
5'-TAC TTG CTG TGG TCT GCT AT-3’

1329 (Janka et al., 
2003)

cdt-VB 5'-AGC ACC CGC AGT ATC TTT GA-3' 
5’-AGC CTC TTT TAT CGT CTG GA-3'

1363 (Janka et al., 
2003)

cdt-VC 5’-GTC AAC GAA CAT TAG ATT AT-3' 
5-ATG GTC ATG CTT TGT TAT AT-3'

748 (Janka et al., 
2003)

Materials and Methods
37

Dhaka University Institutional Repository



T ab le  2.3 P C R  cond itions fo r  th e  de tection  o f  d iffe ren t E . co/z-associated cd t genes.
T arget PC R  conditions (T em pera tu re  and  time)

D enaturing A nnealing Extension
cdt-IA 94°C for 30 sec 51*C for 30 sec 72°C for 60 sec
cdt-IIA 94°C for 30 sec 52"C for 60 sec 72°C for 60 sec
cdt-III 94°C for 30 sec 54"C for 60 sec 72°C for 180 sec
cdt-IVB 94°C for 60 sec 55‘C fo r  60 sec 72°Cfor 60 sec
cdt-V 94°C for 30 sec 51 °C for 60 sec 72°C for 180 sec
cdt- VA 9 4 °C fo r30sec 52°C for 60 sec 72°C for 60 sec
cdt-VB 9 4 "C fo r30 sec 52°C for 60 sec 72°C for 60 sec
cdt-VC 94 'C  for 30 sec 49°C for 60 sec 72"C for 60 sec
2.2.5.3 A garose  gel e lec tro ph oresis  an d  d a ta  analysis
PCR products (10 (iL) w ere evaluated by agarose gel electrophoresis. Upon E tB r staining, DNA 
bands were observed, photographs were taken and the bands were analyzed according to the Section
2.2.2.2.

2.2 .6  y7 /C -sequence g en o ty p in g
2.2.6.1 P C R  am plifica tio n , p u rifica tio n  an d  cycle sequencing
Am plified PCR products from Section 2.2.2.1, randomly selected for sequence genotyping, were 
purified by G enElute PCR clean-up kit (Sigma, USA) as described in Section 2.2.3.3.2. Cycle 
sequencing was perform ed as described in Section 2.3.3.1.3.

2.2.6.2 S equence A nalysis a n d  Phylogeny
The chrom atogram  sequencing files were edited using Chrom as 2.32 softw are (Technelysium, 
Queensland, Australia). The homology o f  the 16s rRNA gene sequences was com pared with the 
genes o f  other organism s already subm itted to  the GenBank database (Benson et al., 2005) using 
blast (Altschul et al., 1997) to identify its closest relatives. Alignm ents for phylogenetic analysis 
were made by using clustalX  (Thom pson et al., 1997). A phylogenetic reconstruction was produced 
using phylip softw are (version 3.63) with the Jukes-C antor distance m atrix (Jukes and Cantor, 1996) 
and the neighbour-joining algorithm  (Saitou and Nei, 1987). Confidence in the tree topology was 
determined by using 100 bootstrapped trees (Felsenstein, 1985).

2 .3  I so la t io n  a n d  id e n t if ic a t io n  o f  E . c o li
2.3.1 P re l im in a ry  sc re e n in g

2.3.1.1 Use o f  selective a n d  d iffe ren tia l m edia
Culture from pre-enrichm ent and enrichm ent broths were streaked onto specific differential and 
selective m edia for E. coli e.g. onto M acConkey agar No.3 (M AC-3), E osin M ethylene Blue agar
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(EM B), Xylose Lysine Deoxycholate agar (XLD), Deoxycholate C itrate A gar (DCA), Sorbitol 
M acConkey A gar and Hektoen Enteric agar (HE). Colony m orphology (size, shape, margin, 
elevation, pigm entation etc.) w ere carefully observed after 18 h to  24 h (overnight) o f  incubation. On 
the basis o f  colony morphology and characteristics on several differential and selective media, 
presum ptively identified E. coli colonies were purified by repeated subculture. Pure cultures were 
undergone further m icroscopic and biochemical profiling.

2.3.1.2 M icroscopy
M icroscopic studies such as cell size, shape, arrangem ents and Gram reaction w ere observed in a 
bright field m icroscope (Olympus, Japan) using m agnification o f  100x under oil im m ersion lens. 
M otility test was perform ed by H anging D rop method and observed in the bright field microscope.
2.3.1.3 Biochem ical screening
Pure discrete colonies from N A  plates were subjected to oxidase and catalase test. The oxidase- 
negative with catalase-positive isolates were streaked on S im m on’s C itrate A gar to  test for citrate 
utilization capacity. C itrate non-utilizer isolates were then tested in MIU (M otility-Indole-Urease) 
soft agar (H im edia, India) for the three tests concurrently. A fter 24 h o f  incubation, the motility 
pattern and urease activity o f  the  isolates were observed and recorded. Indole production was 
observed upon addition o f  C ovac’s reagent. Urease-negative isolates w ere inoculated in butt and 
slant o f  K ligler’s iron agar (KIA). The characteristic ferm entation pattern in KIA and non-urease 
activity was considered to  screen the E. coli isolates. M ethyl red and V oges-Proskeur tests were also 
carried out as supplem entary tests for confirm ation. The com positions o f  these m edia and chemicals 
used are given in Appendix I and A ppendix II respectively.
2.3.2 B ioch em ica l Identification
2.3.2.1 Biochem ical profiling
For confirm atory biochem ical characterization, API 20E kit (Biom eriaux, France) was used. It is a 
standardized identification system for Enterobacteriaceae and other non-fastidious, Gram  negative 
rods using 21 m iniaturized biochem ical tests and standard database. The API 20E strip consists o f  20 
m icrotubes containing dehydrated substrates. These m icrotubes were inoculated with freshly grown 
respective bacterial suspension. Selected pure colonies are streaked on NA. Upon 24 h o f  growth, 
discrete colonies were picked up and a  suspension o f  approxim ately 1*107 cfu/m L was prepared in 
the inoculation fluid. The strips were then inoculated with the suspension and incubated for 18-24 h 
at 37‘C. D uring incubation, bacterial metabolism induces colour changes that are either spontaneous 
or revealed by the addition o f  reagents. The addition o f  reagents and the interpretation o f  reactions 
were done according to  the m anufacturer’s direction. The observation was recorded according to  the 
recom m ended reading table (supplied with the kit) and the identification was obtained by referring to 
the analytical profile index or using the identification software (NB: For som e isolates, incubation 
time may need an extension to 48 h, recommended during observation o f  result through identification 
software).
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2.3.2.2 Identification using the fluorogen MUG
Chrom ogens and fluorogens, substrates that produce characteristic color and fluorescence 
respectively upon cleavage by a  specific enzym e, have been used for m any years to detect and 
identify coliform  bacteria, including the fecal pollution indicator E. coli (M anafi et a l ,  1991). E. coli 
colonies were detected by the fluorescence o f  4-melhyl um belliferone, produced by the cleavage o f
4-m ethylum belliferyl-P-D  glucuronide (M UG) by P-glucuronidase. A fter inoculation on EC m edium  
with MUG follow ed by incubation at 37°C and 44.2°C for 24 h, the plates were placed about 6 inch 
below the  long wave U V -lam p for optimal differentiation o f  fluorescent colonies.
2.3.3 M olecu lar id en tification  o f  E. coli
2.3.3.1 16S rRN A gene sequencing
The use o f  16S rRNA gene sequences to  study bacterial phylogeny and taxonom y has been by far the 
most com m on housekeeping genetic m arker used for a num ber o f  reasons. T hese reasons include (i) 
its presence in alm ost all bacteria, often existing as a m ultigene family, or operons; (ii) the function 
o f  the 16S rRNA gene over tim e has not changed, suggesting that random  sequence changes are a 
more accurate m easure o f  tim e (evolution); and (iii) the 16S rRNA gene (1,500 bp) is large enough 
for inform atics purposes (Patel, 2001).
2.3.3.1.1 PCR prim ers and conditions
The 16S rRNA gene sequence was selectively PCR-am plified using universal prim er pair 5'-GAG 
TTT GAT CCT GGC T C A  G -3’ and 5 -GAA AGG AGG TG A  TCC AGC C -31 (Loffler e t al., 2000). 
The PCR was perform ed with an initial denaturation at 94°C for 3 m in, followed by 30 cycles o f 
denaturation at 94°C for 50 s, annealing at 50°C for 30 s and extension at 72°C for 1.5 min, and a 
final extension at 72°C  for lOmin.
2.3.3.1.2 PC R  product purification
PCR products were purified using GenElute PCR clean-up kit (Sigm a, USA). Detail o f  PCR product 
purification protocol has been described in Section 2.2.3.3.2.
2.3.3.1.3 Cycle sequencing
In cycle sequencing, the ABI-prism  BigDye Term inator cycle sequencing ready reaction k it was used 
in which the follow ing reagents were prem ixed into a  single tube o f  ready reaction m ix o f  BigDye 
term inator: deoxynucleotide triphosphates, ampliTaq DNA Polym erase, M gC h and Buffer. In this 
step, only one strand o f  the desired DNA was am plified and D N A fragm ents o f  different length were 
produced by term ination with different dideoxynucleotide triphosohates (ddNTPs). The com plete 
reaction m ixture com position for cycle sequencing is shown in A ppendix IV. The therm al cycle 
program initiated with initial denaturation at 96°C for 1 min, followed by 25 cycles o f  the following 
steps: denaturation at 96°C for 10 s, annealing at 50°C for 30 s followed by extension at 60°C for 4 
min, a single final extension was done at 60°C for 10 min. The products were purified by ethanol 
precipitation to  rem ove the unincorporated dye. The purification procedure was as follows: 2 |iL  3M 
Na-acetate (pH 4.6) and 50 nL  o f  96%  ethanol was added to  each o f  the tubes containing cycle 
sequenced product precipitation and centrifugation was done a t 13,000 rpm  for 20 min. The
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supernatant was carefully aspirated to  discard and precipitate was washed by addition o f  200 |iL  o f  
70% ethanol and centrifugation at 14,000 rpm for 10 min. The supernatant was carefully aspirated 
and discarded again. The tubes were subjected to air-drying and 16 [iL o f  tem plate suppressor 
reagent (hi-diform am ide) was added to  each pellet. T he whole content was then transferred to  a 
sequencing tube which was placed in a  therm al cycler at 95°C for 3 m in for denaturation and 
analyzed by electrophoresis in an ABI-prism 310 genetic analyzer. DNA was separated through the 
POP6 contained in a capillary tube and detected by laser beam (M anual, ABI Prism USA).
2.3.3.1.4 Sequence Analysis
The chrom atogram  sequencing files were edited using Chrom as 2.32 softw are (Technelysium, 
Queensland, Australia). The hom ology o f  the 16s rRNA gene sequences was com pared with the 
genes o f  other organism s already subm itted to  the GenBank database (Benson et a l ,  2005) using 
blast (Altschul et al., 1997) to  identify its closest relatives.
2 .4 . C lo n a l id e n t if ic a t io n  b y  g e n o m ic  f in g e r p r in t in g
2.4.1 . R estriction  fragm en t length p olym orphism  (R FLP)
Restriction fragm ent length polym orphism s o f  specified genes or total genom ic DNA have long been 
used to identify the intra- and inter-species clonal relationship and variation.
2.4.1.1. rRNA gene R FLP fingerprinting
The value o f  rR N A  gene RFLP analysis as a tool for species identification was evaluated over the 
past decades, the establishm ent o f  classification schem e based on 16S rRNA restriction fragment 
length polym orphism  (RFLP) patterns has enabled the accurate and reliable identification and 
classification o f  a wide range o f  bacteria (Aakra e ta i ,  1999; Wei et a l., 2007).
2.4.1.1.1 PC R  am plification o f 16S rRNA gene
Extraction and purification o f  chrom osom al DNA o f  the test isolates was carried out and used as 
tem plate for the PCR o f  16S rRNA gene. The 16S rRNA gene sequence was PCR-am plified. The 
prim er pair used and PCR condition applied have been described in Section 2.3.3.1.1. The 
concentration o f  PCR product was m easured by N anodrop 2000 Spectrophotom eter (Therm o 
Scientific, USA).
2.4.1.1.2 Restriction digestion
Digestion o f  the am plified product with restriction endonuclease Hhal and electrophoresis for 
fragment separation were perform ed following the protocol o f  M achado (2000). Reaction mixture 
was prepared adding 2.5 fiL o f  1 Ox N E  buffer, 2.5 nL  o f  Hhal enzym e (20,000 U/ml) and 0.25 nL  o f  
purified BSA in 20 (iL o f  PCR product (15ng/[iL). The m ixture was incubated a t 37°C for 4 h in an 
water bath.
2.4.1.1.3 Electrophoresis and band pattern analysis
Digested product was separated by 2%  agarose gel electrophoresis. Gels were stained with ethidium 
bromide, and images o f  band patterns were electronically captured using a  transilium inator. Tagged 
image file form at (TIFF) images were exported to  Gel analysis softw are (developed by Svein
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Norm an at the Dept, o f  Biology, University o f  Bergen, N orw ay) and cluster analyses were done to 
make the D endrogram  according to the band pattern.
2.4.I.2. /7 /C R F L P  fingerprinting
The JliC  gene has been successfully used for PCR/RFLP and sequence genotyping o f  both m otile and 
nonm otile strains m ight be advantageous over classical H -serotyping and a useful for 
epidem iological investigations and studies o f  the emergence.

2.4.1.2.1 PC R  am plification o f  JliC
Extraction and purification o f  chrom osom al DNA o f  the test isolates was carried out and used as 
tem plate for the PCR o f  JliC  gene. The am plification o f  flagellin genes by PCR was done as 
described in Section 2.2.2.1 and concentration o f  PCR product was m easured by N anodrop 2000 
Spectrophotom eter (Therm o Scientific, USA).
2.4.1.2.2 Restriction digestion, electrophoresis and band pattern analysis
Digestion o f  the am plified product with endonuclease Hhal and electrophoresis for fragment 
separation w ere perform ed as described in Section 2.4.1.2.2. Digested product undergone 
electrophoretic separation, staining and band pattern analysis as described in Section 2.4.1.2.3.
2.4.2 R ep -P C R  gen om ic fin gerp rin tin g  for clonal identity
2.4.2.1 O ligonucleotide primers
The pair o f  18-mer inosine containing primers was used for Rep-PCR (V ersalovic et a l ,  1991): 5 '- 11 
1-ICG-1CG-ICG-ICA-TCI-GGC-3' and 5’- ICG-ICT-TAT-CIG-GCC-TAC-3'.
2.4.2.2 PC R  conditions
Am plification was perform ed in 30 fiL reaction volume for each specim en containing 1 o f 
tem plate DNA extracted from the isolates. The PCR condition in the therm ocycler was as follow: a 
5-min denaturing at 95°C followed by 35 cycles o f  4 step pannel having “denaturing at 94*C for 30 s, 
denaturing at 92°C for 30 s, annealing at 30"C for 1 min and extension a t 72°C for 8 m in” with a final 
extension at 72°C for 20 min.
2.4.2.3 Observation
Twenty pL o f  each PC R  product was observed upon electrophoresis in 1% agarose gel followed by 
Et-Br staining under U V  illum inator (Gel Doc, BioRad, USA). Photographs w ere taken using Gel 
Doc and bands were analyzed with ‘Q uantity O ne’ software (BioRad, USA).
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2 .5  I so la t io n  a n d  c h a r a c te r iz a t io n  o f  p a th o g e n ic  E . c o li
2.5.1 C olony b lot and d ot b lot hybrid ization  w ith  D IG -labeled  D N A  p rob e for prelim inary  
screen ing o f  d iarrh eagen ic  en vironm ental E . co li iso lates
2.5.1.1 D IG -labeling o f  probe DNA
M ultiplex PCR am plification was perform ed targeting nine different virulence-associated genes for 
screening potent virulent isolates in the environment. The PCR primers and conditions have given in 
Section 2.2.4. The bacterial strains used as tem plates for the m ultiplex PCR are enlisted in Appendix 
IV. PCR products were purified using GenElute PCR clean-up kit (Sigm a, USA) as described in 
Section 2.3.3.1. PCR products were undergone DIG-labeling according to the Section 2.2.3.3 and 
labeling efficiency was determined.
2.5.1.2 Colony blotting, prehybridization and hybridization
A nitrocellulose m em brane was placed carefully on the N A  agar plate with colonies to  be blotted and 
removed upon com plete soaking. The mem brane was then placed on a  fresh N A  plate and incubated 
for 3 h at 37°C. The colony o f  positive control was m arked properly on the m em brane. Upon 
incubation, the m em brane was rem oved from the N A  plate and placed on a W hatm an filter paper 
soaked with 5 mL o f  denaturing solution. After 10 min, the filter paper was placed on another 
W hatman filter saturated with neutralization solution and kept on it for 3 min. The filter was then 
removed and air-dried. The m em brane was then dipped in prehybridization buffer and incubated at 
hybridization tem perature for 1 h. The mem brane was then rubbed with non-absorbent cotton bud to 
remove cell debris with soft hand. The m em brane was then placed in a roller bottle containing 6 mL 
o f  hybridization buffer containing 6 |iL  o f  labeled denatured (by boiling for 5 m in and immediate 
chilling in ice) probe and allow ed hybridization overnight a t hybridization tem perature (Topt). 
Subsequent washing, developing and detection procedure was followed as described in Section
2.2.3.5.
2.5.2 Id en tifica tion  o f  v iru len t genes by m ultip lex P C R  m ethod
Identification o f  virulent E. coli isolates was perform ed using m ultiplex PCR assay targeting nine 
virulence-associated genes. The PCR primers and conditions have been described in Section 2.2.4. 
One (iL o fD N A  extracted from the isolates was used as template.
2.5.3 Id en tifica tion  o f  adhesion  genes
DNA extracted from the isolates were subjected to PCR assay for the detection o f  genes for type I 
fim briae, p a p , afa, csgA , crl and sfa  specific for adhesion and virulence o f  E. coli.
2.5.3.1 PC R  reaction m ixture and primers
Am plification was perform ed in 30 |iL  reaction volumes for each specim en containing 1 (iL o f 
tem plate DNA, 0.3 |iL  o f  2 U /pL  DyNA zym e™  DNA polym erase, 3 |iL  o f  10x buffer for 
DyNAzyme, 0.6 (iL o f  a  m ixture o f  deoxynucleoside triphosphates (25 mM  o f  each), and 0.6 (iL o f 
25 (iM solution o f  each prim er (Sigm a-Aldrich, Germany). Chilling tem perature was maintained 
throughout the preparation procedure. The PCR tubes were then transferred to a DNA therm al cycler 
(BioRad, M exico) for am plification. Primers used for each o f  the genes are given in the Table 2.4.
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T ab le  2.4 L is t o f  p r im e rs  used fo r  de tection  o f  adhesion genes
T arget genes P rim er Sequences References

type 1 F: 5’- CGA CGC ATC TTC CTC ATT CTT C-3’ 
R: 5 ’- ATT GGT TCC GTT ATT CAG GOT T-3’

(Johnson and Stell, 
2000)

papC F: 5’- GAC GGC TGT ACT GCA GGG TGT G -3’ 
R: 5 ’- ATA TCC TTT CTG CAG GGA TGC A-3’

(Johnson and Stell, 
2000)

Afa F: 5 ’- GCT GGG CAG CAA ACT GAT AAC T -3’ 
R: 5 ’- CAT CAA GCT GTT TGT TCG TCC G-3'

(Johnson and Stell, 
2000)

csgA F: 5 ’- ACT CTG ACT TGA CTA TTA CC -3’ 
R: 5 ’- AGA TGC AGT CTG GTC AAC-3’

(Maurer et al., 
1998)

Sfa F: 5 ’- CTC CGG AGA ACT GGG TGC ATC T-3’ 
R: 5 ’- CGG AGG AGT AAT TAC AAA CCT G -3’

(Yamamoto et al., 
1995)

Crl F: 5 ’- TTT CGA TTG TCT GGC TGT ATG-3’ 
R: 5 ’- CTT CAG ATT CAG CGT CGT C-3’

(Maurer e ta l ,  
1998)

2.5.3.2 P C R  cond itions
All the PCR tubes were heated at 94 °C for 3 min in the therm al cycler to  ensure the denaturation o f  
all DNA tem plates. The PCR reaction was then continued with the conditions stated in Table 2.5. 
Thirty cycles o f  these segm ents were repeated with a  final extension o f  10 min at 72 °C.
T ab le  2.5 P C R  cond itions fo r  th e  de tection  o f  genes associa ted  w ith  adh esio n  of£". coll

T arget gene PC R  conditions (tim e and  tem pera tu re) Amplified
----------------------------------------------------------------------------------  p rod uct size (bp)D enatu ration  Anneal Extension

papC 94 °C for 1 min 65 °C for 1 min 72 °C for 1 min 328
afa 94 °C for 1 min 65 °C for 1 min 72 °C for 1 min 750
Type 1 94 °C for 2 min 65 °C for 1 min 72 °C for lmin 700-750
csgA 94 °C for 30sec 60 °C for 30sec 72 °C for 30 sec 250
sfa 94 °C for 2min 65 °C for 1 min 72 °C for lmin 410
crl 95 °C for 45 sec 60 °C for 45 sec 72 °C for 45 sec 250

2.5.3.3 E lec tro p h o res is  a n d  evaluation
PCR products (10 nL) w ere evaluated by electrophoresis through a 1.5% (w/v) agarose gel at 70 V 
for 30 min. DNA bands were visualized and photographed under a UV illum inator (Bio-Rad, USA) 
after the gel was stained w ith ethidium bromide.
2 .6  P la sm id  p r o f ile  a n a ly s is
2.6.1 In c re a s in g  o f  p la sm id  co p y  n u m b e r
Increasing the copy num ber o f  plasmid per cell was induced by suppressing protein synthesis 
mechanism by addition o f  chloram phenicol in fresh culture o f  E. coli isolates. Inhibiting protein
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synthesis usually inhibits the chromosomal replication and hence allow ing the auto-replicating 
plasmid to  increase their copy per cell. Overnight bacterial cultures grown in LB broth were 
centrifuged to  harvest the cells and re-suspended in fresh LB broth and chloram phenicol solution was 
added to the final concentration 125 |ig/mL. The cells were incubated again a t 37°C overnight.
2 .6.2 E x tra c t io n  o f  P la sm id  D N A
Plasmid DMA extraction from the test isolates was carried out according to  the procedure described 
by Kado and Liu (1981). Overnight culture o f  LB broth with chloram phenicol was centrifuged at
12,000 xg for 7 min and pellets were resuspended in 100 pL o f  autoclaved plasm id extraction 
solution I (com position is given in Appendix-II) and kept at room  tem perature for 5 min. One 
hundred and fifty ^L  o f  freshly prepared solution II (Appendix-II) was then added, m ixed gently and 
kept in ice for 10 min. This was followed by addition o f  150 pL o f  solution III (A ppendix-II), mixed 
gently and kept in ice for 5 min. The suspension was centrifuged at 12,000 *g for 5 m in and 300 fiL 
o f  supernatant was collected. D ouble volume o f  ice-cold ethanol (95% ) was added to  the supernatant, 
mixed well and kept a t room  tem perature for 10 min. Follow ing centrifugation at 12,000 xg for 5 
min, the pellet was taken out and washed with 1 mL o f  70%  ethanol. Finally, the collected pellet was 
dried and resuspended in 50 TE buffer and kept at 4°C for 24 h  to  dissolved the peilet and was 
stored at -20°C.
2.6.3 O b se rv a tio n  o f  P la sm id
Extracted plasmids were observed by electrophoresis through a 0 .8%  (w/v) agarose gel at 70 V for 
60 min. Upon ethidium brom ide staining, DNA bands were observed on U V  transillum inator (Gel 
Doc, BioRad, USA). Photographs were taken using Gel Doc (BioRad, U SA ) m achine attached to a 
com puter and bands were analyzed with ‘Quantity O ne’ software (BioRad, USA). The size o f  the 
plasmid was calculated observing relative mobility o f  the plasmid bands in agarose gel com pared to 
supercoiled DNA ladder (Invitrogen).
2 .7  S u r v iv a l s tu d y  o f  E. c o li  in  la b o r a to r y  m ic r o c o sm /m e so c o sm
2.7.1 S u rv iv a l  s tu d y  o f  E. c o l i  in  s te r i le  n a t u r a l  w a t e r  m ic ro c o sm
2.7.1.1 S et up o f  a m icrocosm
Both freshw ater and seaw ater microcosm  w ere set up. Freshwater was collected from  a pond (Curzon 
Hall, University o f  D haka) in D haka and seawater from the sea beach at Kolatoli point o f  C ox’s 
Bazar. W ater sam ples were filtered through 0.45 |im  m em brane filters (M illipore, USA) to remove 
sand, clay particles and other debris. Fifty m L aliquots o f  w ater sam ple w ere taken per 100 mL 
laboratory bottles (D uran, Germ any) and autoclaved. The setup was incubated at 25°C with 80 rpm in 
an orbital shaker. The physicochem ical param eters m easured in the microcosm  water before 
autoclaving are listed in Table 2.6.
T ab le  2.6 Physicochem ical p a ra m e te rs  o f  w a te r  in the  m icrocosm

Microcosm T otal dissolved 
solids (mg/L)

Conductivity 
(|iS per cm)

Salinity (%o) PH T em perature

Seawater 25100 50100 32.8 7.78 28°C
Freshwater 231 462 0.2 8.29 28°C
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2.7.1.2 Inocu la tion
One or two colonies o f  test E. coli isolates from N A  plates were inoculated in 10 mL o f  nutrient 
broth and were incubated at 37 °C for 24 h. One mL o f  culture was harvested by centrifugation at
12,000 xg for 5 min. The pellet was washed twice, once with norm al saline and once with respective 
autoclaved m icrocosm  water, and was resuspended in 100 |iL  o f  respective autoclaved microcosm  
water. Fifty jiL  o f  the bacteria! suspension was added into 50 m L-m icrocosm . The inoculum number 
(cfu/mL) was determ ined by drop plate m ethod follow ing 10-fold serial dilution o f  the  inoculated 
microcosm.
2.7.1.3 A ssay o f  su rv iva l
H undred (iL o f  w ater from inoculated microcosms were sam pled from freshw ater m icrocosm s and 
seawater m icrocosm s up to  53 d. Survivability o f  the isolates was m easured by identifying the 
cfu/m L in the sam ples by drop plate m ethod following 10-fold serial dilution.
2.7.2 S urv iva l s tu d y  o f  g fp -m ark ed  E . coli in n a tu ra l  w a te r  m esocosm
2.7.2.1 S et up o f  th e  m esocosm
Untreated freshw ater m esocosm s were set up using water from a pond in Dhaka. Each o f  the 
m esocosm s was built in a  round glass ja r  containing 10 L o f  untreated water, approxim ately 100 g o f 
sedim ent (collected from the sam e pond), a few floating w ater hyacinths and 6 fishes o f  
heteropneustes fo ss ilis  species. The setup was kept under shade and tem perature recorded during the 
experim ent was betw een 25 to  31 °C. The physicochem ical param eters m easured in the mesocosm 
were: 145.7 m g/L o f  total dissolved solids, 292 per cm o f  conductivity, 0.01 %o o f  salinity and pH 
6.9.
2.1.2.2 T ra n sfo rm in g  te s t iso lates w ith  pG F P  by e lec tro po ra tion
Electroporation provides a rapid and sim ple m ethod for transform ing cells for most bacterial species. 
T est isolates were transform ed with pGFP, which contained genes for green fluorescent protein 
coding and expression to  assist visual identification o f  the colony under UV and am picillin resistant 
m arker to assist selection o f  transform ed cells on am picillin containing m edia. All the recipe o f 
m edia and buffer used in this experim ent are listed in Appendix I and 11 respectively.
2.7.2.2.1 P re p a ra tio n  o f  e lec tro com peten t cells
A pure and discrete colony o f  the test isolate was inoculated in 5 mL o f  L -broth and incubated for 
overnight. The culture was then transferred to 200 mL o f  fresh L-broth and incubated at 37 °C with 
constant rotation at 300 rpm  in orbital shaker to  achieve an OD^o o f  0.4-0.5 to  ensure actively 
grow ing cells in log phage. The cells were chilled in ice for 30 min and harvested by centrifugation 
at 4 °C. The cell pellet was gently resuspended and washed four tim es by ice-cold 10% glycerol. The 
com petent cells can be stored at -70 °C for further use.
2.7.2.2.2 E lec tro p o ra tio n

The cells and the  electroporation cuvette (supplied with G ene Pulser Xcell E lectroporation system, 
BioRad, USA) w ere kept in ice to  chill. Forty [iL o f  cell suspension (1-3 * 1010 cells/m L) were m ixed
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with 2.0 pL  o f  pG FP D N A and transferred into the cuvette. From the hom e screen on the Gene 
Pulser, pre-set protocols screen was opened and choose the bacterial protocol option and selected the 
protocol for the E. coli to  pulse at 2.5 kV. Cuvette was placed in the pulser slot and pulsed once. As 
soon as the pulse com pleted, the cuvette was removed and 1 m L o f  SOC m edium  was added to  the 
cuvette and mixed well to suspend the cells. The cell suspension was pipetted out into a collection 
tube and incubated at 37 °C for 1 h with shaking at 200 rpm. Upon incubation, the cell suspension 
was spread on LB-agar plates containing 5 pL/mL am picillin. Successful transform ed cells formed 
colonies, which glowed under UV with bright green fluorescence.
2.7.2.3 Inocu lation
One or tw o colonies o f  test E. coli isolates from N A  plates were inoculated in nutrient broth and were 
incubated at 37 °C for 24 h. O ne mL o f  culture was harvested by centrifugation at 12,000 rpm for 5 
min. The pellet was washed once with normal saline and resuspended in 1 m L o f  autoclaved pond 
water and added into each microcosm. The inoculum num ber (cfu/m L) was determ ined by drop plate 
method following 10 fold serial dilution o f  the inoculated microcosm  on am picillin containing LB 
agar and observed under UV.
2.7.2.4 A ssay o f  su rv iva l
Hundred |iL  o f  w ater from each inoculated microcosms were sam pled each consecutive day for 1 
week. A pproxim ately 1 g o f  sedim ent, superficial film on water, rhizoid o f  w ater hyacinths was also 
sampled along with water. Fishes o f  m icrocosm s were sacrificed and sam ples were collected from 
skin, gill and intestine o f  each fish. Survivability o f  the isolates was m easured by identifying the 
cfu/mL o f  G FP-m arked bacteria in the sam ples by drop plate m ethod follow ing 10-fold serial 
dilutions on am picillin-LB plate and observed under UV.
2.7.2.5 D e te rm in a tio n  o f  adhesive  p ro p e rty  o f  inocu la ted  E. coli cells
2.7.2.5.1 M easu rem en t o f  h y drophob ic ity
Hydrophobicity o f  the bacterial suspension was m easured, according to the m ethod described by 
Klitzke and Lang (2007) with slight m odification, as a partitioning coefficient between the aqueous 
suspension (bacterial suspension in deionized water having conductivity 0.47 pS/cm  at 28°C) and a 
solid hydrophobic phase (silica gel, nontoxic adsorbant). 0.5 g  o f  silica gel was added to  5 mL o f 
each bacterial suspension and shaken in orbital shaker for 1 h at 80 rpm  at 28°C to allow the 
hydrophobic cells to  adsorb onto the solids. Afterwards, the suspensions were pipette out o f  the gel 
and measured the turbidity (T2) o f  the suspension.
Hydrophobicity (H) was calculated according to  the follow ing formula:

H =  (T 1  — T 2 ) /T 1 ,
(T ! and T2 are the turbidity measured before and treatment o f  bacterial suspension with silica get).

2.7.2.5.2 Q u an tita tiv e  Biofilm  assay
Quantitative biofilm assay was m easured with slight m odification o f  the m ethod used by W akim oto 
et. al. (2004). Overnight bacterial culture in LB broth was centrifuged, washed and resuspended in 
autoclaved lake w ater having optical density o f  approxim ately 0.6 at 600nm . A 96-well round-
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bottom polystyrene m icrotiter plate was inoculated with 200 pL o f  the bacterial suspension in each 
well. The m icrotiter plate was incubated at 28°C for 30 min, 2 h, 8 h, 24 h, 48 h  and 72 h without 
shaking and then washed with the autoclaved water. The plate was stained with 200 ja.L o f  0.5% 
crystal violet in each well for 30 m in followed by washing. The biofilm was quantified after addition 
o f  200 |iL o f  95%  ethanol in each well by an enzym e-linked im m unosorbent assay plate reader a t 630 
nm.
2.7.3 D eterm in ation  o f  grow th  rate
2.7.3.1 P re p a ra t io n  o f  g ro w th  m edia
Growth curve experim ent was perform ed to  measure and com pare the generation tim e o f 
environmental and clinical E. coli isolates in both marine and fresh w ater with added nutrients. The 
growth m edium was prepared by using the autoclaved marine and fresh w ater having salinity o f  
3.28% and 0.02% , respectively. As nutrient supplement, 1% peptone and 0.5%  yeast extract was 
added. In both the  m edia, pH was adjusted to  7.0.
2.7.3.2 Inocu la tion
One or two colonies o f  test E. coli isolates from N A  plates were resuspended in 100 nL o f  normal 
saline and added to 100 m L o f  corresponding growth m edia. The flasks w ere incubated at 37°C for 
24 h. The bacterial num ber o f  inocula and grow ing cultures (cfu/m L) was determ ined by drop plate 
method following 10-fold serial dilution.
2.7.3.4 E stim atio n  o f  g row th  ra te  an d  do ub lin g  tim e
One m L o f  each grow ing culture was sam pled in every 2 h interval for 24 h. The num ber o f  cells per 
sample was determ ined by drop plate method. Num bers o f  bacterial cells (cfu/m l) at different time 
interval were plotted. For the constant growth period, in log phage, the plotted dots aligned on a 
straight line, which slope identified the growth rate. For a  constant grow th rate o f  r% , the form ula for 
the doubling tim e T j was calculated by the equation Td= log(2)/log(l +r/100)~70/r

2 .8  I m m u n o c h e m ic a l m e th o d s
2.8.1 S lide agglutination
A num ber o f  E. coli strains have already been reported to  cross-react with Shigella  spp. (Lefebvre et 
al., 1995). Environm ental E. coli isolates were screened for their cross-reactivity to  Shigella-specific 
antisera (Denka Seiken, Japan) by slide agglutination. The isolates were screened by type-specific 
polyvalent &nt\-Shigella antisera (A to  D) and then grouped by corresponding m onovalent antisera. 
The test was carried out on glass slides: a hom ogenous suspension o f  cells in normal saline was 
dropped at the centre o f  the slide and then a drop o f  test antiserum  was added and m ixed well by 
tilting back and forth for several times observing the agglutination against a light background. The 
cells itself clum ping in the saline suspension were rejected for the test and term ed in practical as 
auto-agglutinating strains.
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2 .8 .2  E xtraction  o f  protein for im m unochem ical study
Bacterial cells were harvested from overnight grown pure culture and washed in autoclaved PBS by 
centrifugation at 12000 xg for 10 m in at 4 °C. Cells w ere resuspended in lysis buffer followed by 
boiling in w ater bath for 5 to  10 min. Equal volume o f  deionized w ater was added to the suspension 
and was boiled for an additional 10 min. The lysed sam ple was centrifuged at 12000 xg for 10 min. 
Supernatant containing the soluble whole cell protein extract was pipette out and stored at -30°C until 
further use.
2.8.3 E xtraction  o f  lipop olysacch arid e (LPS)
Lipopolysaccharide, traditionally named as somatic antigen or O -antigen, form s an integral part o f 
the outer mem brane o f  Gram -negative organisms. For m any-Gram  negative bacteria, the structure o f 
lipid A and core LPS are highly conserved. However, considerable heterogeneity can exist in the 
sugar com position o f  the subunits that com prise the long chain m oiety o f  LPS, and the  num ber o f 
repeating subunits per chain. This variation in LPS structure forms the basis for the various 
chemotypes. LPS is usually extracted to  define the chem otype o f  isolates and for detection o f  
immunochemical properties.
2.8.3.1 Chem ical lysis method
LPS was extracted follow ing m ethod described by H enrik Chart and G riffiths (1985). Cells were 
harvested from overnight bacterial culture in N utrient Broth in a  pre-weight m icrocentrifuge tubes 
and centrifuged at 12,000 xg for 5 min. After m easuring the weight o f  the  harvested pellet, SDS- 
PAGE solubilization buffer was added with an am ount o f  30 ^L  per m g o f  culture and dissolved by 
vortex m ixing followed by incubation in boiling water bath for 10 min. Sim ilar am ount o f  the  buffer 
containing proteinase K  (100 ng per 30 (iL buffer) was added and m ixed to  lyse the protein and 
peptides. Upon incubation at 60°C in water bath for 2 h, the LPS solution was stored at -30°C until 
further use.
2.8 .4  SD S -P A G E  analysis
PAGE analysis has been used in the study o f  protein and lipopolysaccharide biochemistry at 
m olecular level. The m ost popular one is the discontinuous SDS-PAGE, first described by Laemmli 
(1970). We have used the technique described by M enelaos C osteas (1995), which broadly based on 
the method o f  Laemmli but has been significantly modified. To determ ine the  protein and LPS 
profiles, SDS-PAGE analysis was done followed by com assic blue and silver staining respectively 
and for detection o f  im m unogenicity, W estern blot was perform ed upon SDS-PA GE. A vertical slab 
electrophoresis unit (Bio-Rad, USA) was used with a reliable pow er pack (Bio-Rad, USA) for 
running the gel.
2.8.4.1 Preparation o f polyacrylam ide gel
Clean and fresh glass plates w ere assem bled in gel casting cham ber to  make a cassette. A thin film o f  
soft white paraffin was applied on the spacer to  ensure sealing. A 12.5% separating gel mixture was 
prepared and was poured to  a level o f  three centim eter below the upper edge o f  glass plates and 
allowed to solidify. T he gel was carefully overlaid by 80%  ethanol to  avoid gel drying and to ensure 
a horizontal sharp edge o f  the separating gel. The polym erization process was faster under UV and
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high am bient tem perature. After the polym erization o f  the separating gel, observed by appearance o f 
a sharp line between gel and ethanol phase, a 4.5% stacking gel m ixture was freshly prepared. The 
ethanol was drained ou t and stacking gel mixture was rapidly poured above the previously 
constructed separating gel. A 10-toothed com b was then pressed carefully between the tw o glass 
plates so that no bubbles can form inside the com b channels. The gel was then allowed to settle 
undisturbed for 1 h to  com plete polymerization. The com b was then rem oved and the glass cham ber 
was fixed in the electrophoresis unit. The whole unit was then placed gently in the electrophoresis 
tank and flooded by electrophoresis buffer. Twenty nL o f  each sam ples was added to  wells. Ten jaL 
o f  protein m arker was also loaded in a  well to assist the detection o f  m olecular w eight o f  the peptides 
in the sam ple. A fter loading, the electrophoresis unit was connected with the pow er pack adjusting at 
20 mA current. As soon as the tracking dye reached the bottom  level o f  the gel, the pow er supply 
was turned off.
2.8.4.2 C oom assic B rillian t b lue  sta in in g  fo r  p ro te in  a n d  pep tides
Upon SDS-PAGE run, the gel was released from the glass plates and im m ersed in 0.1%  Coom assic 
Brilliant blue (R 250) staining solution. The gel was kept for approxim ately 1 h shaken on a  rotator 
shaker (M em m ert, USA). The gel was then taken out o f  the staining solution and flooded with 
destaining solution (10%  Acetic acid), which was placed on a  shaker for overnight. W hen the gel 
background became transparent, it was taken out o f  the destaining solution and im m ersed in distilled 
water.
2.5.4.3 S ilver s ta in in g  fo r lipopolysaccharide
The polyacrylam ide gel loaded with extracted LPS was run as described in Section 2.8.4.1. Upon 
electrophoresis, the gel was rem oved from the cassette and placed in a clean plastic box containing 
approxim ately 200 m L fixing solution; the lid was applied and m ixed gently on a shaker for at least 2 
h. The gel can be left in fixing solution for overnight i f  necessary. A fter fixation step, the fixing 
solution was poured o ff  and, 100 mL o f  oxidizing solution was added and m ixed for 5 min on a 
rotator. A fter rem oving the oxidizing solution, the gel was washed with approxim ately 200 mL 
deionized w ater thrice each for 15 min. During the last washing step, silver staining solution was 
made as m entioned in the A ppendix IT and poured into another clean box. T he gel was then carefully 
placed into the staining solution; the lid o f  the box was put on and m ixed for 10 min. A fter discarding 
the staining solution, the gel was washed for 3x10 min in deionized water. D uring the last washing 
step, developing solution was prepared and 200 mL o f  the solution was placed into another clean 
plastic box. The gel was then transferred to  developing solution and m ixed by gentle shaking. The 
gel started to get stained after about 5 min. When a desired intensity appeared, the staining reaction 
was stopped with 10% acetic acid solution and finally was washed with deionized water. The whole 
procedure was handled wearing gloves and taking precautions to reduce the background staining o f  
the gel.
2.8.5 W estern  B lot A n alysis
W estern blot technique (Tow bin et a l ,  1979) was applied to check the im m unological response and 
the cross-reactivity o f  both the immunogenic proteins and LPS o f  the  sero-cross reactive 
environmental E. coli isolates.
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2.8.5.1 Transfer o f  protein to nitrocellulose membrane:
The polyacrylam ide gel was prepared, immunogenic com ponent (protein and LPS) was loaded and 
undergone electrophoresis according to  the procedure described in  Section 2.8.4. Upon 
electrophoresis, the gel was rinsed in transfer buffer for a few min. Each com ponent o f  transferring 
unit was soaked in the transfer buffer before assembly. The sandwich com ponents were assem bled 
with the gel follow ing the instruction guide. The cassette was then placed in the proper orientation 
and the tank was filled with the transfer buffer to a level that covered the electrode panels. The power 
supply was then connected with the power pack adjusted at a constant volt o f  12 and kept for 
overnight transfer.
2.8.5.2 Detection o f  im m unogenic protein/LPS:
After overnight transfer, the nitrocellulose mem brane was removed from the cassette. The whole 
mem brane was then cut into strips through lanes and dipped in blocking solution (2%  skim milk) in a 
clean box. The strips were incubated in the blocking solution for 1.5 h at 37 °C on a  rotary shaker. 
Strip o f  m arker was kept undisturbed for the calibration o f  m olecular w eight o f  im m unogenic 
proteins/LPS. A fter the blocking, strips were washed with PBS, PBS-Tw een and PBS consecutively 
for 5 min each. The strips were then placed in a new box containing blocking solution (2%  skim 
milk) having prim ary antibody (polyclonal or monoclonal antibody as required, D enka Seiken, 
Japan) at a concentration o f  1: 200 and incubated at 37 °C for 1.5 h in rotary shaker. The mem brane 
strips w ere washed again like before and then were transferred to  a solution o f  secondary antibody at 
a concentration o f  1: 2000 in 2% skim milk (Difco, USA) followed by incubation a t 37 °C for I h in 
a rotary shaker.
For polyvalent prim ary antisera, alkaline phosphatase (AP) conjugated secondary antiserum  (anti pig 
lgG developed in rabbit) and for m onovalent primary antiserum, horse reddish peroxidase (HRP) 
conjugated secondary antiserum  (anti rabbit IgG, developed in goat, SIGMA, U SA ) were used. After 
incubation, the m em brane strips w ere washed once m ore at the sam e way it was previously done. 
Substrate was prepared for A P by dissolving 33 |iL o f  N B T and 16.5 [iL o f  BC1P dye in 5 mL o f  AP 
buffer (A ppendix II). For HRP, substrate was prepared by dissolving 1 m g o f  3 ,3 '- 
D iam inobenzidine (DAB, Sigm a) in 2 m L citrate buffer (pH 5.2) and then H2O2 was added to it at 
concentration o f  3 jiL/mL. The strips were placed in a clean container and overlaid by respective 
substrate buffer preparation. W hen protein/LPS bands appeared in desired intensity, m em branes were 
washed several tim es in the deionized water to  stop the reaction. The m em brane strips were then air 
dried and stored aw ay from light.
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03 RESULTS
3.1 Temporal changes in water quality in aquatic environment o f Bangladesh
W ater sam ples w ere collected  from 46  different natural aquatic locations, 35 freshwater and 11 
marine/brackish sites, in Bangladesh in three successive seasons covering a large part o f  the 
country. Sam pling sites w ere chosen  to cover major rivers and sea beaches in sites o f  greater 
human activity, econ om ic importance and tourist interest. The respective sam pling sites are 
show n in Fig. S 3 .1. Physico-chem ical parameters, e .g . temperature, salinity, conductivity and 
total d issolved  solids o f  the water sam ples w ere m easured and G PS coordinates recorded. A ll the 
parameters were measured on site, and are listed in Table S3.1 (A ppendix III).
Tem poral variations in the physicochem ical parameters o f  the water bodies were observed. W ater 
temperature varied betw een seasons. In winter, it ranged betw een 16°C and 2 5 “C. It m inutely  
differed betw een summer and rainy season and ranged betw een  2 6 ‘C and 32°C. The salinity o f  
w ater sam ples changed unexpectedly w ith seasons in  both fresh and marine sam pling sites in 
Bangladesh. In summer, the marine water sam ples were m ost saline (~37 %o) fo llow ed  by winter 
( - 3 4  %o). In rainy seasons, the salinity decreased due to rain water runoff. Out o f  11 marine sites, 
drastic fall in salinity w as observed in  s ix  sites in rainy season w hile the rest five sites were rather 
stable. Out o f  35 freshwater sites, 28 sites w ere more or less stable in their salinity betw een  
seasons. The rest seven  sites were found to have significantly higher salinity in the summer. 
C onductivity and T D S (total d issolved  solid s) were proportional to  the salinity o f  the water 
(Table S 3.1). The salinity o f  freshwater sam ples (rivers) distant from  the sea rarely varied with  
seasons. H ow ever, the salinity o f  rivers closer  to the sea increased in the summer. B ecause o f  the 
lack o f  rain and b lockage o f  the river flow  (Farakka dam  and Tista barrage) from the source, the 
w ater level decreased in rivers during the summer, allow ing seawater to enter. The salinity varied  
w ith the distance from the sea. In the rainy season, the situation w as inversed because o f  
considerable water both from m onsoon rainfall and the opening o f  the river barrages. 
C onductivity and T D S w ere found to be proportional to the salinity o f  the water.
3.2 Detection o f E. coli in the natural water systems using/7/C

f l iC  PCR w as perform ed to trace E. coli in all the 46  water sam ples collected  in this study. Four 
different D N A  tem plates from direct water filtrate (P), pre-enrichment culture (PE), b ile salt- 
enrichm ent culture (B SE ) and streptomycin-enrichment culture (SE ), o f  each water sam ples were  
analyzed to detect the presence o f  E. co /i-flagellin  encoding gene. The primer pair used in the 
study had successfu lly  am plified  j l iC  gene o f  E. co li along w ith other related bacteria. M ost o f  the 
w ater sam ples gave rise to m ultiple JliC-PCR  products (Fig. 3 .1). Southern blot hybridization w as  
performed to  se lectively  identify f l iC  belong to  E. co li in the water sam ples w ith  DIG -labeled  
probe synthesized from fliC-PCR. product am plified from clin ical 0 1 5 7 :H 7  E. co li strain (Fig. 
3.2).
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Fig. 3.1 fliC -P C R  analysis of 
DNA extracted from w ater 
filtrate (P), pre-enrichm ent 
culture (PE), bile salt 
enrichm ent culture (BSE) and 
streptomycin enrichm ent 
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season (C). Two E. coli strains 
(an environmental isolate, 
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Fig. 3.2 fliC -P C R  analysis (left) and corresponding Southern blot hybridization with DIG labelled E. 
co//-specific fl iC  probe (right). Lanes 1 through 42,/WC-PCR products amplified in the DNA extracted 
from pre-enrichm ent culture (PE), bile salt enrichm ent culture (BSE) and streptomycin enrichm ent 
culture (SE) o f different w ater samples (random ly selected); lane 43, K  coli 0157:H 7 as positive control, 
lane 44, Shigella dysenteriae type 4; lane 45, 46 and 47, S. flexneri 2a, 2b and 5a respectively; lane 48, S. 
boydii 15; lane 49 and 50, S. sonnei phase I and II respectively; lane 51, Enterobacter aerogens; lane 52, 
Klebsiella pneumonae; lane 53, Citrobacter freundii; lane 54, Salmonella enterica; lane 55 and 56, negative 
controls.

3 .3  O c c u r r e n c e  a n d  p r e v a le n c e  o f  E . c o l i  v i r u lo t y p e s  in  a q u a t ic  e n v ir o n m e n t  o f  
B a n g la d e s h
A ll the  46  sam pling  sites o f  th is  study  w ere  m on ito red  fo r th e  p resence o f  E. co li  v iru lo typ es in 
th ree  con secu tive  seasons. D N A  tem p la tes  from  P, PE , B S E  an d  SE  o f  each w a te r  sam ple  w ere 
analyzed  to  de tec t the  p resence  o f  pathogen ic  genes. U sing  th ree  se ts  o f  m ultip lex  P C R , nine 
d iffe ren t pa tho gen ic  genes possessed  by  five  d iffe ren t E. co li v iru lo types w ere  assessed  and  its 
d istribu tion  and  seasonal fluc tua tions w ere  analyzed .
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3.3.1 Efficacy of enrichment media on resuscitation of E. coli virulotypes
I have analysed the distribution and seasonal fluctuations o f  E. co li virulotypes using three sets o f  
m ultip lex PCR assays. The detailed results o f  the analysis are given  in  Table S3.2 and 
sum m arized in Table S3.3 . The use o f  a  number o f  pre-enrichm ent (PE) and enrichm ent (BSE  
and SE) m edia designed for this experim ent enabled enrichment o f  different virulotypes o f  E. 
coli. The PE m edium  w as designed to resuscitate stressed or injured environm ental bacteria, 
w hile the B S E  m edium  w as designed to enrich the enteric bacterial population, and streptomycin  
w as added for enriching streptomycin-resistant E. coli. A  total o f  138 D N A  sam ples w ere  
evaluated per enrichment. N o  gen es could  be am plified from D N A  extracted from direct water 
filtrate. B oth eltB  and v t l  genes w ere m ostly detected in PE; 72  PE were p ositive for eltB , but 
on ly  41 B SE  and 26  SE  w ere found to harbour this gene (Table S 3.4). Sim ilarly, five  PE were 
p ositive for the v t l  gene, but only three B SE  and tw o  SE w ere p ositive for this gene. The addition 
o f  b ile salt enabled enrichm ent o f  E. co li harbouring the estA, vt2, and eaeA  genes. The estA  gene  
w as detected in 18 B SE , 11 PE and 10 SE. The vt2  gene w as detected in  nine B S E  but on ly  in two  
PE and one SE. The eaeA  gene w as detected in 45 B SE  but on ly  in  20  PE and 11 SE. 
Streptom ycin enrichm ent m edium  successfu lly  enriched the EA EC  and EIEC virulotypes in  the 
water sam ples. The pC V D  gene w as detected in nine SE, one B S E  and none in  the PE. The ipaH  
gene w as detected in  24  SE, eight PE, but none in the B SE , indicating that bile salt suppresses the 
EAEC and EIEC virulotypes.
3.3.2 Prevalence of diarrheagenic virulotypes in three successive seasons
In this investigation, ETEC w as found to be the m ost prevalent virulotype am ong the five  
diarrhoeagenic E. co li  virulotypes exam ined (Fig. 3 .3A  and Table S3) in  the sam pling sites. The 
prevalence o f  the ETEC virulotype in winter, summer, and the rainy season w as 63% , 61% , and 
76% , respectively. A m on g the ETEC-containing sam ples, eltB  w as present in m ost cases, i.e. in 
an average 60%  o f  the sam pling sites (Table S 3.3). estA  w as more prevalent during winter (34% ) 
com pared to  summer (8.6% ) and the rainy season (6.5% ). In m ost cases, estA  w as present along  
with eltB ; on ly  4%  o f  the sam pling sites harboured estA  alone (Table S3.3).
A  total o f  s ix  sites tested positive for estA  alone, but with seasonal variations; sites 4  and 9  in the 
winter, sites 7  and 8 in the rainy season and site 10 and 24  in the sum mer. E xcept for site  24 , all 
these sites w ere adjacent to southern sea beaches w ith marine or brackish salt concentrations. 
EPEC w as the second m ost prevalent type found follow ed  by ETEC. The prevalence o f  EPEC  
w as 65%  in the winter, w hich w as greater than that o f  ETEC in that season. In the sum m er and in 
the rainy season, on ly  19% and 32%  o f  the sam pling sites, respectively, show ed p ositive results 
for the EPEC virulotype (Fig. 3 .3A  and Table S3). In all the EPEC -positive sites, on ly  the eaeA  
(no bfpA) gene w as detected. The eaeA  signal could also be due to the presence o f  EH EC strains.
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To aid in interpretation, all eaeA- 
p ositive sam ples w ere considered as 
EPEC -positive sam ples, and v t l -  
and/or v/2-positive sam ples were 
considered as EH EC -positive sam ples, 
regardless o f  the presence o f  eaeA. 
Like EPEC, the prevalence o f  EHEC  
(28% ) and EAEC (17% ) w as also  
higher in the winter (Fig. 3 .2A ). In the 
summer, the prevalence o f  EH EC and 
EA EC  w as 2%  and 4% , respectively  
and in the rainy season , the prevalence 
o f  EHEC w as a lso  2% w h ile  EAEC  
w as absent. U nlike the other 
virulotypes, EIEC w as relatively more 
prevalent in the summer (48% ). In the 
rainy season, EIEC w as found in 11% 
o f  the sam pling sites and w as absent in 
the winter. Although the EPEC and 
ETEC virulotypes w ere alm ost evenly  
distributed throughout the country, 
regional distribution patterns were 
observed for certain virulotypes with  
distinct temporal variations (F ig . 3 .4).

Fig. 3.3 The prevalence (in terms o f proportion o f positive sampling sites) o f five different diarrheagenic 
E. colt virulotypes in the aquatic system o f Bangladesh assessed in three successive seasons. A, data 
compiled for all sites; B, in 11 marine sites; and C, in 35 freshwater sites. The Figure has been adopted 
from Akter etaL, 2013.
3.3.3 Effect of salinity on diarrheagenic virulotypes
Significant differences w ere observed in the virulotype prevalence in  freshwater and marine 
sam ples (p  >  0 .05). In marine sam ples (Fig. 3 .3B ), the ETEC virulotype w as found to be the m ost 
prevalent virulotype both in winter (82% ) and in the rainy (82% ) season, but in  the summer, its 
prevalence dropped to  9%. EPEC w as the second m ost prevalent virulotype in the winter (46% ) 
and in the rainy (37% ) season, but it could not be detected in the summer. The EHEC and EAEC  
virulotypes w ere detected only in the winter, in 9% and 28%  o f  the sam pling sites, respectively, 
whereas EIEC w as detected on ly  in the sum m er in 19% o f  the sites. In freshwater sites (Fig. 
3.3C ), the m ost prevalent w as the ETEC virulotype, both in the summer (86% ) and in the rainy 
(72% ) season, but in the winter, the EPEC w as the m ost prevalent virulotype (83% ). Sim ilar to 
the results for the marine sam ples (Fig. 3 .3B ), EIEC w as a lso  prevalent in freshwater sam ples 
(Fig. 3 .3C ) on ly  in summer, but it had higher prevalence in freshwater sam ples (50% ) compared
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to  marine sam ples (19% ). N either the EHEC nor EAEC virulotype w as detected in  the rainy 
season in the freshwater sam ples (Fig. 3 .3C ). In the summer, the prevalence o f  the EHEC and 
EAEC virulotypes in freshwater sam ples w as still lo w  (4% ), but it increased to 29%  and 18%, 
respectively, in  the winter.
3.3.4 Regional distribution pattern of occurrence of E. coli virulotypes
It w as found that the aquatic system s o f  the country harbored different virulotypes o f  
diarrheagenic E. co li  persistently throughout the year and regional distribution patterns for certain 
virulotypes w ith distinct temporal variations were observed (Fig. 3 .4 ). A lthough, EPEC and 
ETEC w ere alm ost even ly  distributed throughout the country, these virulotypes maintained  
regional distribution patterns and had temporal fluctuations.
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Fig. 3.4 The regional and temporal distribution patterns o f five different diarrheagenic E. coli strains in 
three seasons in the aquatic system o f Bangladesh. The black circles on the map o f Bangladesh indicate 
the presence o f different diarrheagenic E. coli virulotypes in the corresponding geographical location. 
The Figure has been adopted from Akter et a l ,  2013 and the map has been adopted from the Banglapedia 
database (Banglapedia, 2006).
In the winter and summer, ETEC w as absent in sea beaches but em erged in the rainy season. The 
decrease in salinity in the water c lo se  to seashore or huge runoff from the river in  rainy season  
m ight have influenced the temporal occurrence o f  ETEC in that region. In the summer, salinity 
c lo se  to  the sea shore w as the highest and that could be responsible for the absence o f  E. coli 
virotypes in the region. In summer, the salinity o f  the sea beaches w as the highest and the least 
incidence o f  E. c o li virotypes w ere found in sea beaches in  that season. The rivers o f  central part
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o f  the country, around the highly populated capital Dhaka, w ere the m ost polluted. A ll the E. coli 
virotypes w ere a lso  found to  be present in that region.

3.3.5 Effect of seasonal variations on prevalence of virulotype
The marine sites w ere grouped into two; sites w ith no salinity fluctuations and sites w ith lower  
salinity in  rainy season. Significant d ifferences (p  >  0 .05 ) w ere observed in virulotype prevalence 
in tw o groups o f  m arine sites in the rainy season (Figs. 3 .5A  and 3 .5B ). In both the groups, only  
the ETEC and EPEC virulotypes w ere detected in the rainy season, but prevalence differed. In the 
first group, w here salinity w as rather stable, the prevalence o f  the ETEC and EPEC virulotypes 
w as 60%  and 40% , respectively (Fig. 3.5A ).W hereas, the prevalence o f  ETEC and EPEC was 
100%  and 26% , respectively (Fig. 3 .5B ) in the latter group o f  marine sites w here salinity dropped 
in the rainy season.

A  Marine sites (5) with no 
salinity fluctuations 100
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S?70
v  60  w§ 5 0  
> 4 0  £ 30  
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0
W inter Sum m er R ainy season
Freshwater sites (28) with no 
salinity fluctuations

B  Marine sites (6) with lower 
salinity In the rainy season

I
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Fig. 3.5 The effect o f seasonal fluctuations in salinity on the prevalence o f diarrheagenic E. coli 
virulotypes in marine (‘A’ and ‘B’) and freshwater (‘C’ and ‘D’) sites. A, the prevalence pattern of 
diarrheagenic E. coli in five marine sites where salinity did not fluctuate between seasons; B, the 
prevalence pattern o f diarrheagenic E. coli in six marine sites where salinity significantly dropped in the 
rainy season; C, the prevalence pattern o f diarrheagenic E. coli in 28 freshwater sites where salinity did 
not fluctuate between seasons; and D, the prevalence pattern o f diarrheagenic E. coli in seven freshwater 
sites where salinity significantly increased in the summer. The Figure has been adopted from Akter et aL, 
2013.
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Out o f  35 freshwater sites, the salinity at 28  sites w as m ostly stable betw een seasons. The other 
seven  sites had significantly increased salinity in the summer. The pattern o f  the prevalence o f  
virulotypes differed in these tw o groups o f  freshwater sites (Figs. 3.5C  and 3 .5D ). In the winter, 
the prevalence o f  the EPEC virulotype w as the highest in the salinity-stable freshwater sites (Fig. 
3.5C ), whereas that o f  the ETEC virulotype w as the highest in  the salinity-increased freshwater 
sam ples (Fig. 3 .5D ). The EA EC  virulotype w as absent in  those sam ples. In the sum m er and in the 
rainy season, the virulotype prevalence patterns also differed in these tw o  groups o f  freshwater 
sites (Figs. 3.5C  and 3.5D ).
3.3.6 Prevalence of Cytolethal Distending Toxin (Cdt) producing E. coli
In this study, w e  used PCR to detect all the presently known E. co li-cd t a lle les to determine the 
frequency and distribution o f  cd t am ong the natural water b odies in Bangladesh. Forty six  aquatic 
sam ples collected  in April 20 10  were assessed  in  this experim ent. A m on g the five  different cd t 
alleles reported in E. coli, encoding Cdt-I, Cdt-II, Cdt-III, Cdt-IV and Cdt-V  respectively; cdt-lA  
w as the m ost prevalent type, detected in 34 sites out o f  46  aquatic sites around the country 
fo llow ed  by cdt-IIA, detected in 29  sites (Fig. 3 .6). From the rest, cdt-VA  and cdt- VC were 
detected in  11 sites, cdt-IVB  in 9  sites, cdt-III in 5 sites and cdt- VB in on ly  2  sites. D etailed  results 
o f  th is experim ent have been enlisted in Table S3.5.

%
B

D

A  designating  presence o f  
cill/A  (A), ixltllA  (B ) and 
cdtVA  (E ) genes in corre­
sponding sites.

^  designating  presence o f  
iih tV H  (1 »  and cd tV B  (E ) 
genes in corresponding 
sites.

^  designating  p resence o f  
c d ii 'C iE )  g ene in corre­
sponding sites.

^  designating  presence o f  
c th lll  (C ) gene in corre­
sponding sites.

Fig. 3.6 Distribution o f different E  coli associated cdt alleles among the aquatic sites in Bangladesh. The 
symbols are marked at sampling sites corresponding to the GPS position in respect to Fig. S3.1 (the name 
of the sampling sites are listed in Table S3.1).
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3.3.7 Effect of salinity on Cdt producing E. coli
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Prevalence pattern o f  the ccfr-alleles varied w ith the salinity o f  the aquatic environm ent (Fig. 3.7). 
In marine sites, prevalence o f  cdt-IA  w as 80% but cdt-IIA  dropped to 33% . In freshwater sites, 
cdt-IIl, cdt-VB  and cdt-V C  were detected in 15%, 16.5%  and 35.5%  sites respectively but 
couldn’t be detected in any o f  the marine sites. cdt-IVB  and cdt-VA  were detected in both the 
freshwater and marine sites, w hich also differs in  their prevalence percentages (Fig. 3 .7 ). Salinity

o f  the water sam ples affected  
prevalence o f  both the cd t 
alleles and diarrheagenic 
virulotypes. In linear 
regression p lot (Fig. 3.8), 
prevalence o f  cdt-IA  and cdt- 
IVB  w ere found to be 
proportional to the salinity o f  
the respective sites but cdt- 
IIA, cd t-IIl and cdt-V C  were 
inversely proportional to that. 
H ow ever, prevalence o f  cdt- 
VA and cdt-VB  were not 
affected b y  the salinity o f  the 
s i t e s .
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Fig. 3.7 Prevalence o f different E. coU-cdt alleles in freshwater and marine water sources in Bangladesh.
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Fig. 3.8 Graphical representation o f linear regression analysis, illustrating the effect o f salinity on the 
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3.3.8 /7/C-genotype, as a tool for epidemiological investigation
S ixty  s ix  J liC  PC R  products w ere assessed  in this study, in w hich 39  w ere found in  37  
environm ental D N A  sam ples (tw o o f  those sam ples gave rise to double bands, w hich were 
excised  and re-am plified) randomly selected  from pre-enriched, b ile salt-enriched and 
streptom ycin-enriched cultures. The rest 27  JliC  PCR products w ere from environm ental E. coli 
isolates. The isolates were identified by A PI 20E  biochem ical profiling and enlisted in  Table 3.4 . 
The test sequences w ere aligned w ith the reference H type specific  sequences (Figs. 3 .9  and 3 .10)  
and upon phylogenetic analyses type H 4, a recently reported epidem ic STEC strain, w as found to 
be the m ost prevalent in  the study (Table 3 .1). E ight out o f  39 sequences from enriched cultures 
(Fig. 3 .9 ) and 6 out o f  2 7  sequences from environmental iso lates (Fig. 3 .10 ) w ere typed as H4. 
The STEC outbreak causing serotype, H 25, w as found as second prevalent type; 5 out o f  39  
sequences from enriched cultures and 3 out o f  27  sequences from environm ental iso lates were 
typed as H 25. The m ost com m on STEC serotype, H 7 w as a lso  found in one enriched culture and 
only  in one isolate. Though, these H -types w ere known to cause severe haem olytic uremic 
syndrom e (H U S ) but in the study, w e  could  not identify gen es for shiga toxins in any o f  the H 4, 
H 25 or H 7 isolates. A m ong the rest JliC  PCR products from enriched cultures, 6  products were 
typed as H 10 , 2  as H5 and another 2  as W M .JliC  PC R  product for each o f  the flagellar type H 7, 
H 9, H I 1, H 18, H 20, H 27, H 33, H 34, H 42 and H 52 w ere possessed . E ight JliC  products left 
unidentified. A m ong the isolates, three w ere typed as H 28, tw o  as H 16 and one isolate w as typed  
as H 2, H 5, H 7, H 19, H 29, H 30 , H 32, H 37, H 38, H 45 and H 52 for each  (Table 3 .1 ). V irulence  
associated gen es were found in different sam ples but could not be correlated w ith the H -types 
identified. The list o f  virulence associated genes found in the respective sites w as given  in Table
S3.5.
Table 3.1 H-types identified in the environmental E. coli isolates and enriched samples by 
/7/C-sequencing genotyping.

H -type N um ber o f N um ber o f H -type N um ber o f N um ber o f
identified isolates sam ples identified isolates sam ples
H2 1 0 H27 o 1 I
H4 6 8 H28 3 0
H5 1 2 H29 1 0
H7 1 1 H30 1 0
H9 0 1 H32 1 0
H10 0 6 H33 0 1
HI 1 0 1 H34 0 1
H12 0 2 H37 1 0
H16 2 0 H38 1 0
H18 o 1 H42 0 1
H19 1 0 H45 1 0
H20 0 1 H52 1 1
H25 5 3 Unidentified 0 8
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Fig. 3.9 Gene phylogeny o f JliC-PCR  products amplified from  environm ental DNA. Phylogenetic tree 
was constructed by the neighbor-joining algorithm  using the f l iC  gene sequences o f various reference 11- 
type strains (designated as H I to  H53) and the test sequences recovered from environm ental enriched 
samples and  rooted by the f l iC  gene o f Salmonella enterica serover Typhimurium.
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Fig. 3.10 JliC-gene phylogeny of environmental E. coli isolates. Phylogenetic tree was constructed by the 
neighbor-joining algorithm using the JliC  gene sequences o f various reference H-type strains (designated 
as H I to H53) and the test sequences amplified from environmental E. coli isolates and rooted by the JliC  
gene o f Salmonella enterica serover Typhimurium.
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3.4 Environmental E. coli isolates
3 .4 .1  C o lo n y  m o rp h o lo g y

Iso la tes  s treaked  on eosin  m eth y len e  blue (E M B ) ag a r sho w ed  charac teris tic  g reen  m eta llic  sheen 
(F ig . 3.11 A ) w hereas, on  x y lo se  lysine deoxycho late  (X L D ) agar, th e  iso la tes  y ie lded  pa le  ye llow  
co lon ies (F ig . 3.1 IB ). T h e  iso la tes a lso  sho w ed  charac teris tic  co lony  m orph o lo gy  on  o ther 
se lec tive  and  d ifferen tia l m ed ia  e .g ., H ek to en  en teric  agar, sorb ito l M acC onk ey  ag a r and  
d eo xy cho la te  c itra te  ag a r (F ig . 3 .11C , D  an d  F). O n  E . co //-4 -m ethy lum biIlife ry l-p -D - 
g luco ron ide  agar, m o st o f  th e  iso la tes  gave rise to  fluo rescence un der U V  (F ig . 3.1 IE ).
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A. F.osin m eth y len e  b lue  (E M B ) a g a r  B. Xylose lysine deoxycho late  (X L D ) a g a r
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C . H ek toen  en te ric  (H E ) a g a r D. S o rb ito l M acC onk ey  a g a r
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E. E scherich ia  co li  4 -m ethv lu m b ellife ry l 
-ft-D -g lucu ron ide (E C -M U G ) a g a r

F. D eoxycholate  c it ra te  a g a r  (D CA )

Fig. 3.11 Colony characteristic o f environmental E. coli isolates streaked on different selective and 
differential m edia a fte r 24 h o f incubation a t 37°C.
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S-13 iso lates in marine water m icrocosm , rather than decrease in survival. In freshwater 
m icrocosm , all the iso lates stably m aintained their cfu  at that tim e duration.

Survivatof E. coli isolates in freshwater microcosm

02)3 10 15
Num ber ofdavs

20 25

.............S  J oSurvival o f E. coli isolates in marine water microcosm

2 0  3 0

Number of days

53

5 0  53

Fig. 3.13 Graphical representation o f survival o f the salt tolerant E, coli isolates in seawater (A) and 
freshwater (B) microcosm. The X-axis represents the number o f days o f observation and Y-axis 
represents the logi0 number o f cells (cfu/mL).
3 .5 .2  G r o w th  r a te  o f  E . co li
From the growth curve experim ent, generation tim e o f  environmental isolates term ed S-8 , S-10, 
S -l 1, S -13 and a clin ical E. co li 0 1 5 7 :H 7  isolate w as m easured (Table 3 .2). The cultures were 
grown at 25°C  w ith constant shaking at 120 rpm in m edia containing both the marine water and 
freshwater respectively. The growth w as observed in every 2  h o f  interval for 26  h in duplicate 
cultures o f  each iso late and the m ean values w ere plotted on the graph.
T able 3.2 G eneration tim e o f  th e  E. coli isolates in  m edia containing both the m arine and 
freshw ater m easured in  grow th cu rve experim ent.

E. coli test 
isolates

D oubling tim e o f  grow th at 25°C  and 120 rpm
Sea water I Freshwater

S-8 40 min 57.2 min
S-10 60 min 66.67 min
S -l I 57.75 min 40 min
S-13 41.1 min 50 min
0157:H 7 46.67 min 46.67 min

3 .5 .3  A d a p ta t io n  o f  m a r in e  E . c o li  iso la te s  to  h ig h  sa lt  c o n c e n tr a tio n s
The E. co li  isolates, during screening for salt tolerance, form ed characteristic cell to cell 
agglutination pattern in  m edia containing higher salt concentrations (F ig 3 .14). The culture o f  
iso lates grow ing in  0.85%  and 3.0%  sea salt m edia (SSM ) did not sh ow  any m icroscopic  
difference upon 24  h o f  incubation. A ll the ce lls  w ere m otile and actively grow ing. In m edia  
containing 5.0%  sea salt, the cultures o f  the isolates form ed clum ps w ithin 24  h. The m icroscopic  
exam ination w as done for each  o f  the culture o f  different SSM  on day-7 upon incubation. A ll the
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iso la tes sho w ed  agg reg ation  and  syn thesized  ce ll-c lum ps in 5 .0%  SSM . H uge num bers o f  
p lank ton ic  ce lls  w ere  also  observed  in th e  b ro th . T he  c lum ps ten ded  to  se ttle  a t th e  bo ttom  o f  the 
cu ltu re  vessels. In the  m ed ia  con ta in in g  7 .5%  sea salt, la rger cell c lum ps w ere  observed  w ith  
decreased  nu m b er o f  p lank ton ic  cells. T he iso late  S-8 and  S -l 1 form ed cell c lu m p s w ith  sticky 
ap p earan ce  and  th read -like  structures w ere  v iew ed  un der m icroscope , w h ich  d isappeared  in 
10.0%  SSM . Iso la te  S - l0 show ed sim ilar c lum ping  in 7 .5%  an d  even  in 10.0%  SS M  as it 
sho w ed  in  cu ltu re  o f  5 .0%  SSM . T he o n ly  chan ge  found  is the  decreasin g  p lan k to n ic  cells. T he 
iso late  S - l 3 fo rm ed  b rittle  film  o f  ce lls  floating  a t the  a ir-cu ltu re  in terface in 7 .5%  and  10.0%  
SSM . T h e  p lank ton ic  ce lls  o f  S -l 3 w ere  also  com p ara tive ly  lo w er com pared  to  o th e r iso la tes in 
7 .5%  SS M  an d  a lm o st nil in  10%  SSM . T he floating  film s w ere larger an d  in tensified  in 10%  
SS M . A  clin ica l 0 1 5 7 :H 7  stra in  w as k ep t as con tro l, w h ich  sho w ed  m od era te ly  s ticky  th read -like  
ap p earan ce  in 5 .0%  S S M , w h ich  in tensified  in  7 .5%  SSM  and surprising ly  d isappeared  in  10.0%  
SS M . P lan k to n ic  ce lls  w ere  found in 10%  SS M  as w ell.

5% N aC l 7 .5% N aC l 10% NaCl

ooI
CO

Ic/o

t "
X

o

Fig. 3.14 Microscopic observation of salt tolerant E. coli isolates in media o f different salt concentrations 
upon 7 d o f incubation at room tem perature.
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3.5.4 Fish as a secondary host in environment
This study w as performed w ith green fluorescent protein (G FP) marked E. co li iso lates in 
laboratory m esocosm s, w hich revealed significant bacterial association w ith fish  (H eteropneustes 
fo ss ilis )  supplied in the m esocosm . Surface water film , sedim ents, as w ell as phytoplankton  
rhizoids a lso  contained a  high proportion o f  test organism s as com pared to bulk water, whereas 
the bacterial load on fish skin corresponded to that o f  surrounding water. The bacterial load in the 
water body w as assessed  for a w eek  and at the end o f  the w eek, m ost o f  the bacterial isolates  
tended to decline in  the water body (Fig. 3.15). There w as a sharp decline o f  D U M 10 in the water 
body on fifth day, after the day at w hich the last fish  w as taken out o f  the m esocosm  for 
dissection.

Fig. 3.15 Graphical presentation o f survival o f E. coll strains in microcosm.
A dhesin gen es w ere detected in the test isolates by PCR. The regulatory gene csg A  w as present 
only  in D H 5a, whereas the gene for ty p e l fimbriae w as absent on ly  in the D U M 5. The afimbrial 
adhesin gene afa  w as detected in D U M 5 and 0 1 5 7 :H 7  strains. N on e o f  the test strains w as found  
to  be s/a  and p a p  positive w hen screened for adhesion-related gen es b y  PCR. A ssessm ent o f  
hydrophobicity o f  the four E. coli test strains did not show  any significant difference as measured  
in the form  o f  partition coefficien t betw een aqueous suspension and a solid  hydrophobic phase. 
Quantitative biofilm  form ation assay using all the four isolates reflected a  correlation betw een  the 
presence o f  afa  gene and the potential to form biofilm  on polystyrene m icrotiter plates.
N o  signs o f  colonization  by D U M 5, D H 5a or 0 1 5 7 :H 7  strains w ere detected in the fish  gut. 
H ow ever, fish intestinal content o f  D U M 10 containing m icrocosm  had an E. co li load o f  2 .0 x l0 6 
cfu /g, indicating colonization  and active growth o f  the bacterium. This particular iso late did not 
p ossess green fluorescence, but R ep-PCR analyses revealed that the gfp-marked D U M 10 strain 
and the bacterium isolated from  the respective fish  gut belonged to the sam e clon e  (Fig. 3.16), 
indicating loss o f  the pG LO  plasm id w hile translocating from water to fish  gut.
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Fig. 3.16 Rep-PCR genomic fingerprint analysis of E. coli strains. L anel and 7 represent 1 kb DNA 
ladder and lOObp plus DNA ladder respectively. Lanes 2, 3, 5 and 6 contain rep-PC R bands o f DUM5, 
DUM10, 0157:H 7 and DH5a correspondingly. Lane 4 contains rep-PCR band o f the bacterium  isolated 
from fish gut.
T h is  find ing  ind icates an  assoc ia tion  betw een  env ironm en tal E. co li  s tra in s and  aquatic  biota. Fish 
co u ld  be a  p o ssib le  rese rv o ir fo r the  con tinuo us load o f  en teric  bacteria  like E. co li  in w ater. T his 
c o u ld  be an  a lte rn a te  exp lan atio n  fo r the  p resence o f  E. co li in  w ate r bo dy  w ith ou t recent fecal 
d ischarge.

3 .6  E n v ir o n m e n t a l  E . c o l i  i s o la t e s  c r o s s - r e a c t in g  w i t h  a n ti -S h ig e l la  s p p .  a n t is e r a
3 .6 .1  S c r e e n in g  o f  sero lo g ic a l c ro ss -r e a c tiv e  iso la te s  b y  s lid e  a g g lu tin a tio n  test
E nv ironm en ta l iso la tes, w h ich  h ad  been  identified  as  E. co li  u sing  b iochem ical p ro file  index, 
w ere  screened  fo r the  detection  o f  c ro ss-reac tiv ity  to  57w ge//a-specific antisera. F resh  overn ight 
N A  cu ltu res  w ere  sub jec ted  to  slide agg lu tina tion  te s t w ith  com m ercia lly  ava ilab le  g rou p  and  
ty pe-spec ific  Sh ig e lla  an tise ra  kit. O u t o f  140 iso la tes, 69 sho w ed  agg lu tina tion  w ith  8 po ly valen t 
an tise ra  belong ing  to  a ll the  fou r Sh ig e lla  serogroups (T ab le  S 3.6). T ho se  w ere  fu rth er screened 
w ith  m on ovalen t an tise ra  fo r the  detection  o f  type specific  c ross-reac tion . S lide agg lu tin a tio n  test 
o f  the  s tra in s  varied  am ongst the  iso lates. T h is  te s t revea led  th a t 20  (13% ) iso la tes w ere 
serogrouped  as S h ig e lla  dysen teriae  an d  show ed m on ovalen t agg lu tin a tio n  w ith  d ifferen t 
sero types, 17 (11% ) iso la tes serogrouped  as Sh ig e lla  f le x n e r i,  37  (25% ) serogrouped  as Sh ig e lla
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boydii and 6 (4%) as Shigella sonnei (Fig. 3.17). All the isolates showed agglutination with 
specific monovalent Shigella antisera. Thirty isolates were found to agglutinate with polyvalent 
Shigella serogroups but did not react with specific monovalent antisera. Amongst the total 69 
isolates, 27 showed cross-reactivity with multiple Shigella serogroups (Table 3.3).

Fig. 3.17 Serological cross-reactivity pattern o f the E. coli isolates with anti-Shigella spp. antisera; 13% 
of E. coli isolates were cross-reactive with S. dysenteriae, 11 %  with S. flexneri, 25%  with S. boydii, 4%  
with S. sonnei and 47%  were non cross-reactive.

T able 3.3  E. coli isolates from  environm ental w ater sam ples show ing m ultip le sero-cross- 
reactivity (slide agglutination) w ith  Shigella  serogroups and serotypes (asterisk **’ designates 
confirm ation by W estern blot analysis).

Isolate
code

Serogroups Isolate
code

Serogroups

y  3/8 A l* , B* y  2/10 A l* , C
y  7/12 A l* , B , C2* y2/14 B *, C*, C l
9  2/7 B * ,C (J 8/11 A , A l ,  C
P 4/2 A *, B*, C s 1/6 A l* , C *, C l*
a  9/1 A l ,  B* y  7/5 A l ,  C
r 2/10 A * ,A 1 ,B * ,C * , C2* a  6/7 A *, C3*
r 5/6 A ,C 1 * ,C 2 * P 10/7 C 3*, D*
a  1/7 A 1 ,B * ,C * a  5/6 C * ,D
s 1/5 B*, C *, C l S-10 A * ,C
a  7/6 B , C2 83 B * ,C *
a  2/3 B ,C 3 * 2 B * ,C
r 4/4 C l* , C2* 85 C * ,C 1*

a  10/2 C * ,D * P 8/8 A *, C *, C3*
a  6/1 B , D*
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W e s te rn  b lo t a n a ly s is  o f  L P S  o f  E. co li iso la te s  
c ro s s - re a c t iv e  to  S h ig e lla  sp p . s p e c if ic  p o ly v a le n t an tise ra  (D en k a  S e ik en , Jap an )

P o ly v alen t A P o ly v alen t A 1 P o ly v alen t B P o ly v alen t C
S-12 S-10 a6/7 a6/2 ($8/8 a2/12 a9/6 a2/8 s4/l 1 a l /7  P4/2 83 fJl/3 a !3 /4  y2/14 s l/5

■ i

P o ly v a len t C l  P o ly v a len t C 2 P o ly v alen t C3 P o ly v alen t D
Iso2 S -l 85 r5/6 r4/4 r5/6 S - l l  S -l 01/3 91 r5/3 a4/3 alO/2 010/7

6 * mm

Fig. 3.18 W estern blot analysis o f LPS extracted from environm ental E. coli isolates by anti -Shigella spp. 
polyvalent antisera.
Although strains o f  Shigella spp. show certain type o f  antigen on its surface unique to its 
serotype, it has been reported that some E. coli strains show cross-reactivity with multiple 
Shigella spp.-specific antisera. In this study, a number o f  E. coli isolates were identified to cross- 
react with anti -Shigella spp. antisera, a few o f  those were not reported earlier. Some o f  the E. coli 
isolates were concurrently cross-reacting with multiple antisera. List o f  the isolates showing 
cross-reactivity to multiple antisera are given in Table 3.3 and the overall serological results are 
presented in Table S3.6.
The serological cross-reactivity was screened by slide agglutination test and then confirmed by 
Western blot analysis (Figs. 3.18 and 3.19) using polyvalent and monovalent commercial antisera 
(Denka-Seiken, Japan) specific to Shigella sero-groups and -types respectively.
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M onoclonal antibody against M onoclonal antibody against
Shigella, sonnei Phase 1 Shigella, sonnei Phase IIPositive Positivecontrol a4 /3  a5/6 a6 /l a l0 /2  p9/l P 10/7 5 74  30 M  conlrol „4/3 a5/6 06/I  o l0 /2  09/1 010/7 5 74 30

W hole
cell
protein
extract

Positive Positive
control a4/3 a5/6 a6 /l a l0 /2  P9/1 p i 0/7 5 74 30 M  controi  a4/3 a5/6 a 6 /l a l0 /2  P9/1 plO/7 5 74 30

C ellu lar
LPS
cxtract

Fig. 3.19 W estern blot analysis of total protein and LPS extracted from environm ental E. coli isolates 
cross-reacted with anti-Shigella sonnei monovalent antisera.

3 .6 .2  C h a r a c te r is t ic s  o f  c ro ss -r e a c tiv e  E . c o li  iso la tes

3 .6 .2 .1  B io c h e m ic a l c h a ra c ter is tic s
Altogether 69 different E. coli isolates have been tested by using API 20E biochemical strips. 
Most o f  the isolates showed more than 90% identity with typical E. coli. Detailed sugar 
fermentation and amino acid decarboxylation pattern o f the isolates were tested. M ost o f  the 
isolates were positive for arabinose, sorbitol and mannitol. They varied in sucrose fermentation 
and the majority o f  these isolates could not ferment inositol. Most o f  the isolates were lysine and 
ornithine decarboxylase positive and arginine dihydrolase negative. The result has been presented 
in Table 3.4.
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Table 3.4: API 20E biochemical profile index o f the E. coli isolates.
API20E  
code

Isolates Significant taxa 
identified

%ID

1144552 o 6 / l l ,  l .S -1 Escherichia coli 1 99.1%
1044562 B4/2 Escherichia coli 1 93.8%
1044552 a l4 /9 , 11, Q l/3 ,5 Escherichia coli 1 96.3%
5144572 S-10, a6/7 , S 1/6, a9/6, a l3 /4 , y4/9, 

a  10/2, 78, 85, B10/7, B9/1
Escherichia coli 1 99.5%

5144152 S -1 2 ,y 7 /5 ,a 4 /3 Escherichia coli 1 97.7%
5044552 S4/9, B 8 /8 ,66, a  3/5 Escherichia coli 1 99.8%
1144550 R2/10 Escherichia coli 1 97.7%
5144512 a6/2 , B 8 /1 1, o l4 /1 9 ,77/12, a5/6,74 Escherichia coli 1 98.1%
5144722 a  2/12, B3/8 Escherichia coli 1 97.9%
5144552 6, S-5, y3/8, a2/8 , y2/14, a 6 / l ,  83, 

B l/3 ,3 0
Escherichia coli 1 99.9%

5044553 a  1/7, a7/6 , Q2/7, 2, iso-2, R4/4, 
S 1/1 .R 5/6

Escherichia coli 1 94.7%

5044542 r2/lo Escherichia co li 1 98%
5044562 S4/9, a  2/3, S-8, S 4 /11 Escherichia coli 1 99.8%
1144552 a  10/4, 81 Escherichia coli 1 99.1%
5044472 a  5/4, S-3, S l/5 Escherichia coli 1 99.9%
5044120 _y6/4 Escherichia coli 2 92.3%
3044552 B10/13 Escherichia coli 1 96%
1144152 R5/3 Escherichia coli 1 91%
1144152 91 Escherichia coli 1 91.7%
7044500 a9/1 Escherichia coli 2 89%

3.6.2.2 Observation of virulence-associated properties of the cross-reactive isolates
The cross-reactive isolates p ossess a potential for use as probiotics for protection against 
sh igellosis. So, the virulent properties are important character to assess their potentiality, viability  
and acceptability o f  the iso lates as protective vaccine agent. M ultiplex PC R  assay has been used  
to detect nine different pathogenic gen es in the isolates. A ll the isolates were PC R -negative for 
any o f  the nine gen es assessed.
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3.6.2.3 Plasmid profile analysis
The plasmid profile o f  the cross-reactive E. coli isolates was determined. Heterogeneous plasmid 
pattern were observed in most o f  the isolates. Out o f sixty nine isolates, thirty seven contained 
plasmid. The size o f  the plasmid bands ranged between 250 bp and 43.6 kbp. Twelve isolates 
harboured multiple plasmids. A representative plasmid profile o f  agarose gel has been given in 
Fig. 3.20.

10000
8000
6000

Fig. 3.20 Representative plasmid profile of the cross-reactive E. coli isolates (Lane-1: supercoiled DNA 
ladder, Lane-2-19: Plasmid profile o f different E. coli isolates and Lane- 20: 35 Kb DNA ladder).

3.6.2.4 Observation of adhesin genes of the cross-reactive isolates
Adhesive properties are important factors contributing to initial attachment o f  the bacteria to 
epithelium, either intestinal or extraintestinal surfaces, followed by colonization. The isolates 
were screened for the presence o f  adhesin genes. Detection o f  pancreatitis associated protein 
(pap), afimbrial adhesin (afa) and S-fimbrial adhesin (sfa) gene was performed by multiplex 
PCR. Only the isolates a6/7 and S-8 gave a band which is approximately 328 bp which indicated 
the presence o f pap gene. No band appeared for two adhesin (afa and sfa) genes o f  pathogenic E. 
coli for any o f  the isolates.
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Curli is a unique group o f thin, coiled and fibrous structures found on bacterial surface which is 
necessary for adhesion o f  many members o f  Enterobactericeae. Almost 95% o f the isolates under 
study were found to contain a gene specific for the structure (csgA) and for one o f  the regulator 
genes (crl) o f  curli expression. Three isolates; s l/6 , s4/l and 1 gave negative results for both the 
crl and csgA genes. Isolate 1 and S l/5  were crl gene positive but csgA negative, whereas S-3 
possessed csgA without crl. The rest o f  the isolates were both csgA and crl positive. 
Representative figures for the agarose gel electrophoresis o f  crl and csgA genes are presented in 
Fig. 3.21 and Fig. 3.22 respectively.

1 2 3 4  5 6 7 8 9 10 11 12 13 14 15

Fig. 3.21 Representative agarose gel of crl gene PCR product of E. coli isolates (Lane-7: 1 kb plus DNA 
ladder, Lane-1 and 2: positive control, Lane-3: negative control and lane-4 through 15: crl PC R  product 
o f different E. coli isolates).

1 2 3  4  5 6 7 8 9  10 11 12 13 14 15 16 17 18 19 20

w 2071
81500
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21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

Fig. 3.22 Representative agarose gel o f csgA gene PCR product o f E. coli isolates (Lane-10 and  30: 1 kb 
DNA ladder, Lane-1: positive control, Lane-2: negative control and lane-3 through 40: csgA PC R  product 
o f different E. coli isolates).
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Escherichia coli is  o n e  o f  th e  m o s t  im p o rta n t o p p o r tu n istic  p a th o g e n s  in  d e v e lo p in g  
co u n tr ie s  lik e  B an g la d esh . Y et its  d e tec tio n  an d  so u r c e  tra ck in g  m e th o d s  a re  n o t  w e ll  
d ev e lo p ed . C onstant m o n ito r in g  o f  th e  occu rren ce  an d  su rv iv a b ility  o f  th e  b a c ter iu m  in  th e  
n atu ral aq u atic  e n v ir o n m e n ts  m ay  p red ic t  su ch  a d a p tiv e  ch a n g e s  a n d  a s s e s s  v u ln era b ility  
to  E  co /j-asso c ia ted  e p id e m ic s  a n d  ou tb reak s. M on itorin g  o f  th e  a q u a tic  sa m p le s  for E. coli 
p ath ova rs th ro u g h  m o lecu la r  track in g  w ill h e lp  in  se a so n a l r isk  a s s e s s m e n t  a lo n g  w ith  
d etec tin g  reg io n a l d is tr ib u tio n  p a ttern  an d  tem p o ra l f lu c tu a tio n s  o f  th e  v iru lo ty p es . E. coli 
h a s  lo n g  b e e n  u sed  a s  an  in d ica to r , b u t rep o rts  o n  its  a d a p ta tio n  an d  su rv iv a l in  
en v iro n m en t in tro d u ces  sk ep tic ism  for fu rth er u se  a s  in d ica to rs . W ell p la n n ed  
ex p er im en ts  an d  o b se r v a tio n s  m ay  p rov id e  an  o p p o r tu n ity  to  e x p la in  so m e  o f  th e  
m y ste r ie s  co n cern in g  th e  occu rren ce , a d a p ta tio n  an d  e x te n d e d  su rv iv a l o f  E  coli in  aq u atic  
en v iro n m en t a n d  th e  d eb a te  o v er  th e  cred ib ility  o f  E. coli a s  an  in d ica to r  o f  feca l p o llu tio n  
p articu larly  in  tro p ica l cou n tr ies .
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4. DISCUSSION
4.1 Occurrence and prevalence o f f .  coli in aquatic systems
G lobal estim ates ind icate that each  year, m ore than 120 m illio n  c a ses  o f  gastrointestinal 
d isea ses  are cau sed  b y  sw im m in g  and bathing (S h u va l, 2 0 0 3 ). In recen t years, th ere  has 
been  an in creasin g concern  about the sanitary quality  o f  b each  sand and its  potentia l 
in flu en ces o n  w ater quality  o f  intertidal zo n e  and o n  p u blic  health  (W hitm an and N ev ers, 
20 03 ; Y am ahara e t  a l ,  2 0 0 7 ; H ean ey  e t a l. , 20 09 ; W hitm an e t a l., 2 0 0 9 ). O n the other  
hand, nearly 1.1 b illio n  p eop le  in  th e  w orld  are lack in g  a cce ss  to  sa fe  drinking w ater, and  
m o st o f  th em  are liv in g  in  d eve lop in g  countries (W H O , 2 0 0 9 ). In th ese  areas, u n safe  
drinking w ater, m o stly  the surface w ater sou rces contam inated  b y  w aterborne pathogens, 
p o se s  d isastrous risk to  p u b lic  health . M illio n s  o f  p eo p le  d ie  annually  from  
ep id em io lo g ica l d isea ses  due to  u n safe  drinking w ater (B o sch i-P in to  e t  a l. , 2 0 0 8 ). 
Therefore, m on itorin g  o f  w ater quality  is  an urgent issu e for im p rovin g  g lob a l a cce ss  to  
clean  water, and thereby p rotecting p u blic  health  and sa v in g  liv es . E sch erich ia  c o li  is  
co m m o n ly  found as norm al m icroflora in  the hum an gastrointestinal tract (G ill e t a l ,  
2 0 0 6 )  and is  in tricately  in v o lv ed  in  th e  liv e s  o f  hum ans. E. c o li  iso la tes  cau sin g  serious  
illn ess  in  hum ans are associa ted  w ith  at least s ix  d istinct d isea se  presentations (K aper e t  
a l ,  20 04 ; Sm ith  e t a l ,  2 0 0 7 ). T he first task o f  th is study w a s to  track E. co li and m onitor  
potentia l path ogen ic ty p es  o f  E. co li  in  tropical aquatic sy stem s cov erin g  a  n ation w id e  
area and to  u se  d ifferent tracking approaches.
4.1.1 Molecular tracking of E. coli in aquatic envionment
In  th is study, J liC -P C R  w a s perform ed for tw o  d ifferent purposes. T he first o n e  is  a 
gen era lized  tracking m ethod , w h ich  in v o lv ed  J liC  g en e  am p lification  in  D N A  from  w ater  
filtrate, pre-enriched  and enriched  cultures. M u ltip le  bands appeared ind icating presence  
o f  d ifferent E. c o li c lo n e s  (F ig . 3 .1 ) . T he prim ers u sed  in  th is study a lso  am p lified  J liC  
g en e  o f  S h igella  spp., K le b sie lla  pn eu m on ae  and Salm onella  en terica  (F ig . 3 .2 A ) and thus 
Southern b lo t hybridization  w a s perform ed (F ig . 3 .2 B ) to  track E. co //-sp e c if ic  J liC  bands. 
T h e sp ec ific ity  o f  th e  D IG -lab eled  J liC -probe w a s  ch eck ed  and found to  h yb rid ize  E. co li 
and m ost Sh igella  spp. (exc lu d in g  S. sonnei). M o st o f  the J liC  g e n e s  am p lified  in  
environm ental sam p les w a s a lso  hybrid ized  b y  th e  probe in d ica tin g  p resen ce  o f  o n ly  E. 
co li-S h igella  group in  the aquatic system s.
4.1.2 Prevalence o f f .  coli diarrheagenic virulotypes
M u ltip lex  P C R  assa ys for d etectin g  diarrheagenic E. c o li h ave b een  u sed  earlier for  
c lin ica l sp ec im en s (N gu y en  e t a l., 2 0 0 5 )  and environm ental iso la tes. I h av e  u sed  
m u ltip lex  P C R  fo r  d ie  environm ental m onitoring o f  E. co li  v iru lotyp es that ev a d es  the 
traditional iso la tio n  procedure and o ffers a  prom pt, easy , and reliab le m eth od  to  estim ate  
w ater-related  health  risks. D N A  extracted from  direct w ater filtrates (P ) w ere a ssessed  for  
the p resen ce  o f  n in e  v iru len ce-associa ted  g en es  o f  E. coli, b ut n on e o f  th e  sam p les w ere  
fou n d  to  b e  p ositiv e . T he concentration  o f  path ogen ic E. co li  strains in  the w ater sam p les  
m igh t b e  b e lo w  the d etectio n  lim it o f  the P C R  m ethod; therefore, three d ifferent 
enrichm ent procedures w ere  u sed  to  enrich  E. co li  v iru lotyp es in  the w ater sam p les. Pre­
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enrichm ent (P E ) culture m ed iu m  that d id  n ot contain  an y  se lec t iv e  agen t w a s m ore  
e ffe c t iv e  for d etection  o f  E. c o li  harbouring the e ltB  and v t l  v iru len ce g en es , w h ile  b ile  
salt and streptom ycin  suppressed th o se  viru lotyp es. E. c o li  harbouring th e  estA , v t2 , and  
eaeA  v iru len ce g e n e s  w a s se lec t iv e ly  enriched  in  b ile  salt-enrichm ent (B S E ) m edium . The  
reduction  in  the num ber o f  p o sit iv e  sam p les for these three g en es  in  PE cultures co u ld  be 
exp la in ed  b y  overgrow th  o f  n on-enteric bacteria present in  w ater sam p les, w h ich  reduced  
th e  proportion o f  E. c o li  in  the culture b eyond  the P C R  d etection  lim it. In th is study, the  
d etectio n  lim it o f  the m u ltip lex  P C R  assay  w a s  ch eck ed  and it w a s  fou n d  that the ratio o f  
viru lent to  avirulent E. c o li strains m u st be at least 1:104 to  obtain  p o sit iv e  P C R  reaction  
(F ig . S 3 .3 ). T he p C V D  and ip a H  g en es  w ere m o stly  d etected  in  the streptom ycin- 
enrichm ent cultures (S E ). It can  b e  assu m ed  that the E A E C  and EIEC viru lotyp es (or  
S h igella  spp .) are m o stly  streptom ycin  resistant and thus se lec t iv e ly  enriched  in  th e  SE . 
T h ese  E. c o li strains m ig h t grow  s lo w ly  and b e  outcom peted  in  P E  and B S E  m edia.
E. co li i s  th e  m o st com m o n  p athogen  am on g travellers w ith  diarrhea (T aylor and  
Echeverria, 1986). A m o n g  the E. co li v iru lotyp es, the EPE C  and E T E C  viru lotyp es are 
the m ost im portant in  term s o f  the total diarrheal ep iso d es g lo b a lly  (S ch m id t e t a l ,  1997). 
The E T E C  viru lotyp e is  an im portant cau se o f  diarrhea in  the d eve lop in g  w orld , w here  
there is  inadequate su p ply  o f  c lean  w ater and p oor sanitation (Q adri e t  a l ,  2 0 0 5 ). The  
E T E C  viru lotyp e h as a lready b een  reported to  cau se  en d em ic  diarrheal d isea se  in  
B a n glad esh  (A lb ert e t a l., 1999; Qadri e t a l., 2 0 0 0 ). Surface w ater sou rces in  B angladesh , 
in  both  rural and urban areas, are h ig h ly  contam inated  w ith  th e  ET EC  viru lotyp e. In 
another study, ET EC  strains w ere  iso la ted  from  c lin ica l sam p les as w e ll a s  from  32%  o f  
w ater sam p les obtained  from  th e  p on d s, rivers, and la k es around around the c ity  o f  D haka  
and from  the M atlab rural fie ld  area in  B angladesh , w h ere cholera w a s en d em ic  (B egu m  
e t a l., 2 0 0 5 ). In th is study, m ore than 60%  o f  th e  surface w ater sam p les w ere found to  be  
contam inated  w ith  th e  ET EC  viru lotype. T he d ifferen ces m igh t sim p ly  b e  d u e to  
increased  contam ination  in  recent years or b ecau se rivers and se a  b each es are m ore 
vu lnerab le to  contam ination  com pared to  iso la ted  p onds and lakes. T he enrichm ent 
p rotoco ls u sed  in  the study probably in creased  the target organ ism s to  a b o v e  th e  
d etectab le lim it. In th is study, est4 -h arbou rin g EPE C  strains w ere m o stly  fou n d  in  c ities  
and industrial areas. A ll th e  f iv e  industrial s ites  harboured both  the estA  and e ltB  g en e  o f  
E T EC . Out o f  n in e  sea  b each es, four s ite s  harboured estA  a lon e  and tw o  s ite s  harboured  
both  estA  and eltB . estA  harboring ET EC  w ere a lso  prevalent in  h ig h ly  populated  areas as 
e ig h t o f  11 s ite s  harboured th e  estA  and eltB  g en e  pair. E A E C  is  reported to  cau se  
sporadic diarrhea in  B angladesh , particularly in  ch ildren  (Q adri e t a l., 2 0 0 5 ) , as w e ll  as in  
M e x ico , C h ile , and Iran (N ataro e t  a l ,  1987; C ravioto e t a l., 1991; B ouzari e t a l ,  1994; 
H eu velin k  e t a l., 19 95 ). H ow ever , th is v iru lotype w a s th e  lea st prevalent typ e  fou n d  in  
th is experim ent, although  an increase in  th e  p reva len ce o f  E A E C  w a s ob served  in  the  
w inter. E A E C  w a s fou n d  both  in  h igh ly  populated  com m ercial and tourist s ites  as w e ll as  
in  rivers in  rem ote v illa g es . EH E C  strains are n ot co m m o n  p ath ogen s in  B angladesh  
am on g h osp ita lized  patients w ith  diarrhea. T h ese  strains w ere fou n d  in  on ly  9  ou t o f  4 1 0  
ch ildren  in  a  h osp ita l study in  B angladesh  (Islam  e t  a l. , 2 0 0 7 ). S om e research fin d in gs are 
availab le  on  diarrheal ep id em ics in  the country, but m ost o f  th o se  are from  region al and
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1996; d a  S ilv a  and da S ilv a  L eite , 2 0 0 2 ; M arques e t a l ,  2 0 0 3 )  or cy to to x ic  n ecrotizing  
factor typ e  2  (P eres e t a l., 19 97 ). In  th is study, P C R  w a s u sed  to  d etect a ll th e  presently  
k n ow n  E. c o li ccfr-alleles to  determ ine th e  frequency and distribution o f  cd t  am on g the 
natural w ater b o d ies  in  B angladesh . M o st o f  the PC R -prim ers w ork ed  p erfectly  w ith  the 
environm ental D N A  sam p les to  am p lify  c d t  g en es. A  fe w  incorrectly  s ized  products w ere  
a lso  produced  in  the cdt-IA  PCR . T h ese P C R  p roducts m igh t h av e  ev o lv e d  from  c d t  gen e-  
clusters through accum ulating d e le tion s or m utations and from  n o n sp ec ific  am p lification  
o f  sim ilar gen es in  other bacterial sp ec ie s  present in  th e  environm ent. B o th  the  
d eletion s/m utations in  c d t g en e  c lu ster (B an g  e t  a l ,  2 0 0 3 ) and in terspecies seq u en ce  
id en tity  in  C d tA  and C dtB  has b een  reported (H ey w o o d  e t a l ,  2 0 0 5 ). In th e  p resent 
in vestigation , a  range o f  v iru len ce  g en es  in clu d in g  to x in  g en es  o f  d iarrheagenic E. co li 
w ere detected , but co ex is ten ce  w ith  cc/f-a lleles cou ld  n ot b e  dem onstrated.
4.1.4 y7/C-genotyping, a tool for epidemiological investigation
T o m on itor the presen ce o f  E. co li  outbreak strains as w e ll as em ergen ce o f  n e w  E. co li 
H -typ es, the present study w ith  ^7/C -sequence gen o ty p in g  cou ld  serve  as a  routine  
p rotoco l in  ep id em io lo g ica l su rveys. In th is study, H 4  w a s  fou n d  to  b e  the m o st  prevalent  
H -typ e. T hough  a  n e w ly  d escribed  ep id em ic outbreak strain w a s fou n d  to  carry the H 4  
a lle le  (a  G erm an outbreak in  2 0 1 0  b y  th e  ST E C  0 1 0 4 :H 4  strain), n o n e  o f  our 
environm ental iso la tes  p o ssessed  any o f  the S h ig a  tox in  g en es . A nother ST E C  outbreak  
serotype, H 25 w a s  fou n d  as the secon d  m o st prevalent type in  this study. A n  H 7  iso la te  
w a s  a lso  found, w h ich  is  usu ally  kn ow n  as the m o st com m o n  ST E C  serotype. T h ese  H -  
ty p es  w ere k n ow n  to ca u se  severe h em oly tic  u rem ic syndrom e (H U S ), bu t in  th is study, I 
cou ld  n ot id en tify  g e n e s  for sh iga  to x in s  in  any o f  th e  H 4, H 25 or H 7 iso la tes. In ca se  o f  
enrichm ent cu ltures, I fou n d  v iru len ce-associa ted  g en es  in  d ifferent sam p les but this  
cou ld  n ot b e  correlated w ith  th e  j l i C  H -types. T h is approach can  a lso  b e  adopted  w ith  
other environm ental sam p les, fo o d  or sp ecim en s for rapid source tracking and m onitoring  
distribution o f  outbreaks and id en tify in g  em ergin g and ev o lv in g  H -serotypes.
4.2 Adaptation, survival and growth potential o f E. coli in aquatic systems
Several stu d ies h av e  a im ed  at understanding o f  the grow th  potentia l o f  E. co li in  
environm ents through sim ulated  fie ld  (e .g ., m eso co sm ) o r  direct in -situ  experim ents  
(B yappanahalli and F ujioka, 2 0 0 4 ; B yappanahalli e t a l ,  2 0 0 6 ; Ish ii e t  a l., 2 0 0 6 ; W hitm an  
e t a l ,  2 0 0 6 ). R ecen t reports ind icate that in d igen ou s E. co li  strains gro w  better than non- 
in d igen ou s or transient strains, em p h asiz in g  that the in d igen ou s strains are better adapted  
to  the environm ental con d ition s (Ish ii e t a l ,  2 0 0 6 ).
4.2.1 Salt-tolerance of E, coli
O n e part o f  th is study a im ed  to  iso la te  salt-tolerant E. co li  from  m arine w ater sam p les and  
to  a ssess  their survival potential in  m arine water. T he study w a s in itia ted  b y  recovery  o f  
E. c o li  iso la tes from  tw o  d ifferent m arine sources o f  the B a y  o f  B en g a l. M o st o f  the  
iso la tes  w ere id en tified  w ith  m ore than  99%  sim ilarity  w ith  the ta x o n  E. c o li 1 (typ ica l E. 
co li), though  th ese  iso la tes  h av e  sh ow n  so m e  m inor d iscrep an cies in  reaction  patterns. 
T he iso la te  S -1 0  sh ow ed  m an n ose n ega tive  and S -8  sh o w ed  rham nose n ega tive  reactions,
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w h ich  w ere in  contrast o f  typ ica l E. co li  reaction  patterns. T he iso la te  S - l  3 sh o w ed  62 .1%  
and 35 .6%  sim ilarity  w ith  the taxa E. c o li  1 and E. c o li  2  (a typ ica l) resp ective ly . T h e p er  
cen t ID  le ss  than 80%  is  usu ally  n ot con sidered  as satisfactory id en tification , but th e  A PI 
20 E  p ro file  d id  n ot su ggest any other taxon  for the iso late. For the confirm atory  
id en tification  o f  S -1 3 , 16S rR N A  g en e  seq u en cin g  w a s  d on e, w h ich  sh ow ed  >98%  
seq u en ce sim ilarity  w ith  E. c o li strains, and h en ce  confirm ed  it as E. co li. For the  
su rvivab ility  study o f  th ese  iso la tes, natural freshw ater (lak e D h an m on d i) and m arine  
water (K o lato li p o in t at C o x ’s B azar) w ere  u sed  w ith ou t an y  nutrient supplem ents. It has 
been  reported (G o n za lez  e t a l. , 19 92 ) that the predation o f  en teric bacteria is  the 
dom inating factor in  their d isappearance from  m arine and freshw ater aquatic eco sy stem . 
M oreover, a num ber o f  stu d ies sh ow ed  that E. c o li  cou ld  su rvive lon ger  in  the a b sen ce  o f  
p rotozoa in estuarine and m arine habitats (M cC am bridge and M cM eek in , 1981; Sorensen  
e t a l. , 19 99 ) b ecau se  it  i s  n o t an e ffec tiv e  com petitor in  se a  w ater. In  th is  stu d y, w e  h ave  
em p lo yed  filtration  fo llo w e d  b y  au toclavin g  to  ster ilize  the natural w ater. T he b en efic ia l 
e ffe c t  o f  au toclav in g  the w ater resu lted  in  inactivation  or destruction  o f  b acteriophages  
and predators. T hus the antagon istic  and com p etitive  relationsh ip  as w e ll  a s  com m en sa l 
interaction  w ith  other bacterial populations w a s  absent in  th e  experim ental m icrocosm . 
G en erally , under op tim al con d ition s, the generation  tim e o f  E. c o li  is  18 -2 0  m in u tes at 
37 °C . T o  determ ine the gen eration  tim e and to  an a lyze  th e  grow th  rate at h ig h  salin ity , a 
grow th  cu rve exp erim ent w a s perform ed for th e  iso la tes a lon g  w ith  a  c lin ica l control 
iso la te , E. c o li  0 1 5 7 :H 7 . T he com parison  o f  generation tim e in  natural freshw ater and 
m arine w ater at 25 °C  m igh t h e lp  us to  predict the adaptive p oten tia l o f  m arine E. co li 
iso la tes  in  their aquatic environm ent. T he iso la tes, S -8 , S -1 0  and S -13  sh o w ed  shorter 
dou b ling  tim e in  m ed ia  contain ing m arine w ater (sa lin ity  3.4% ) than that o f  freshw ater, 
w h ich  in d icates that th ese  iso la tes m igh t h av e  adapted to  m arine w ater. T here i s  a lready a  
considerab le num ber o f  reports for E. co li 0 1 5 7 :H 7  su rvivin g in  m arine w ater and w ith  
cap ab ility  to  m u ltip ly  in  ster ilized  m arine w ater (M iy ag i e t a l ,  2 0 0 1 ). In a  w ater  
m icro cosm  study, E. c o li  0 1 5 7 :H 7  survived  for m ore than 12 w ee k s  at 8 °C  and for 7  to  
12 w ee k s  at 2 5 °C  (W an g and D o y le , 19 98 ). T he grow th rate o f  E. c o li  0 1 5 7 :H 7  w as  
unaffected  b y  the salin ity , w h ile  another m arine iso la te , S - l  1, sh o w ed  lon ger  dou b ling  
tim e in  m ed ia  co n sistin g  o f  m arine w ater than freshw ater, w h ich  can  b e  exp la in ed  as a 
partial adaptation (or tolerance) to  salin ity . T h is iso la te  m igh t h av e  b een  d isp o sed  recen tly  
to  the m arine en viron m en t com pared  to  the other three iso la tes. E. c o li  h as n ever  been  
con sidered  as h a lop h ilic  organ ism , but the h igher grow th  rate o f  E. c o li iso la tes  in  m arine  
w ater su g g ests  n ot o n ly  their to lerance or adaptation but a  p o ssib le  adaptive d ep en den ce  
o f  salin ity. M icrob es d eve lop  a  variety  o f  traits for su rvival, and grow th  in  natural 
environm ents. S o m e o f  th ese  traits in clu d e spatial separation or iso la tio n , se lec tio n  o f  
h ab itat-sp ecific  strains, and the ab ility  to  u tilize  d iverse  organ ic substrates and com p etin g  
under extrem es o f  environm ental factors. T he fin d in gs o f  th is study reveal that E. co li 
strains h av e  already b een  adapted to  the sa lin e con d ition  o f  the m arine environm ent; 
though  their em erg in g  adaptive m ech an ism s are y et to  b e  explored .
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G ordon and C o w lin g  (2 0 0 3 )  in cluded  so m e  k ey  p h enom en a about E. co li reservoir, it 
stated  that the sp ec ies  w a s  m ore co m m o n ly  d etected  in  m a m m a ls , le ss  frequently  in  birds, 
and in frequently  in  f ish , frogs, and reptiles. A quarium  experim ents w ith  fish  im m ersed  in  
w ater con tain in g vary in g  d en sities o f  E. c o li  in ocu lu m s revealed  that h igher le v e ls  o f  
w ater contam ination  resu lted  in  h igher le v e ls  o f  E. c o li  in  gu t con ten ts (H an sen  e l  a l., 
2 0 0 8 )  su gg estin g  that fish  can  b e  con sidered  as a  vector for E. c o li  rather than a  reservoir. 
A  m icrocosm  stu d y w a s perform ed in th is study w ith  gfp-m arked strains w h ich  revealed  
sign ifican t bacterial asso cia tio n  w ith  fish  (H eteropn eu stes fo s s i l is )  gut. S u rface w a ter  
film , sed im en ts, as w e ll as phytop lankton ic rh izo id s a lso  con tained  a  h igh  proportion o f  
test organ ism s as com pared  to  b u lk  water. The bacterial lo ad  o n  th e  fish  sk in  
corresponded to  that o f  surrounding water. N o  s ig n  o f  co lon iza tion  b y  th e  test iso la tes  
D U M 5 , D H 5 a  or 0 1 5 7 :H 7  cou ld  b e  detected  in  the fish  gut. H ow ever , in  D U M 1 0  
con ta in in g  m icro cosm , fish  intestinal content harboured an  E. co li lo ad  o f  2 .0 x  106 c fu /g , 
in d icating  co lon iza tion  and activ e  grow th  o f  the bacterium  in  the fish  gut. T h is particular 
iso la te  d id  not p o ssess  green  flu orescen ce , but R ep -P C R  and R A P D  an a lyses revealed  
that the gfp-m arked D U M 1 0  strain and th e  bacterium  iso la ted  from  the resp ective  fish  gut 
b elo n g ed  to  th e  sam e c lo n e  (F ig . 3 .1 6 ), ind icating lo ss  o f  th e  pG L O  p lasm id  w h ile  
translocating from  w ater to  fish  gut. T h is fin d in g  in d icates a  p o ss ib le  ad h esion  and  
associa tion  b etw een  environm ental E. co li  strains and aquatic b iota . F ish  m igh t b e  a 
probable reservoir for th e  constant lo ad  o f  E. co li  in  water. T h is cou ld  b e  an alternate 
exp lan ation  for the p resen ce o f  E. c o li in  w ater b od y w ith out recent feca l d isch arge. I 
a im ed  to  correlate th is asso cia tio n  w ith  the p h ysico ch em ica l ad h esion  property as w e ll as, 
p resen ce  o f  d ifferent ad h esin  g en es  in  the test E. co li  iso la tes. T he h yd roph obicity  o f  the  
four E. c o li  test strains w a s m easured , in  the form  o f  partition co e ffic ien t b etw een  
aq u eou s su sp en sion  and a  so lid  hydrophobic p h ase, n o  sign ifican t d ifferen ce  b etw een  
iso la tes  cou ld  b e  found. Q uantitative b io film  form ation  a ssa y  reflected  a  correlation  
b etw een  the p resen ce o f  afa  g en e  and the potentia l to  form  b io film  on  abiotic  
(p o lystyren e) surfaces. T h e afim brial ad h esin  g en e  a fa  w a s d etected  in  D U M 5  and  
0 1 5 7 :H 7  strain. N o n e  o f  the test strains w a s fou n d  to  b e  sfa  and p a p  p o sit iv e  w hen  
screen ed  for adhesion-related  g en es  b y  PC R . T he regulatory g en e  csgA. w a s present on ly  
in  D H 5 a , w h ereas the g en e  for type-1 fim briae w a s  absent o n ly  in  D U M 5 . T he interesting  
fin d in g  o f  D U M 1 0  sh ou ld  b e  further in vestigated  in  relation  to  co lon iza tion  factors and 
m u ltip lication  in  the fish  girt.
4.3 Environmental E. coli isolates with potential as probiotics strains or 
vaccine candidates against shigellosis
Diarrheal d isea se  con tin u es to  b e  a  lead in g cau se  o f  m orbidity and m ortality particularly  
in  the tropical countries, and is  ranked as th e  fourth m o st com m o n  cau se o f  death (M urray 
and L op ez, 1997). S h ig e llo s is  is  an im portant cau se am on gst the diarrheal deaths; cau sing  
an estim ated  163 m illio n  ca ses  o f  d ysen tery annually and 1 m illio n  deaths w orld w id e, 
predom inantly in  ch ildren  in  d ev e lo p in g  countries (K o tlo ff  e t a l., 1999). In contrary o f  
other d iarrheagenic d isea ses , sh ig e llo s is  cannot b e  treated b y  s im p le  rehydration. A n
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antib iotic  generally  cures the d isea se  but th is treatm ent is  o ften  im peded  b y  the 
em ergen ce  o f  resistant strains and b y  th e  e x c e ss iv e  c o s t  in  con cern ed  countries. P robiotic  
products seem  to  b e  p rom isin g in  th is resp ect (d e  V rese  and M arteau, 2 0 0 7 ). W ith  the  
progress o f  iso la tion , a  num ber o f  su spected  E. c o li iso la tes  w ere obtained  that sh ow ed  
sero log ica l cross-reactiv ity  w ith  Sh igella -sp ec ific  h ig h ly  sen sitive  m on ovalen t and 
p o lyva len t antisera. B ioch em ica l p rofilin g  u sin g  A P I 20 E  id en tification  k it a lon g  w ith  
gen otyp ic  characteristics o f  the iso la tes  w a s in vestigated . T h e se  iso la tes  m ig h t p o sse ss  
traits to  b e  u sed  as prob iotics, add itionally  h av in g  v a cc in e  potentia l aga in st Sh igella  
in fection . O ut o f  140 environm ental E. co li iso la tes, 6 9  sh ow ed  p o s it iv e  slid e  
agglutination  w ith  S h igella -specific  p o lyva len t an d  m on ovalen t anti sera (F igs. 3 .1 8  and  
3 .1 9 ). T w en ty  sev en  iso la tes w ere found cross-reactive w ith  m u ltip le  antisera  
concurrently (T ab le 3 .3 ). S ero lo g ica lly  cross-reactive environm ental E. c o li  iso la tes  w ere  
subjected  to  m olecu lar an a lyses to  a ssess  their potentia l as prob iotics. M u ltip lex  PC R s 
w ere perform ed to  facilitate detection  o f  E. co li  and S h igella  spp. sp ec if ic  v iru len ce  
g en es. N o n e  o f  th e  iso la tes w ere found to  contain  any o f  the gen es asso cia ted  w ith  
v iru len ce properties. PC R  an alysis w a s a lso  conducted  for the d etectio n  o f  so m e  adhesin  
g en es  com m o n ly  found in  E. co li, w h ich  are required for prim ary ad h esion , adsorption, 
receptor m ed iated  attachm ent and co lo n iza tio n  o n  ab iotic  or b io tic  surfaces. C urli are the 
m ajor proteinaceous com p on en t o f  a co m p lex  extracellu lar m atrix produced  b y  m an y  
m em bers o f  E nterobacteriaceae, to  be the en v e lo p e  structure o f  m ajor im portance for  
surface co lon iza tion  (V id a l e t  ah , 1998). A lm o st 95%  o f  th e  iso la tes o f  th is stu d y w ere  
fou n d  to  contain  cu rli ad h esin  {c r l and csg A )  g en es  and h en ce w ere ab le to  exp ress  curli 
fim briae. P h en otyp ic exp ressio n  o f  curli w a s  a lso  ob served  o n  co n g o  red m edium . 
M u ltip lex  P C R  w a s a lso  perform ed for the d etection  o f  p a p , a fa  and sfa  ad h esin  g en es  
norm ally  exp ressed  b y  uropathogenic and diarrhea-associated  E. co li  strains. O n ly  2 
iso la tes, a 6 /7  and S -8  g a v e  a  p o sit iv e  reaction  for the p a p  g en e . N o  iso la tes  w ere  fou n d  to  
contain  a fa  or sfa  ad h esion  g en es. T hrough the observation  o f  p h en otyp ic  and sero log ica l 
characteristics, it can  b e  con clu d ed  that the environm ental iso la tes w ere id en tified  as E. 
co li, w h ich  w ere sero lo g ica lly  related to  four S h ige lla  serogroups. T he lack  o f  v iru len ce  
g en es  in  th e  environm ental iso la tes  and sero log ica l cross-reactiv ity  co u ld  m ak e them  
potential candidates for d evelop m en t o f  prob iotic  strains or v a cc in e  cand idates against  
sh ig e llo s is . E xperim ents regarding the safety  o f  the iso la tes sh ou ld  a lso  b e  perform ed. 
T heir p reven tive e ffe c t  o f  cross-protection  sh ou ld  a lso  be exam in ed  in  anim al m o d e ls  to  
a ssess  their potentia l as sa fe  and e ffe c t iv e  p rob iotics and v a cc in e  candidates.
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5 CONCLUDING REMARKS
Three to  five  billion cases o f  diarrhea w ere reported in 1992 to occur annually, w ith  
approximately 2 .6  m illion  diarrhea-related deaths w orldw ide (Lim a and Guerrant, 1992). But 
a  recent review  (Fischer W alker e l a l. , 20 12 ) revealed that about 5 b illion  ep isodes o f  diarrhea 
occur in children alone annually, w ith 3.2 b illion  cases in Southeast A sia . Although  
diarrheagenic agents are known to  be food- and waterborne, information about the influence 
o f  clim atic factors or the occurrence and prevalence o f  the d isease agents in surface waters is 
lim ited (Row land, 1986). The findings o f  this study m ight contribute to  the data vacuum  that 
presently exists.
5 .1  T r a c k in g  E . c o li  in  a q u a t ic  sy stem

•  In this study, natural aquatic system s w ere monitored to detect the presence o f  E. coli. 
Forty s ix  sites w ere selected, including both freshwater and marine origins, covering  
rivers and sea beaches at h ighly populated urban and rural areas, industrial regions, 
tourism sites as w ell as rem ote v illages. M olecular tracking through j l iC -PCR  
fo llow ed  by Southern blot analysis successfu lly  tracked the bacterium in water, 
assisted by the use o f  n ew ly  designed novel pre-enrichment and enrichm ent m edia to  
resuscitate those to  a detectable limit.

•  Occurrence and prevalence o f  diarrheagenic E. co li  virulotypes w ere assessed  in 46  
different sites covering a large part o f  Bangladesh in three su ccessive  seasons. A ll the 
five  diarrheagenic virulotypes w ere detected by m ultiplex PCR but w ith varying 
degrees o f  prevalence. EPEC and ETEC w ere found as the predominant virulotypes. 
Temporal fluctuations and regional distribution patterns for each o f  the virulotypes 
were identified, and differences in virulotype distribution betw een freshwater and 
marine water w ere recorded. B ecause o f  the lack o f  proper health care facilities in 
rem ote areas and the occurrence o f  m any unreported hom e-treated cases where 
hospitalization is not available, a com parative analysis w ith clin ical cases could  not be 
performed in the relevant regions. H ow ever, our observations on the distribution and 
prevalence o f  E. co li virulotypes m ay assist in assessing seasonal risk and identifying  
vulnerable areas o f  the country prone to E. coli-associated outbreaks.

•  Prevalence o f  cytolethal distending toxin  (Cdt)-producing E. co li w as also studied in 
the sim ilar sam pling sites by PCR targeting five  different E. co li-cdt a lleles (cd t I  to 
V). This virulotype w as previously reported to be associated w ith diarrhea in 
Bangladesh. In this study, cdt-IA  w as the m ost prevalent gene detected fo llow ed  by  
cdt-IIA  in both freshwater and m arine sites. cdt-IVB  and cdt-VA  were a lso  detected in 
certain freshwater and marine sites. cdt-III, cdt-VB  and cdt-V C  were detected in 
freshwater sites only. The prevalence o f  these genes w as found to be influenced by 
the salinity o f  the water sam ples. N o  correlation betw een diarrheagenic E. coli 
virulotypes and cd t  a lle les w as observed.
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•  Outbreaks with E. co li are alw ays associated w ith certain 0 :H  types. j? /C  genotyping
could  replace traditional serotyping and additionally cover typ ing o f  nonm otile,
spontaneously agglutinating and n ew ly  evo lv in g  strains. This study encom passes  
adoption o f  j?/C -genotyping to investigate water sam ples for outbreak strains 
bypassing bacterial isolation. H 4 w as the m ost prevalent H -type found in randomly  
selected  sam ples fo llow ed  by H 10. A  number o f  environm ental E. c o li iso lates were  
also  included in  this study and they depicted sim ilar prevalence pattern. The method  
can be adapted for ep idem iological investigations especially  during em ergency  
outbreaks and to track mutated and em erging H -types.

5.2 Coining adaptation and survival o f f .  coli in aquatic systems
•  The study also attempted to  isolate, identify and characterize E. co li iso lates from

natural aquatic system s. A  group o f  marine E. co li  iso lates w ere exam ined to
determ ine the survivability and growth rate in natural waters. E, co li is  generally not 
considered as halophilic but the higher growth rate o f  certain ‘m arine’ E. co li isolates  
in  marine water suggests a possib le adaptation to salinity. These iso lates a lso  show ed  
extrem e salt tolerance. These findings reveal that E. co li strains have already been  
adapted to the saline condition o f  the marine environment; although their adaptive 
m echanism s are yet to be explored.

•  Another m icrocosm  study w as performed w ith g£>-marked E. co li strains which  
revealed significant bacterial association  with fish  (H eteropneustes fo ss ilis ) gut. The 
test isolate, D U M 10 could co lon ize  and actively growth in  the fish gut. This finding 
coined a possible adhesion and association betw een environmental E. co li and aquatic 
biota. Fish m ight be a possib le reservoir for constant loading o f  E. co li in water.

•  W ith the progress o f  isolation  techniques, a  number o f  suspected E. co li iso lates were 
obtained that show ed serological cross-reactivity w ith Shigella-specific  h ighly  
sensitive m onovalent and polyvalent antisera. The E. co li iso lates have structural O- 
antigenic sim ilarity w ith that o f  Shigella  spp., as confirm ed by W estern blot analysis. 
T hese iso lates p ossess a  potential as live sh ige llosis vaccine candidates. Experim ents 
on  the safety and cross-protection capability are yet to be performed to  a llow  safe 
probiotic administration or preventive vaccine agents.
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7. APPENDICES

T h is  se c t io n  d e a ls  w ith  th e  su p p le m e n ta r y  in fo rm a tio n  to  th e  th e s is .  A p p en d ix  I an d  II 
co n ta in  th e  m e d ia  c o m p o s itio n , fo rm u la tio n  o f  r e a g e n ts  an d  r e a c tio n  m ix ers . A p p en d ix  III 
an d  IV s o le ly  e n te r ta in e d  th e  su p p le m e n ta r y  in fo rm a tio n  to  th e  r e s u lt s  se c t io n . T he  
se c t io n  is  a lso  a v a ila b le  on lin e:
http ://ved1egg.n ih .no/7 id32d2d43faed979h0fe24h31H 02ffl285b .
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APPENDIX I: 
RECIPE OF MEDIA USED IN THE STUDY

Preparation o f  stock reagents and solutions has been given in this chapter. Preparations o f  working 
reagents or dilutions

A m ino acid decarboxylation test: Amino acid 5g/L, Yeast extracts 3 g/L, Glucose 1.0 g/L, 
Bromophenol purple 0.02 g/L and pH adjusted to 6 .1.
A rginine D ehydrolase M edium : Peptone 1.0 g/L, NaCl 5.0 g/L, K 2 HPO 4  0 .30 g/L, Arginine HC1
10.0 g/L, Phenol red 0.01 g/L, Agar 3.0 g/L and pH adjusted to 7.2.

B rain  heart infusion broth: C alf brain infusion solids 12.5 g/L, b eef heart infusion solids 5 .0  g/L, 
peptone 10.0 g/L, glucose 2 .0  g/L, sodium chloride 5 .0  g/L, di-sodium phosphate 2.5 g/L.
C arbohydrate ferm entation m edium : Tiypton 10g/l, N aCl 5 g/1, Sugar 5 g/1, Phenol red 0 .02 g/1 and 
pH adjusted to 7.3.

D eoxycholate citrate agar (DCA): Lab-lemco powder 5.0 g/L, peptone 5.0  g/L, lactose 10.0 g/L, 
sodium citrate 5.0 g/L, sodium thiosulfate 5.0 g/L, ferric citrate 1.0 g/L, sodium deoxycholate 2 .5 g/L, 
neutral red 0.025 g/L and agar 15 g/L.

H ectoen  enteric agar (H E): Protease peptone 12.0 g/L, yeast extract 3.0  g/L, Lactose 12.0 g/L, 
Sucrose 12.0 g/L, saiicin 2.0 g/L, B ile  salt (no. 3) 9 .0  g/L, sodium chloride 5.0 g/L, sodium thiosulfate
5.0  g/L, ammonium ferric citrate 1.5 g/L, acid fuchsin 0.1 g/L, bromophenol blue 0 .65 g/L, agar 15.0
g/L.
L ysine D ecarboxylase Broth: Yeast extract 3.0 g/L, G lucose 1.0 g/L, Lysine 5.0 g/L, D ye solution 2 
mL

L uria  B irtani B roth  (LB): Bacto tryptone 10.0 g/L, Yeast extract 5.0 g/L, NaCl 10.0 g/L, NaOH  
(IN ) 1.0 mL g/L and pH adjusted to 7.0 ±  0.2.
K ligter’s Iron A gar (K IA ): B ee f extract 3.0 g/L, Yeast extract 3.0  g/L, Peptone 15.0 g/L, Protease 
peptone 5.0 g/L, Lactose 10.0 g/L, Dextrose 1.0 g/L, Ferrous Sulfate 0.2 g/L, Sodium Chloride 5.0  
g/L, Sodium Thiosulfate 0.3 g/L, Phenol Red 0.024 g/L, Agar 15 g/L, Distilled water 1 liter with 
adjusted final pH7.4 ±  0.2.
M acC onkey A gar N o. 3  (dehydrated premixed media from O xoid, UK): peptone 20 .0  g/L, lactose
10.0 g/L, bile salts 1.5 (N o. 3 ) g/L, N aCl 5.0 g/L, neutral red 0.3 g/L, crystal violet 0.001 g/L, and agar
12.0 g/L.
M R -V P broth: Peptone 7.0 g/L, Dextrose 5.0 g/L, K2HPO4 5.0 g/L and pH adjusted to 6.9.
M uller-H inton agar: B eef extract 2.0  g/L, bacto casamino acid 17.5 g/L, starch 1.5 g/L, agar 17.5 
g/L.
M otility  In d ole U rea  (M IU ) M edium : Peptone 30.0 g/L, KH 2 PO4 2 .O g/L, Sodium chloride 5 .0  g/L, 
Phenol red 0.005 g/L, Urea 20 .0  g/L, Agar 4 .0 g/L, Distilled water 1 L with adjusted final pH7.2 ±  0.2.

N utrient A gar (NA): peptone 5.0 g/L, NaCl 5.0 g/L, b eef extracts 3.0 g/L, agar 15.0 g/L Mid pH 
adjusted to 7.0.

S im m on’s C itrate Agar: NaCl 5.0 g/L, MgSO.iO.2 g/L, N H 4P O 4 1.0 g/L, K 2H PO 4 1.0 g/L, Sodium  
citrate 2.0 g/L, Agar 15.0 g/L, Distilled water 1 L with adjusted final pH 6 . 8  ±  0.2
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T1N1 Soft A gar: Trypticase 10.0 g/L, NaC! 10.0 g/L, Agar 2 .0 g/L and pH adjusted to 7.5.

X ylose Lysine deoxycholate (X L D ) agar: Yeast extract 3 .0  g/L, L-lysine 6.0 g/L, X ylose 3.75 g/L, 
Lactose 7.5 g/L, Saccharose 7.5 g/L, sodium deoxycholate 2.5 g/L, ferric ammonium citrate 0.8  g/L, 
sodium chloride 5.0 g/L, phenol red 0.8 g/L, agar 15.0 g/L.

APPENDIX II: 
REAGENTS AND CHEMICALS USED IN THE STUDY

Preparation o f  stock reagents and solutions has been given in this chapter. Preparations o f  working 
reagents or dilutions were made from these stocks.

A. REAGENTS USED IN GENERAL
1. Normal saline

Prepared by dissolving 0.85 g  NaCl in 100 mL o f  distilled water and sterilized by autoclaving 
upon adjusting pH at 7.5.

2. 3M NaCl
175.3 g  o fN a C l was dissolved in distilled water to a final volum e o f  1 L and autoclaved.

3. 10M NaOH
40 g  o f  NaOH beads was dissolved in distilled water to a final volum e o f  100 mL and stored in 
airlock bottle.

4. Phosphate buffered saline (PBS)
8.0 g  o f  NaCl, 0.2 g  o f  KC1, 1.44 g  o fN a 2 H P 0 4  and 0 .24 g o f  K H 2P 04 were dissolved in 800 
mL o f  distilled water, pH was adjusted to 7.4 with HC1 and the final volum e was adjusted to 1 
L and sterilized by autoclaving.

5. 1 M tris-CI
121.1 g  o f  Tris base was dissolved in 800 mL o f  distilled water, pH was adjusted to desired 
value as required for different purposes with concentrated HC1 and the final volum e was 
adjusted to 1 L and sterilized by autoclaving.

6. 0.5 M EDTA
186.1 g o f  N a2E D T A .2H 20 and 20 g  o f  NaOH beads were dissolved in 800 mL o f  distilled
water, pH was adjusted to 8.0 with few  drops o f  10 M NaOH and the final volum e was
adjusted to 1 L and sterilized by autoclaving.

7. 3 M Na-acetate
40.81 g  o f  N a 2(C H 3C 00H ).H 20  was dissolved in 80 mL o f  distilled water, pH was adjusted 
to 5.2 with glacial acetic acid and the final volum e was adjusted to 100 mL. The solution was 
sterilized by autoclaving and stored at 4°C.

8. 10% SDS
10.0 g o f  SD S (sodium dodecyl sulfate) was dissolved in 80 mL o f  double distilled water and 
final volum e was adjusted to 100 mL. the solution was autoclaved sterilized and stored at 4°C.

9. TE buffer (pH 8.0)
TE buffer contained 10 mM Tris-CI (pH 8.0) and I mM EDTA, which was prepared by 
diluting and m ixing the stocks o f  1 M  Tris-CI and 0.5 M  EDTA in double distilled water.

10. TAE buffer (50x)
242 g  o f  Tris base, 57.1 mL o f  glacial acetic acid, 100 mL o f  0.5 M EDTA (pH 8.0) were 
dissolved in water to a volume o f  1 L. Working TAE buffer was made by adding 10 mL o f  this 
stock to 490 mL o f  distilled water.
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11. D N A  sta in ing solution
10.0 jiL o f  ethidium bromide solution was added to 100 mL o f  TAE buffer and stored in dark.

12. G el loading buffer
Six times concentrated loading buffer consisted o f  0.25% bromophenol blue, 0.25% xylene 
cyanol FF, 15% Ficoll, 0.5 ng/mL Rnase in PCR grade water.

13. M cFarland standard (0.5)
0.5 mL o f  1.175% (w /v) barium chloride dehydrate (BaC L2.2H 20) solution w as added to 99.5 
mL o f  1% sulfuric acid.

14. B radford reagent
A . Stock solution: 300 m g o f  Sorva blue G (Comassie G-20) was dissolved in 300 mL 
methanol. 600 mL o f  85% phosphoric acid w as then added and stirred w ell.
B. Test solution: 150 mL o f  the test solution was dissolved in 850 mL o f  distilles water. The 
solution w as then filtered with Whattman paper in dark onto a brown bottle.

15 . M eth y l red so lu tion
0.1 g m ethyl red w as m ixed w ith 300 mL o f  95% ethyl alcohol and 200 mL distilled  
water.

16. B a rr itt’s reagen t
Solution A  w as prepared by adding 5.0  g  alpha napthol with 95 .0  mL o f  absolute ethanol 
w ith constant stirring. Solution B w as prepared by 40 .0  g  potassium hydroxide, 0 .30  g  
creatine and 100 mL distilled water. KOH w as dissolved  in 75 mL od distilled  water. The 
solution became warm and it w as allow ed to coo l. Then creatin w as added and stirred to 
d isso lve. The solution w as stored at 4  °C.

17. K ovac’s  reagent
p-dim ethylam inobenzaldehyde was added w ith 75.0 mL o f  am yl alcohol and 25 .0  mL o f  
concentrated HC1.

B. R E A G E N T S U SE D  F O R  C H R O M O SO M A L  D N A  E X TR A C T IO N  
Solution 1
50 mM tris-HCl buffer (pH -7.5) was added with 20% (w /v) sucrose, 50 mM  EDTA and 20  
mg/mL lysozyme.
Solution 2
50 mM  NaCl, 1% (w /v) SDS and 200 jig o f  proteinase-k (5.0 nL from the 20 mg/mL stock  
solution).
P henol- chloroform  solution
Phenol-chloroform and isoamyl-alcohol solution mixed in ratios o f  25:24:1 respectively 
saturated by TAE buffer.

C . R E A G E N T S U SE D  F O R  PL A SM ID  D N A  E X TR A C T IO N  
Solution 1
25 mM Tris-Cl, 10 mM EDTA and 50 mM glucose in deionized water at pH 8.0.
Solution 2
Freshly prepared solution with 1% SDS and 0.2 N  NaOH  
Solution 3
60  m L o f  5M  Potassium acetate, 11.5 mL o f  glacial acetic acid were m ixed in 28.5 mL water 
and pH was adjusted to 4.8.
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D. REAGENTS USED FOR SDS-PAGE
1 . 30% acrylamide-bisaciylamide solution

Acrylamide 29.0 g
Bis-acrylamide l.O g
Distilled water 100 mL

2. Separating gel buffer (pH 8 .8 )
Tris base 18 .17 *
SDS 0.4 g
HC1 To adjust pH at 8 . 8

Distilled water Adjusted up to 100 mL

3. Stacking gel buffer (pH 6 .8 )
Tris base 6 . 1  g
SDS 0.4 g
HC1 To adjust pH at 6 . 8

Distilled water Adjusted up to 100 mL

4. 10% Ammonium peroxodisulphate solution dissolved in deionized water 
(freshly prepared or aliquote and freeze at -30°C)

5. 10% SDS dissolved in distilled water and sterilized by autoclaving and stored at 4°C.

6 . Sample loading buffer_________________ _________________________________
0.5M  Tris chloride (stacking 
gel buffer)

10.0 mL

SDS 10.0 mL
2 -mercaptoethano! 1 mL
Glycerol 10 mL
Distilled water 19.0 mL

7. Tracking  dye
Bromophenol blue 0 . 1  g
Distilled water 100.0 mL

8 . Electrop loresis buffer (pH 8.3)
Tris base 3.028 g
10% SDS 10.0 mL
Glycine 14.413 g
Distilled water Adjusted up to 1000 mL

9. Staining Solution (protein)
Coomassie Brilliant blue 
G 250

0 . 2  g

Glacial acetic acid 10.0 mL
Methanol 25 .0  mL
Distilled water 65 .0  mL

10. Destaining Solution
Glacial acetic acid 10.0 mL
Methanol 25 .0  mL
Distilled water 65.0 mL
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11. Protein Extraction (sample lysis) buffer

12.

13.

14.

)y ‘Costas’
0.5M  Tris chloride (stacking 
gel buffer)

70.0 mL

SDS 4.0 g
2 -mercaptoethanol 2  mL
Glycerol 20 mL
Distilled water Adjusted up to 100 mL

de) exraction (solubilization bu fer)
Stacking gel buffer 12.5 mL
10% SDS 30.0 g
2 -mercaptoethanol 5 mL
Glycerol 10 mL
1% Bromophenol blue 1.0 mL
Distilled water Adjusted up to 100 mL

Solubilization buffer-Proteinase K
Solubilization buffer (12) 30.0 nl
Proteinase K (200mg/mL) 5.0 nl

Composition o f  SDS-PAG 2  gel
Seperaiinggel (12.5%) 10.05 mL Stacking g e l (4.5%) 2.552 mL
Deionized water 3.2 mL Deionized water 1.5 mL
Separating gel buffer 2.5 mL Stacking gel buffer 0.625 mL
30% acrylamide 
bisacrylamide solution

4.2 mL 30% acrylamide 
bisacrylamide solution

0.375 mL

10% SDS 0.1 mL 10% SDS 0.05 mL
10% APS 40.0 ul 10% APS 1 0 . 0  ul
TEMED 1 0 . 0  n\ TEMED 2.5 ul

E.
1.

2.

REAGENTS USED FOR SILVER STAINING
Silver staining F ixing solution

Deionized water 55.0 mL
Methanol 40 .0  mL
Glacial acetic acid 5.0 mL

Oxidizin g solution
Glacial acetic acid lO.OmL
Methanol 25 .0  mL
Distilled water 65.0 mL
Periodic acid 0.7 g

3. Staining solution (freshly prepared and use within 5 min o f  preparation)
0.1 M N aO H 28.0 mL
Ammonium hydroxide 2.0 mL
2 0 % silver nitrate solution Drop w ise to achieve just 

saturation
Deionized water Adjusted to 150.0 mL

4. Developer solution
Citric acid 50.0 mg
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D issolved in Deionized water 1.0 L
Formalin 0.5 mL

Color stopper solution
1 0 % acetic acid 50.0 mL
Or Deionized water 50.0 mL

F.
1.

REAGENTS USED FOR WESTERN BLOT
Am ido Black straining solution

2. Blocking

Amido black O.lg
1 % acetic acid 100 mL

solution
Skim milk 2 . 0  g
PBS 100 mL

3. Phosphate buffered saline (PBS) pH 7.4 without adjustment
NaCl 8 . 0  g
KCI 0 . 2  g
N a2H P 04 1.44 g
K H 2P 04 0.24 g
Distilled water Adjusted up to 1.0 L

4. PBS Tween 20

5. 10% Sod

PBS 100 mL
Tween 20 1 0 0  nl

ium azide solution (preservative o f  antibody solutions)
N a azide 1 . 0  g
Distilled water 10.0 mL

6 . Transfer/B lot buffer
Methanol 250.0 mL
Tris base 3.6 g
Glycine 18.0 g
Deionized water 1.0 L

7. I OOmM Citrate buffer (pH 5.2)
Sodium citrate 2.94 g
Deionized water 100 mL
Glacial acetic acid To adjust pH to 5.2

8 . Substrate for HRP conjugate
DAB 5 m g tablet
lOOmM Citrate buffer 10.0 mL
Hydrogen peroxide 30 nl

9. 50mM  Tris-HCl (pH 9 .14)
Tris base 605 mg
Distilled water 20 mL
HC1 T o adjust pH at 9.4
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10. Substrate  for AP conjugate (Fast red)
A S-M X Naphthol Phosphate 1 0 . 0  mg
Fast red TR 2 0 . 0  mg
50mM Tris-HCI (pH 9.14) 10.0 mL

11. Alkaline phosphate buffer (pH 9.0)
Tris base 1.2114 g
NaCl 0.8766 g
0.05M  MgC12 2.0m L
HCI To adjust pH at 9.0
Distilled water Adjusted up to 100 mL

12. Substrate  for AP conjugate (NBT/BCiP
Alkaline phosphate buffer 
(pH 9 .0)

10.0 mL

N B T 6 6 . 0  til
BCIP 33.0 nl

G. REAGENTS FOR SOUTHERN BLOT HYBRIDIZATION
1. W ashing buffer <400 mL)_____________________________________

M aleic acid 4.64 g
NaCl 3.5 k
Tween 20 1.2 mL
Distilled water Adjusted up to 400 mL
pH Adjusted to 7.5

2. M aleic acid buffer (400 mL)
M aleic acid 4.64 g
NaCl 3.5 g
Distilled water Adjusted up to 400 mL
pH Adjusted to 7.5

3. Detection buffer (400 mL)
Tris base 4.8456 g
NaCl 2 .3376  g
Distilled water Adjusted up to 400 mL
pH Adjusted to 9.5

4. Depurination solution (1 L)
11 mL o f  HCI was added in 989 mL distilled water.

5. Denaturation buffer (400 mL)____________________________
NaCl 35.064 g
NaOH 8 . 0  b

Distilled water Adjusted up to 400 mL

6 . Neutralization buffer (400 mL)
Tris base 24.2 g
NaCl 35.064 g
Distilled water Adjusted up to 400 mL
pH Adjusted to 7.5
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D N A  transfer buffer, 20 x  SSC (1 L) pH 7.0
Tri-sodium citrate 88.23 g
NaCl 175.32 g
Distilled water Adjusted up to 1 L

D N A  hy jridization buffer (DIG D N A  hyb; Roche, Germany) for 100 mL
W orking solution Stock amount

5x SSC 20x SSC 25 mL
50 %  Deionized formamide Deionized formamide 50 mL
0.1% N-Lauroylsarcosine 1% N-Lauroylsarcosine 10 mL
0.2 % SDS 10% SDS 2 0 0  ul
2  % Blocking reagent Blocking reagent 2  mL
Deionized water Deionized water 13 mL

Reagents supplied with the DIG DN A  labeling kit

Vial 1: Unlabeled control D N A  1 
Vial 2: Unlabeled control D N A  2  
Vial 3: DN A  dilution buffer 
Vial 4: Labeled control DN A  
Vial 5: Hexanucleotide m ix  
Vial 6 : dNTP labeling mixture 
Vial 7: K lenow enzyme, labeling grade 
Vial 8 : Anti-Digoxigenin-AP conjugate 
Vial 9: NBT/BCIP  
Bottle 10: Blocking reagent

10. Blocking stock solution (lO x)
1 0  g  o f  blocking reagent was dissolved in m aleic acid buffer under constant stirring on a 
heated block at 65 °C to a  volum e o f  100 mL. The solution w as sterilized by autoclaving and 
stored at 4°C. W orking blocking solution was freshly prepared by dissolving the stock in 1:10 
dilution in m aleic acid buffer.

11. Antibody solution
Anti-Digoxigenin-AP conjugate (vial 8 ) was centrifuged for 5 min at 10000 rpm in the 
original vial and pipet the necessary amount to dilute at 1:5000 (150 mU/mL) in blocking 
solution.

12. Color substrate solution
40  |il o f  NBT/BCIP (vial 9) was added to 2 mL o f  detection buffer freshly prior to work and 
stored protected from light
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A PPEN D IX  II I  
(SU PPLEM EN TA R Y  IN FO R M A T IO N  T O  R ESU LT)

Fig. S3.1 M ap illustrating 46 different sampling sites in Bangladesh. The positions on the map were 
determ ined by Global Positioning System (GPS) and num bered, which corresponded to  the respective 
sam pling sites sum m arized in Supplem entary Table S I. The map has been adopted from banglapedia 
database 134].
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Table S3.1 List of the sampling sites with coordinate GPS positions and physicochemical
parameters measured in water samples.

Site Site
type

Season GPS Temp.
<*c>

pH Sal
(%.)

Cond.
(uS/cm)

TDS
(ppm)

DO
%

DO
(mg/ml)

1.Eagle ghat TRM W 20°55'23.22"N 24.2 6.52 27.1 42300 21200 51 4.40
S 92°16'9.72”E 31.2 7.53 37.2 55900 27900 73.4 5.42
R 28.6 8.11 1.5 28600 1439 76.0 5.89

2. Teknaf TRM W 20°50'48.44"N 23.6 6.68 34.1 52000 25900 55 4.82
S 92°16’17.64"E 33.6 8.28 37.2 56000 27900 85.4 6.02
R 29.0 8.20 25.2 39300 19720 84.0 6.60

3. Noakhali TRM W 20°54'46.50"N 24.7 6.72 33.9 51500 25800 59 4.83
S 92°13'33.72"E 34.4 8.60 37.1 55100 27800 139.7 9.81
R 28.5 8.16 0.2 346 171

I
89.0 6.90

4. Shilkbali TRM W 21° 3’19.08"N 26.1 7.36 22.4 35700 17800 114 9.15S 92° 9'6.24''E 32.7 8.54 36.5 55000 27300 88.7 6.34
R 29.1 8.27 27.2 42200 21400 85.2 6.61

5. Enani TRM W 2I°14'0.75"N 25.5 7.58 34.7 52400 26300 70.9 5.80
S 92° 2'40.92''E 34.5 8.48 35.9 54200 27000 88.3 6.18
R 29.4 8.42 27.9 43300 21100 88.2 6.75

6. Himchori TRF W 21021'18.12"N 24.8 8.96 0.1 206 103.4 65.5 5.45s 92°1'33.00"E 32.1 9.11 0.1 230 116 79.3 5.9
R 28.3 8.25 0.1 192.2 96.9 88.4 6.93

7. Laboni TRM W 21°25'32.22"N 25.6 7.85 33.7 51300 25600 62.9 5.03
point s 91°58'12.06"E 31.9 8.57 33.9 51700 25700 86 6.22

R 28.0 8.51 29.2 45100 29200 64.0 5.1
8. Kolatoli TRM W 21°24'12.69"N 25.3 7.35 33.7 51400 25700 60 4.8
point s 91°08’28.01"E 32.9 8.62 33.9 51200 25600 85.6 6.17

R 29.1 7.54 28.7 44500 22200 78 6.9
9. Kuakata TRM W 21°48'46.26"N 24.7 6.73 12.2 20700 10250 81.4 6.6s 90° r20.16"E 29.3 8.11 20.5 33000 16440 86.3 6.5

R 30.8 7.69 0.2 373 186.4 68.2 5.09
10. Mohipur HP W 21°51*2I.48,rN 23.9 6.94 12.2 20500 10240 79 6.4s 90° 729.04"E 29.3 7.93 21.7 34600 17290 75.7 5.66

R 30.3 7.59 0.4 895 441 58.1 4.34
11. Hazipur HP W 21°53'42.42"N 23.6 7.43 12.2 20300 10310 80 6.6s 90° 8'22.26"E 29.5 7.44 21.8 34700 17330 75 5.73

R 30.1 7.64 0.4 827 415 43.0 3.25
12. HP W 21°59'0.72"N 23.6 7.7 8.7 14940 7460 73 6
Khepupara s 90°13'3.84"E 30.9 8.33 20.7 33100 16550 70 5.10

R 30.5 7.43 0.6 1150 581 33.8 2.55
13. HP W 22°27'49.86',N 22.7 7.6 0.1 232 116.1 74.5 6.33
Lebukhali s 90°20'28.74,’E 31.1 8.68 0.1 171.7 85.6 71.8 5

R 29.6 7.19 0.1 160.9 80.4 30.0 2.25
14. Dobdobia HP W 22038,40.\4"N 22.3 7.58 0.1 248 123.8 77 6.6

s 90°20'35.88"E 31.4 7.63 0.1 164.7 82.9 75 5.42
R 30.2 6.76 0.1 163.4 81.7 29.0 2.18
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Table S3.1 (Continued) List of the sampling sites with GPS positions and
physicochemical parameters of water sample

Site Site
type

Season GPS Temp.
(°C)

PH Sal
(*•)

Cond.
(pS/cm)

TDS
(ppm)

DO
%

DO
(mg/ml)

15. HP W 22°21'40.68"N 23.1 7.7 0.1 255 127 73 6.12
Patuakbali S 90°21,0.12’,E 31.4 8.88 0.1 282 141.2 73.3 5.34
ghat R 30.3 7.28 0.1 165.4. 83.0 58 4.3
16. HP W 22°41'56.28"N 22.2 8.18 0.1 251 125.3 67 5.7
kirtonkhol S 90°22,32.52"E 29.8 8.52 0.1 155.9 77.9 87.3 6.59
a R 29.5 7.24 0.1 170.0 85.1 48.9 3.71
17. Aariai RV W 22045'52.56"N 20.9 7.7 0.1 253 126.4 75.6 6.77
kb a S 90°26,38.82”E 28.2 8.30 0.1 155.7 77.9 75.6 5.83

R 29.4 7.41 0.1 150.9 75.6 54.4 4.14
18. RV W 22°48'19.80"N 21.4 7.47 0.1 251 125.7 72 6.3
Kalabadar S 90°27'13.50"E 27.1 8.E6 0.1 148.1 74.1 81.3 6.43

R. 29.4 7.27 0.1 149.3 74.6 57.9 4.42
19. RV W 22°56'26.28,,N 21.3 7.56 0.1 241 120.7 73 6.40
Meghna s 90°38'21.00"E 27.6 8.16 0.1 141.1 70.5 76.5 5.93

R 29.6 7.83 0.1 129.9 65.0 56.3 4.27
20. HP W 23°15'20.82“N 21.7 7.38 0.1 215 107.4 60 5.27
Chandpur s 90°38'38.82"E 26.9 7.50 0.1 128.2 64.1 72.4 5.74
/ Dakatia R 29.6 7.24 0.0 109.5 54.8 54.3 4.13
21. RV W 23°2737.20"N 22.6 7.39 0.1 188.6 94.4 42.3 3.6
Dholeesho s 90°35'6.30"E 27.8 6.89 0.0 86.9 43.3 71 5.52
ri R 30.2 7.97 0.0 56.3 28.2 56.3 4.18
22. IC W 23°42'21.24"N 22.1 7.36 0.4 761 739 0.5 0.03
Buriganga s 90°24'27.06"E 26.1 6.78 0.3 635 317 27 2.08

R 29.8 7.69 0.1 156.8 78.4 50.2 3.80
23. Afra RV W 23°10’1.80'rN 19.4 6.17 0.3 662 331 81.2 7.60s 89°26'31.2Q"E 31 7.27 6.4 11230 5610 4 3.16

R 31.3 7.67 0.3 536 268 50.1 3.66
24. RV W 23° 9'44.58"N 20.3 6.21 0.2 461 231 86.3 8.1
Rupganj s 89°30'7.44”E 30.9 7.57 4.0 7350 3670 60.7 4.5

R 31.7 7.27 0.2 454 226 51.0 3.78
25. Kalna HP W 230H'38.94"N 20.0 7.8 0.2 359 179.8 97 8.84s 89°4l'21.96"E 30.3 8.01 0.9 1729 865 50.5 3.78

R 32.8 8.43 0.1 189.2 94.3 67.2 4.75
26. RV W 23° r51.12"N 20.2 6.95 0.2 440 245 77 6.9
Horidashp s 89°49’3.48’’E 31.8 7.80 0.2 429 215 49.1 3.58
ur R 31.1 7.7 0.1 181.7 90.8 60.7 4.40
27. Mollar RV W 22°55'53.10"N 20.7 6.87 0.2 429 215 89 7.87
hat s 89°48'27.36"E 31.4 7.92 1.8 3530 1767 60.3 4.41

R 30.7 7.47 0.1 190.9 95.4 66.5 4.95
28. TRM W 22°28'20.10"N 20.8 7.41 1.8 3440 1722 86.3 7.78
Mongla S 89°35’48.90"E 31.5 8.04 16.8 27400 13680 53.8 3.95
Port R 29.9 7.86 2.9 5380 2690 66.0 4.97
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Table S3.1 (Continued) List of the sampling sites with GPS positions and
physicochemical parameters of water sample.

Site Site
type

Season GPS Temp.
C O

pH Sal
(*•)

Coad.
(fiS/cm)

TDS
(ppm)

DO
%

DO
(mg/ml)

29. Rupsha IC W 22°46'38.22"N 21.4 7.6 0.3 668 334 76.4 6.84
S 89°35'10.38"E 33.8 8.3 16 26200 1310 53.1 3.75
R 31.4 8.70 0.2 351 175.2 67.9 5.06

30. HP W 23°2'11.64"N 20.2 7.68 0.5 1113 555 83 7.63
Nowapara S 89°23’40.92,’E 32.5 8.38 11.0 18630 9.31 45.1 3.25

R 31.6 7.95 0.4 777 388 57.2 4.17
31. Aricha HP W 23°46’14.64"N 16.8 7.97 0.2 371 185.7 95 8.86s 89°4?13.68"E 30.5 9.46 0.1 292 145.7 67.2 5

R 28.7 6.90 0.3 688 344 30.7 2.32
32. IC W 23°36'54.78"N 21.7 6.65 0.4 737 369 3.5 0.29
Narayanga s 90°30'20.64"E 32.8 7.97 0.2 509 254 33 2.47
nj R 31.1 6.10 0.1 161.5 80.6 43.2 3.18
33. IC W 23°42'10.86"N 217 6.60 0.3 718 355 12.1 1.01
Kanchpur s 90°30’59.88"E 30.8 6.9 0.2 428 214 35.2 2.57

R 32.0 8.50 0.1 193.4 96.6 30.3 2.19
34. RV W 23°38,58.02',N 19.5 6.9 0.1 130.2 65.2 89 7.84
Boidderbaz s 90°37'30.72''E 31 7.36 0.0 79.4 39.3 59.7 4.47
ar R 30.1 6.54 0.0 56.8 28.9 54.5 4.09
35. RV W 23°39'30.78"N 20.2 6.6 0.3 664 332 60.6 5.25
Nangolbon s 90°34'12.00"E 31 6.55 0.1 174.6 87.2 55.2 4.11
dh R 30.7 6.31 0.0 85.7 42.8 32.9 2.44
36. Narod RV W 24°23'59.10"N 24.7 6.3 0.4 759 373 18.5 1.48s 89° 0'32.10"E 34.4 8.1 0.6 1226 620 82 5.7

R 29.8 7.61 0.8 1577 788 40.4 3.15
37. Singra RV W 24°29’59.64,,N 23.4 6.95 0.1 150.5 75.3 84.5 6.84S 89° 8'22.62"E 33.9 8.9 0.1 147.6 73.8 93.7 6.64

R 30.6 7.33 0.0 72.3 36.1 46.9 3.50
38. Jamuna RV W 25<’18'52.68',N 23.5 6.8 0.1 276 137.8 88.8 7.25s 89°36'59.16"E 29.8 8.02 0.1 127.8 64 70.3 5.32

R 28.8 7.22 0.0 75.4 37.7 41.4 3.16
39. Kortoa RV W 24°5745.12"N 23.9 6.77 0.1 229 114.3 83.5 6.81s 89°20’48.60"E 34.3 6.53 0.1 145.3 72.6 67.7 4.70

R 31.3 7.2 0.0 73.1 36.5 43.6 3.19
40. Tista RV W 25°47'2l.72,,N 23.8 7.1 0.1 130.4 65.2 97.2 7.9s 89°26'11.88"E 28.7 8.13 0.0 80.2 40.1 68.8 5.31

R 27.1 8.49 0.0 63.3 31.4 43.4 3.43
41. Dharaia RV W 25°49'17.28"N 22.5 7.6 0.1 273 135.5 94 8.1s 89°39'53.52"E 28.5 8.0 0.1 213 106.3 72 5.56

R 27.7 6.86 0.0 99.6 50.0 45.7 3.58
42. Shurma IC W 24°53'16.38"N 21.7 7.94 0.1 297 152.7 51.9 4.51s 91°51'59.94”E 27.7 8.50 0.0 63.7 32.6 58 4.51

R 27.0 7.76 0.0 60.7 30.3 53.0 4.12
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Table S3.1 (Continued) List of the sampling sites with GPS positions and
physicochemical parameters of water sample

Site Site
type

Season GPS Temp.
C Q

pH Sal.
(X.)

Cond.
(|iS/cm)

TDS
(ppm)

DO
%

DO
(mg/ml)

43. Srigayan RV W 24°59’29.52"N 21.1 7.6 0.0 108.8 54.4 84 7.51
S 91°51'7.74"E 28.1 7.23 0.0 58.2 29.1 69 5.36
R 28.1 6.73 0.0 44.0 21.8 54.0 4.21

44. Kushiara RV W 24°50'15.42"N 22.8 7.1 0.1 213 106.7 87 7.33
s 92° 4'54.78-E 27.4 7.5 0.0 75.7 37.7 63 4.95R 26.5 6.36 0.0 62.0 31.0 49.5 4.10

45. Sonai RV W 24046'13.62"N 24.1 7.45 0.1 168.6 64.1 89 7.28s 92° 975.62T 29.8 6.67 0.0 56.6 28.4 64.8 4.88R 29.6 6.4 0.0 56.9 28.5 50.2 3.8
46. Madhab- TRM W 24038'17.58"N 16.3 8.1 0.1 262 132.2 72.3 6.65
kunda s 92°13’28.80"E 27.2 7.56 0.0 107.8 53.9 69 5.42R 28.3 7.02 0.0 89.3 44.5 71.5 5.39

•GPS, Global Positioning System; Temp., temperature; Sal., salinity; ConcL, conductivity; TDS, total dissolved 
solids; DO, dissolved oxygen; W, Winter; S, Summer; R, Rainy season; TRM, tourism site (marine); TRF, 
tourism site (freshwater); HP, highly populated area; IC, industrial site in a city; and RV, remote village site o f  
big rivers.

T a b le  S 3 .2  D eta iled  list  o f  v iru len ce g en es  id en tified  in  p re-enrichm ent and enrichm ent 
cultures b y  m u ltip lex  PC R  in  w ater sam p les from  4 6  d ifferent s ite s  in  three su ccess iv e  
season s.

Site Season D S P R BSE SE T ype o f  virulotypes  
present

1. E agle ghat Wc - eltB eltB estA eaeA pCVD ETEC EPEC EAEC
o
R - - eltB eaeA - ETEC EPEC

2. T ek n af Wc - eltB v tl - ETEC EHEC
j

R - - - - -

3 . N oakhali W * _ eaeA _ EPEC
S - - - - .

R - eltB eaeA - ETEC EPEC

4. Shilkhali W _ estA _ ETEC
S - - - - -

R - - - - -

5. Enani W _ eltB _ _ ETEC
S - - - ipaH EIEC
R - - - eltB ETEC
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Table S3.2 Detailed list o f virulence genes identified in pre-enrichment and enrichment
cultures by multiplex PCR in water samples from 46 different sites in three successive
seasons (Continued)

Site Season DS PE BSE SE Type o f  virnlotypes 
present

6. Himchori W eaeA eaeA eaeA EPEC
S - - - - -

R - eltB eaeA - ETEC EPEC
7. Laboni W _ eltB pCVD _ ETEC EAEC
point S - - - - -

R - - estA eaeA - ETEC EPEC
8. Kolatoli W _ . eaeA eaeA EPEC
point S - - - - -

R - - estA eaeA - ETEC EPEC

9. Kuakata W _ estA eaeA ETEC EPEC
s - - - -

R - - - eltB ETEC

10. Mohipur W _ eltB eaeA _ ETEC EPEC
S - - - estA ipaH ETEC EIEC
R - eltB eltB - ETEC

11. Hazipur W . eltB _ m ETEC
S - - - -

R - eltB eltB • ETEC

12. W _ eltB estA estA pCVD ETEC EAEC
Khepupara s - - - - -

R - eltB eltB eltB ETEC
13. Lebukhali W - eltB estA 

v t l  eaeA
eltB estA - ETEC EPEC EHEC

s - eltB eltB eaeA eltB ETEC EPEC
R - eltB eltB eltB ETEC

14. Dobdobia W - eltB estA 
v t l  eaeA

eltB estA eaeA - EPEC ETEC EHEC

s - eltB eltB eltB estA 
ipaH

ETEC EIEC
R - eltB eaeA - ETEC EPEC

15.
Patuakbali

W - eltB estA 
vt2 eaeA

eltB estA v t l  
eaeA

eaeA ETEC EPEC EHEC
ghat s - - eltB eltB ETEC

R - - eaeA ipaH EPEC EIEC
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Table S3.2 Detailed list o f  virulence genes identified in pre-enrichment and enrichment
cultures by multiplex PCR in water samples from 46 different sites in three successive
seasons (Continued)

Site Season DS PE BSE SE T ype o f  virulotypes  
present

16. B arishal 
ghat/

W - eltB estA 
eaeA

eltB estA eaeA eltB estA 
pCVD

ETEC EPEC EAEC

kirtonkhola s - - eltB eaeA - ETEC EPEC
R - eltB eltB eaeA - ETEC EPEC

17. A arial kha W _ eaeA eaeA EPEC
s - eltB - ipaH ETEC E1EC
R - - - - -

18. kalabadar W eaeA eaeA EPEC
S - eltB eltB ipaH ETEC EIEC
R - - - - -

19. M eghna W v t l  eaeA eaeA EPEC EHEC
S - eltB eltB - ETEC
R - - - - -

2 0 . W _ eaeA _ _ EPEC
ChaDdpur/ S - eltB - - ETEC
D akatia R - eltB - - ETEC

2 1 . W _ v t l  eaeA eaeA EPEC EHEC
D holeeshori S - eltB eaeA - ipaH ETEC EPEC EIEC

R - eltB - - ETEC
22. B uriganga W - eltB estA 

eaeA
eltB estA eaeA eltB estA 

eaeA
ETEC EPEC

S - eltB eaeA 
ipaH

eltB eaeA eltB ipaH ETEC EPEC EIEC
R - eltB ipaH eltB estA eltB ipaH ETEC EIEC

23. Afra W _ eltB v t l vt2 ETEC EHEC
s - - - ipaH EIEC
R - eltB - eltB ETEC

24. Rupganj W . . . . -

s ■ “ " estA eaeA 
ipaH

ETEC EPEC EIEC
R - eltB eltB eltB ETEC

25. K alna W _ eltB _ ETEC
s - eltB eltB eltB  pCVD  

ipaH
ETEC EAEC EIEC

R - eltB " “ ETEC

Appendices
XV

Dhaka University Institutional Repository



Table S3.2 Detailed list o f virulence genes identified in pre-enrichment and enrichment
cultures by multiplex PCR in water samples from 46 different sites in three successive
seasons (Continued)

Site Season D S PE BSE SE T ype o f  viruiotypes  
present

26. W - eaeA eaeA - EPEC
H oridashpur S - eltB eltB eaeA ipaH ETEC EPEC EIEC

R - - eltB eaeA - ETEC EPEC

27. M ollar hat W _ eltB eaeA _ ETEC EPEC
S - eltB - eltB ipaH ETEC EIEC
R - - - - -

28. M ongla W . eltB estA eaeA _ ETEC EPEC
Port S - - - ipaH EIEC

R - - eaeA - EPEC
29. R upsba W _ eltB eaeA estA ETEC EPEC

s - - - .
R - - eltB vt2 eaeA - ETEC EPEC EHEC

30 . N ow apara W . eltB estA estA _ ETEC
S - - - ipaH EIEC
R - - eltB vt2 eaeA - ETEC EPEC EHEC

31. A richa W - eltB estA 
eaeA

eltB estA eaeA - ETEC EPEC

S - - eltB eltB ETEC
R - eltB eaeA - ETEC EPEC

32.
N arayanganj

W - eltB estA 
eaeA

eltB estA estA v tl ETEC EPEC EHEC
S - eltB ipaH eltB eltB estA ETEC EIEC
R - eltB ipaH - eltB ipaH ETEC EIEC

33. K ancbpur W - eltB estA 
eaeA

estA eaeA estA ETEC EPEC
S - eltB eltB eaeA eltB ETEC EPEC
R - eltB eltB eaeA eltB ETEC EPEC

34. W _ eltB eaeA vt2 ETEC EPEC EHEC
B oidderbazar S - eltB eltB . ETEC

R - eltB - - ETEC
35. W _ eltB _ m ETEC
N angolbondh S - - - ipaH EIEC

R - eltB - - ETEC

36. Narod W _ m v t l  vt2 eaeA vtleaeA EPEC EHEC
S - - eltB vt2 eltB ipaH ETEC EHEC EIEC
R - ipaH - ipaH EIEC
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Table S3.2 Detailed list o f virulence genes identified in pre-enrichment and enrichment
cultures by multiplex PCR in water samples from 46 different sites in three successive
seasons (Continued)

Site Season DS PE BSE SE T ype o f  viruiotypes  
present

37. Singra W - - eaeA eaeA
pCVD

EPEC EAEC

S - eltB - ipaH ETEC EIEC
R - eltB - - ETEC

38. Jam una W - eltB eaeA eaeA
pCVD

ETEC EPEC EAEC
S - eltB  eaeA - - ETEC EPEC
R - eltB • - ETEC

39 . K ortoa W _ m _ _ m
S - ipaH - ipaH EIEC
R - eltB - - ETEC

40. T ista W m _ _ m
s - eltB eltB - ETEC
R - eltB - - ETEC

41. D harala W _ eltB eaeA eltB  pCVD ETEC EPEC EAEC
s - - - - .
R - - - - -

42. Shurm a W _ eltB estA eltB estA eaeA estA eaeA ETEC EPEC
S - - eltB - ETEC
R - eltB ipaH - - ETEC EIEC

43. Srigayan W _ eaeA vt2 . EPEC EHEC
s - eltB ipaH eltB eltB eaeA ETEC EPEC EIEC
R - eltB - - ETEC

44. K ushiara W _ _ vt2 EHEC
S - eltB eltB pCVD ETEC EAEC
R - - - - -

45. Sonai W - vt2 v t l  vt2 eltB eaeA 
pCVD

ETEC EPEC EHEC 
EAEC

S - eltB eltB eltB ipaH ETEC EIEC
R - eltB - eltB ETEC

46. W _ _ _ m
Madhabkunda S - - eltB ipaH ETEC EIEC

R - - eaeA - EPEC
*DS, direct water samples; PE, pre-enriched culture; BSE, Bile salt enriched culture; SE, streptomycin enriched 
culture; W, Winter; S, Summer; and R, Rainy season.
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C ategories
virulotypes
gene

o f  E. coli 
and associated

N um ber o f  sites positive for  
different v irulotypes o f  E. 

coli.
w inter sum m er Rainy

season
ETEC eltB 13 24 32

estA 2 2 2
eltB+estA 14 2 ' 1

total 29 28 35
proportion 63.04% 60.86% 76.08%

EPEC eaeA 30 9 15
eaeA+bjp 0 0 0

total 30 9 15
proportion 65.21% 19.56% 32.60%

EHEC v tl 1 0 0

vt2 1 1 0
vtl+ eaeA 5 0 0
vt2+eaeA 3 0 I
v tl+ v t2 1 0 0

vtl+ vt2+eaeA 2 0 0
total 13 1 1

proportion 28.26% 2.17% 2.17%
EAEC pCVD 8 2 0

proportion 17.39% 4.34% 0
EIEC ial 0 0 0

ipaH 0 2 2 5
ial+ipaH 0 0 0

total 0 2 2 5
proportion 0 47.82% 1 0 .8 6 %

N o virulotype 4 1 2 7

T a b le  S33 Summary of the 
results of multiplex PCR
virulotyping of 46 different water 
samples collected in three
successive seasons.

Table S3.4 Influence of enrichment conditions on the detection of genes by multiplex PCR 
analysis of 46 different water samples collected in three successive seasons.

G enes detected D irect
pellet

Pre-
enrichm ent

B ile  salt 
enrichm ent

Streptom ycin
enrichm ent

T otal sam ples  
positive for  
each  gene

eltB 0 72 41 26 139
estA 0 1 1 18 1 0 39

pCVZ> 0 0 1 9 1 0
v tl 0 5 3 2 1 0
vt2 0 2 9 1 1 2

eaeA 0 2 0 45 1 1 76
bfpA 0 0 0 0 0

ia l 0 0 0 0 0

ipaH 0 8 0 24 32
Total sam ples  

positive per  
enrichm ent

0 118 117 83 318

Total sam ples  
assessed

138 138 138 138 552
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Fig. S3.2 R epresentative agarose gels (1.5% ) stained w ith ethidium  brom ide, show ing 100-bp  
DN A  ladder (Ferm entas) m olecular w eight m arkers (lane M ), P C R  am plified  product o f  estA  
(147 bp) and pC V D  (630 bp) in A , P C R  am plified product o f  eaeA  (376 bp), vt2  (298 bp) and v tl  
(130 bp) in B and P C R  am plified  product o f  ipaH  (423 bp) and eltB  (322 bp) in C.

cn

b f p A  (367  bp) 
V T 2 {298 bp)

V T 1  (130 bp)

5000
2000

850

400

1 0 0

Fig. S3.3 A garose gel (1.5% ) stained w ith  ethidium  brom ide, show ing the detection lim it o f  the 
m ultip lex P C R  reaction. A  series o f  m ixed cultures w ere prepared having viru lent (v t l  and v t l  
possessing M M LA  strain and bfpA  possessing B171 strain) to avirulent (D H 5a) E. coli ce ll ratios 
(determ ined by C FU /m l) o f  1:1 to 1:1013. D N A w as extracted and m ultiplex PC R  w as perform ed  
as done for the test DN A  sam ples. T he sensitivity o f  the assay w as defined as the low est ratio o f  
diarrheagenic to non-diarrheagenic E. coli that yielded positive result. In case o f  bfpA  and v t l , at 
least 1:103  w as the ratio o f  virulent to avirulent cells needed for a  positive P C R  reaction, w hile  
for vt2  the ratio w as 1 : 1 0 4.
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T a b le  S 3 .5  D istribution  o f  d ifferent typ es c d t  gen es in  the sam p lin g  sites.
Sites cdtTA cdtllA c d t l l l cdtlV B cdtV cdlVA cdtVB cdiVC

Eagle Ghat + — — — — + — —

Teknaf — — — — — — — —

Noakhali + — — — — + — —

Shilkhali + + — + — — — —

Enani + + — + — - — —

Himchori + + — + — + — —

Laboni point + + — — — — — —

Kolatoli point + + — + — — — —

Kuakata + — — + — + — —

Mohipur + — — — — + — —

Hazipur — + — — — — —

Khepupara + — — — — — — —

Lebukhali + + — — — + — —

Dobdobia + + — — — — — +
Patuakhali Ghat + — — + — + _ —

Barishal Ghat + + + - — — — —

Arial kha + + — — — — — +
kalabodor + + — — — — — —

Meghna — + — — — + — —

Dakatia — — — — — — — —

Dholessori - + — — — — — —

Buriganga + — + — — + — +
Afra + — — — — — — —

Rupganj — — — — — — — —

kalna + + — — — — — —

Haridashpur + — — — — — — —

Mollar hat + + — — — — — +
M ongla Port + — — + — — — —

Rupsha — — — — — — — —

Nowapara + — — — — — — —

Aricha + + + — — — — —

Narayanganj + + — — — — — —

Kanchpur + + — — — + + +
Boidderbazar + + — — — — _ —

Nangolbondh — + — — — — + +
Narod + — — — — — — —

Singra — + — — — — — +
Jamuna — — + — — — — —

Kortoa + + + - - - — —

Tista + + — — — — — —

Dharala — + — — — — — —

Shurma + + — + — — — +
Srigayan — + - + - - — +
Kushiara + + — — — + — +
Sonai + + — — — — — +
Madhabkunda + + - — — - — —

N ote: The sign stands fo r absence and the ‘+’ sign stands for the  presence o f  the specific gene.
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S-l I in marine water S-11 In frcshwatci

S-1.1 in marine water ^  S-l3 in freshwater

F ig. S3.4 G row th curves o f  the salt tolerant isolates in L B  broth prepared by both m arine w ater  
and freshw ater.
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Table S3.6: E. coli isolates from environmental water samples showing cross-reactivity with
different Shigella spp. antisera (Denka Seiken, Japan).

I s o la te s  c r o s s - re a c t iv e  to  
S h ig e lla  d y s e n te r iu e  

P o ly v a le n t  A  a n t i s e ra

Is o la te s  c ro s s - re a c t iv e  to  
S h ig e lla  d y s e n te r iu c  

P o ly v a le n t  A l  a n t i s e ra

Is o la te s  c ro s s - re a c t iv e  lo  
S h ig e lla  f l e x n e r i  

P o ly v a le n t  B a n l i s e r a

Is o la te s  c r o s s - re a c t iv e  lo  
S h ig e lla  h o y d i i  

P o ly v a le n t  C  a n t i s e r a
I s o l a t e

c o d e
W e s te r n  b lo t I s o la te

c o d e
W e s te r n  b lo t I s o la te

c o d e
W e s te r n  b lo t I s o la te

c o d e
W e s te r n  b lo t

P 4 /2 +  +  + y  3 /8 + y  3 /8 +  + s 4 / l  I +

r  2 /1 0 +  + y 7 /1 2 + Y 7/12 - 0  2 /7 -

r  5 /6 - a  9/1 - 0  2 /7 + P 4 /2 -

s 4 / 9 - r  2 /1 0 - p  4 /2 +  +  + r  2 /1 0 +

P 8 /8 +  + a 2 /1 2 +  +  + a  9/1 + a  1/7 +

P 8 /11 - a  1/7 - r  2 /1 0 +  + s  1/5 +

a  1 /8 - a  1 4 /1 9 + a  1/7 +  +  + p  1/3 +  +

a  1 4 /9 - s  4/1 +  + S  1/5 + a  13/4 +  +  +

a  6 /7 + a  9 /6 +  +  + a  7 /6 - a  3 /5 -

a  6 /2 + a  2 /8 +  +  + a  2 /3 - y  4 /9 +  +  +

a  6 /11 - y  2 /1 0 + a  6/1 - a  5 /4 +

S - 1 0 +  +  + s 1/6 + y  2 /1 4 + P 8 /8 +  +

S -1 2 +  +  + 1 7 /5 — S-8 — y  2 /1 0 —

a 7/9 + 83 + y2/14 + + +
P 8/11 - 2 + P 8/11 -

S-5 - 1 + + + s 1/6 + +
6 + y 6/4 + +

y  7 /5 -

a  5 /6 +  +

u  10/2 +  +  +

S -5 -

S -1 0 -

8 3 +

2 -

6 6 -

I t +  +

8 5 +  +
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T able  3.6 (continued): E. coli isolates from environmental water samples showing cross­
reactivity with different Shigella spp. antisera (Denka Seiken, Japan).

Isolates cross-reactive to 
Shigella boydii 

Polyvalent C l antisera
Isolates cross-reactive to 

Shigella boydii 
Polyvalent C2 antisera

Isolates cross-reactive to 
Shigella boydii Polyvalent 

C3 antisera
Isolates cross-reactive to 

Shigella sonnei 
Polyvalent D antisera

Isolate
code

W estern  blot Iso la te code W estern  blot isolate
code

W estern  blot Isolate
code

W estern  blot

r  5/6 +  + + Y 7/I2 + a  2/3 +  + a  10/2 + +  +

r  4/4 +  + r  2/10 + r  5/3 +  +  + a  6/1 +

y 2/14 - P 10/3 - P 8/8 + + p 9/1 -
s 1/6 +  + s 1/1 + + a  6/7 + + a  4/3 +  + +

85 +  + s  1/5 - p 10/7 + p i  0/7 +  +  +

78 +  + a  7/6 - 81 + a  5/6 -

S-l +  +  + r  4/4 + 91 + +  + 74 -
Iso-2 + + + 0 1/3 +  +  + 30 -

P 3/8 •> 5 —

r  5/6 +  +  +

S-3

S-1 +  + +

A P P E N D IX  IV :
D N A  S E Q U E N C E D  IN  T H E  S T U D Y

T his section contains a num ber o f  D N A  sequences o f  fliC  PC R  products am plified from  
environm ental E. coli iso lates as w ell as in DN A  extracted from  pre-enrichm ent (PE ), b ile salt 
enrichm ent (B SE ) and streptom ycin  enrichm ent (SE) cultures o f  d ifferent aquatic sam ples. The  
section  also contains 16s rRN A gene sequence. T h is section along w ith other com ponents o f  
A ppendices are available a t httD://vedlegg.uib.no/?id=2d2d43faed979b0fe24b31110218285b.

Appendices
XXIII
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Based on th e  o b se rv a tio n s  o f th is  study , one o f th e  re se a rc h  a rtic le  e n title d  ‘P revalence 
an d  d is trib u tio n  o f d iffe ren t d ia rrh o eagen ic  Escherichia coli v iru lo ty p es  in  m a jo r w a te r  
bo d ies in  B angladesh’ has been  pu b lish ed  in th e  jou rnal, Epidemiology and Infection, 
w hich have b een  an n ex ed  in  th is  section . T he o th e r  tw o a rtic le s  e n title d  ‘Survival 
p o ten tia l o f m arin e  Escherichia coli iso la tes  in  high sa lt c o n c e n tra tio n s ’ a n d  'Serologically 
c ross-reactive  Escherichia albertii from  aq u a tic  env iro n m en t: a n  av en u e  to  sea rch  
p ro b ab le  vaccine can d id a tes  fo r sh igellosis’ have been  su b m itte d  in  Indian journal o f 
Microbiology and  Current Microbiology respectively . T he find ings have  also  been 
p re se n te d  in a  n u m b e r o f in te rn a tio n a l conferences.
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SUM M ARY
Escherichia coli, a prominent waterborne pathogen, causes a variety of gastrointestinal and 
cxtraintcstinal infections that depend on virulence determinants. To monitor natural aquatic 
systems for virulence-associated genes o f E. coli, multiplex PCR was used in a survey covering 
46 major natural water bodies in Bangladesh. DNA was extracted directly from water samples 
as well as from pre-enriched and enriched cultures during three successive seasons and assessed 
for E. coli virulotype distribution. From the five virulotypes, genes from the enterotoxigenic 
(ETEC), enteropathogenic (EPEC), and enterohaemorrhagic (EHEC) virulotypes were detected 
consistently, but genes from the enteroinvasive (EIEC) and enteroaggregative (EAEC) virulotypes 
were traced only occasionally. ETEC was the most prevalent virulotype, followed by EPEC. 
However, EIEC and EAEC virulotypes could not be detected in winter or the rainy season, 
respectively. Specific regional distribution patterns of different E. coli virulotypes and their 
temporal fluctuations were identified. These observations may assist with assessing seasonal risk 
and identifying vulnerable areas of the country prone to E. co/i'-associated outbreaks.

Key words: Bacterial contamination, Escherichia coli virulotypes, water hygiene.

IN T R O D U C T IO N
Three to five billion cases of diarrhoea occur annually, 
with about 2-6 million diarrhoea-related deaths world­
wide, of which 1-5 million deaths occur in children 
aged <5 years [1], Global estimates indicate that 
each year, more than 120 million cases of gastrointes­
tinal diseases are caused by swimming and bathing in 
wastewater-polluted coastal waters [2], Thus, monitor­
ing aquatic systems for faecal pollution is an im­
portant task. Escherichia coli is an abundant and

• Author for correspondence: Professor N. K.. Birkeland, Depart­
ment of Biology, University o f Bergen, I’.O Box 7803, N0-5020 
Bergen, Norway.
(Email: nils.birkeland@bio.uib.no)

normally harmless representative o f the normal 
mammalian gut microfiora. However, certain strains 
have virulent properties that cause a variety of gastro­
intestinal infections depending on specific arrays of 
pathogenic determinants, most of which are believed 
to be acquired by lateral gene transfer [3]. It has 
been suggested that the evolution of E. coli as a gastro­
intestinal pathogen is comparatively recent [3] and 
that it does not originate from a single ancestor. The 
physicochemical parameters greatly differ between 
primary (intestine) and secondary (extra-intestinal) 
habitats, necessitating adaptation o f the discharged 
cells to the extra-intestinal environment. The differ­
ences in the selective forces acting in these two different 
environments have led to the evolution of a dual
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regulatory system in E. coli, which may also involve 
the emergence of distinct pathotypes [4], Virulent
E. coli strains are now considered as major diarrhoea- 
genic pathogens and are classified into several virulo­
types according to their virulence mechanisms [5], e.g. 
enteropathogenic (EPEC), enteroaggregative (EAEC), 
enterotoxigenic (ETEC), enteroinvasive (EIEC), and 
enterohacmorrhagic (EHEC) E. coli strains. Diar- 
rhoeagenic E. coli strains were among the first patho­
gens for which molecular diagnostic methods were 
developed [6], Multiplex PCR amplification has been 
adopted to detect almost all of these virulotypes in 
a single reaction by using primer pairs that target 
specific virulence genes and yield PCR products of 
different sizes that can be distinguished by gel electro­
phoresis (7). In this study, we used multiplex PCR 
for environmental monitoring of E. coli virulotypes 
in aquatic systems in Bangladesh. The distribution 
of different E. coli virulotypes in surface water 
and their temporal fluctuations were observed during 
three successive seasons, which could help in assessing 
the seasonal risk for communities that are vulnerable 
to waterborne diseases as well as in understanding 
the environmental factors driving these fluctuations.

M A T E R IA L S  AN D  M E T H O D S  
Sample collcction
Water samples were collected from 46 different 
natural aquatic locations in Bangladesh between 
December 2009 and January 2010 (winter season), 
in April 2010 (summer season) and in July 2010 
(rainy season). The sampling sites included 35 fresh­
water and 11 marine/brackish sites covering a large 
part of the country (Supplementary Fig. SI). The 
sampling sites were chosen so that they included 
major rivers and sea beaches located in regions with 
higher human activity, economic importance, and 
tourist interest. The sites were divided into different 
groups as indicated in Supplementary Table SI, e.g. 
tourism sites at or near sea beaches or freshwater 
sites, highly populated commercial areas, industrial 
city locations, and sites at remote villages at big rivers. 
Physicochemical parameters, e.g. the temperature 
of, salinity of, conductivity of, and total dissolved 
solids (TDS) in the water samples, were measured by 
a sensION5 conductivity meter (Hach Company, 
USA), and pH and dissolved 0 2 were measured by 
a CyberScan pH/DO Meter (Eutech Instruments, 
Singapore). The GPS coordinates were recorded by

an eTrex Legend HCx personal navigator (Garmin 
Corporation, Taiwan). All the parameters were 
measured on site and are listed in Supplementary 
Table SI.

Enrichment
Sixty millilitres of each water sample were added to 
20 ml of concentrated pre-enrichment (PE) broth to 
achieve the following final concentrations (pH 7): 
Lab-Lemco powder, 0-5 g/1; yeast extract, 1-0 g/1; pep­
tone, 2-5 g/l; and NaCl, 2-5 g/1. After 8 h incubation 
at ambient temperature, 1 ml of pre-enriched culture 
was transferred to 50 ml of two different enrich­
ment broths containing peptone (3 g/1), NaCl (1 g/1), 
K2H P 04 (1 g/1) and KH2P 0 4 (1 g/1) at pH 7, sup­
plemented either with 015%  bile salts (BSE) or with 
50/jg/ml streptomycin (SE). The enrichment cultures 
were incubated for 16 h a t 37 °C with shaking at 
120 rpm.

PCR template preparation
DNA was extracted from pellets collected from direct 
water filtrate, from PE culture, BSE culture, and SE 
culture of each sample as described previously [8], 
DNA extracted from direct water filtrate was further 
purified using the GenElute™ Bacterial Genomic 
DNA kit (Sigma-Aldrich, Germany).

Multiplex PCR
Detection of virulence marker genes was performed 
by multiplex PCR [9, 10] with nine primer pairs 
(Table 1) targeting the following virulence-related 
genes: eaeA (intimin o f EHEC and EPEC strains), 
bfpA (bundle-forming pilus o f EPEC strains), vtl 
and/or vt2 (Shiga toxins 1 and 2 of EHEC strains), 
eltB and/or estA (enterotoxins of ETEC strains), ial 
(invasion-associated locus in EIEC and Shigella 
spp.), ipaH (in the large invasive plasmid and chromo­
somes in Shigella spp. and EIEC strains), and pCVD 
(fcoR I-Ps/l DNA fragment of pCVD432 of EAEC 
strains). Multiplex PCR was performed in three differ­
ent sets by choosing primer pairs that generated PCR 
products that had different sizes and could easily be 
separated and distinguished by agarose gel electro­
phoresis [20], PCR was performed in a 20-//I reaction 
mixture containing 1 /A template DNA, 0-2/j1 of 
2 U/yul DyNAzyme™ DNA polymerase, 2/zl of 10* 
buffer for DyNAzyme, 0'4 jA of a mixture of

Dhaka University Institutional Repository



Prevalence of E. coli virulotypes in Bangladesh 3 

Table 1. List o f  oligonucleotide primers used in the multiplex PCR assay
Prim er Target gene Prim er sequence Ref. Product size (bp)
S et 1

ST estA 5'-G C TA A A C C A G TA a G G T C T T C A A A A -3'
5'-c c c g g t a c a S g c a g g a t t a c a a c a -3'

[11] 147

SH IG ial S '-C T G G T A G G T A T G G T G A G G ^ '
S'-C C A G G C C A A C A A TTA TTTC C O '

[12] 320

bfpA bfpA 5 '-T T C T T G G T G C T T G C G T G T C T T T T -3 '
5’- 'lT lT G T T T G T T G T A T C T T T G T A A -3 ’

[13] 367

EA pCVD 5'-C T G G C G A A A G A C T G T A TC A T -3’
5 '-C A A T G TA T A G A A A TC C G C TG T T-3'

[14] 630

Set 2
VT1

VT2

vtl

vt2

5 '-G A A G A G T C C G T G G G A T T A C G -3 '
5-A G C G A T G C A G C T A T T A A T A A -3'
5 '-A C C G TT T TT C A G A ,l"l-n ^ C A C A T A -3 ’
5’-TA C A C A G G A G C A G T T T C A G A C A G T -3’

[153
[16]

130

298

Eae eaeA 5-C A C A C G A A T A A A C T G A C T A A A A T G -3'
5-A A A A A C G C T G A C C C G C A C C T A A A T -3’

[17] 376

Set 3
ipaH ipaH S'-G C T G G A A A A A C T C A G T G C C T O ’

5 ’-C C A G TC C G TA A A TTC A TTC T-3'
[18] 423

LT ehB 5'-T C TC TA T G T G C A TA C G G A G C -3 '
5 '-C C A TA C TG A TTG C C G C A A T-3'

[19] 322

deoxynucleoside triphosphates (25 mM  each), 
and 0-5/<l of 25/ im  solution of each primer (Sigma- 
Aldrich, Germany). The thermocycler conditions 
used with a PTC 200 Peltier thermal cycler (MJ 
Research, USA) were as follows: initial denaturation 
at 96 °C for 4 min, 30 cycles at 94 °C for 60 s, 55 °C 
for 60 s, and 72 °C for 60 s, with a final extension at 
72°C for 7min. PCR products (10/<1) were evaluated 
by clcctrophorcsis on a 1-5% (w/v) agarose gel at 70 V 
for 30 min. The DNA bands were visualized and 
photographed under a UV illuminator (Bio-Rad, 
USA) after the gel was stained with ethidium bromide 
(Supplementary Fig. S2).

To determine the detection limit of the multiplex 
PCR, a series of mixed cultures were prepared with 
cell ratios (determined in terms of c.f.u./ml) ranging 
from 1:1 to 1:1013 (with tenfold dilutions) o f an aviru­
lent laboratory control strain (E. coli DH5a) and two 
virulent laboratory strains designated as MMLA (pos­
sessing vtl and vt2) and B171 (possessing bfpA). DNA 
was extracted and multiplex PCR was performed in 
the same way as for the test DNA samples. The sensi­
tivity of the assay was defined as the lowest ratio of 
diarrhoeagenic to non-diarrhoeagenic E. coli that 
yielded a positive result. In the case of bfpA and vtl, 
a minimum ratio of 1:103 for diarrhoeagenic to non- 
diarrhoeagenic E. coli was required for a positive

PCR result, while the minimum ratio for vt2 was 
1:104 (Supplementary Fig. S3).

Data analysis
A %2 test was used to assess the significance of the 
data. The relative standard used in the research was 
P > 005.

R ESU L T S
Prevalence of virulcncc genes of diarrhocagenic E. coli
Forty-six sampling sites covering a large part of 
Bangladesh were monitored for the presence o f diar­
rhoeagenic E. coli in three consecutive seasons. 
Four different DNA templates, i.e. from direct water 
filtrate, PE culture, BSE culture, and SE culture of 
each water sample, were analysed to detect the pres­
ence of pathogenic genes. Using three sets of multiplex 
PCR assays, we analysed the distribution and season­
al fluctuations of nine different pathogenic genes 
possessed by five different E. coli virulotypes. The 
detailed results of the analysis have been given in 
Supplementary Table S2 and summarized in Sup­
plementary Table S3. The use o f a number of PE 
and enrichment media designed for this experiment
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enabled enrichment of different virulotypes of E. coli. 
The PE medium was designed to resuscitate stressed 
or injured environmental bactcria, while the BSE 
medium was designed to enrich the cnteric bacterial 
population, and streptomycin was added for enrich­
ment of streptomycin-resistant E. coli. The following 
data were pooled from Supplementary Table S2 and 
have been compiled in Supplementary Table S4. A 
total of 138 DNA samples were evaluated per enrich­
ment. No genes could be amplified from DNA 
extracted from direct water filtrate. Both eltB and 
vtl genes were mostly detected in PE cultures; 72 PE 
cultures were positive for eltB, but only 41 BSE cul­
tures and 26 SE cultures were found to harbour this 
gene. Similarly, five PE cultures were positive for the 
vtl gene, but only three BSE cultures and two SE cul­
tures were positive for this gene. Bile salt enabled 
enrichment for E. coli harbouring the estA, vtl, and 
eaeA genes. The estA gene was detected in 18 BSE cul­
tures, 11 PE cultures, and 10 SE cultures. The vt2 gene 
was detected in nine BSE cultures but only in two PE 
cultures and one SE culture. The eaeA gene was 
detected in 45 BSE cultures but only in 20 PE cultures 
and 11 SE cultures. SE enrichment medium success­
fully enriched EAEC and EIEC virulotypes in the 
water samples. The pCVD gene was detected in nine 
SE cultures, one BSE culture, and none of the PE 
cultures. The ipaH gene was detected in 24 SE cul­
tures, eight PE cultures, but in none of the BSE cul­
tures, indicating that bile salt suppresses EAEC and 
EIEC virulotypes. The presence of different virulence- 
associated genes in the three different enrichments 
was used to identify virulotypes harboured by a par­
ticular sample in a season.

In this investigation, ETEC was found to be the 
most prevalent virulotype among the five diarrhoca- 
genic E. coli virulotypes tested (Fig. la, Supple­
mentary Table S3) from the sampling sites. The 
prevalence of the ETEC virulotype in winter, summer, 
and the rainy season was 63%, 61%, and 76%, respect­
ively. Of the ETEC-containing samples, eltB was pre­
sent in most cases, i.e. in an average of 60% of the 
sampling sites (Supplementary Table S3). estA was 
more prevalent during winter (34%) than during sum­
mer (8-6%) and the rainy season (6'5%). In most cases, 
estA was present along with eltB\ only 4% of the 
sampling sites harboured estA alone (Supplementary 
Table S3). A total of six sites tested positive for estA 
alone, but with seasonal variations; sites 4 and 9 in 
winter, sites 7 and 8 in the rainy season and sites 10 
and 24 in summer. Exccpt for site 24, all these sites
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Fig. 1. T he prevalence (in term s o f  p roportion  o f  positive 
sam pling sites) o f  five different diarrhoeagenic E. coli 
virulotypes in  the aquatic  system o f  Bangladesh in three 
successive seasons, (a) D a ta  com piled for all 46 sites, {b) in 
1 1 m arine sites, (c) in 35 freshw ater sites.

were adjacent to southern sea beaches with marine 
or brackish salt concentrations.

EPEC was the second most prevalent type found. 
The prevalence of EPEC was 65% in winter, which 
was greater than that of ETEC in that season. In sum­
mer and the rainy season, only 19% and 32% of the 
sampling sites, respectively, showed positive results 
for the EPEC virulotype (Fig. \a. Supplementary 
Table S3). In all the EPEC-positive sites, only 
the eaeA (no bfpA) gene was detected. The eaeA 
signal could also be due to the presence of EHEC 
strains. To aid interpretation, all eae/f-positive 
samples were considered as EPEC-positivc samples,
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and vtl- and/or w2-positive samples were considered 
as EHEC-positive samples, regardless of the presence 
of eaeA. Like EPEC, the prevalence of EHEC (28%) 
and EAEC (17%) was also higher in winter (Fig. 1«). 
In summer, the prevalence of EHEC and EAEC was 
2% and 4%, respectively, and in the rainy season, the 
prevalence of EHEC was also 2% but EAEC was 
absent. Unlike the other virulotypes, EIEC was rela­
tively more prevalent in summer (48%). In the rainy 
season, EIEC was found in 11% o f the sampling 
sites and was absent in winter. Although EPEC and 
ETEC virulotypes were almost evenly distributed 
throughout the country, we observed regional distri­
bution patterns for certain virulotypes with distinct 
temporal variations (Fig. 2).

Significant differences were observed in the virulo­
type prevalence in freshwater and marine samples 
(j0> 0 05). In marine samples (Fig. 16), the ETEC 
virulotype was found to be the most prevalent virulo­
type both in winter (82%) and in the rainy (82%) 
season, but in summer its prevalence dropped to 9%. 
EPEC was the second most prevalent virulotype in 
winter (46%) and in the rainy (37%) season, but it 
could not be detected in summer. EHEC and EAEC 
virulotypes were detected only in winter, in 9% and 
28% of the sampling sites, respectively, and EIEC 
was detected only in summer in 19% of the sites. In 
freshwater sites (Fig. 1 c), the most prevalent virulotype 
was the ETEC virulotype, both in summer (86%) 
and the rainy (72%) season, but in winter the EPEC 
virulotype was the most prevalent virulotype (83%). 
Similar to the results for the marine samples 
(Fig. 16), EIEC was also prevalent in freshwater 
samples (Fig. lc) only in summer, but it had higher 
prevalence in freshwater samples (50%) than in marine 
samples (19%). Neither the EHEC nor EAEC virulo­
type was detected in the rainy season in the freshwater 
samples (Fig. lc). In summer, the prevalence of 
EHEC and EAEC virulotypes in freshwater samples 
was still low (4%), but it increased to 29% and 18%, 
respectively, in winter.

Effect of seasonal variations on water quality and 
virulotype prevalence
Seasonal variations were found to  affect the physico­
chemical parameters of natural water bodies in 
Bangladesh (Supplementary Table SI). Water tem­
perature varied between seasons. In winter, the 
temperature ranged between 16 °C and 25 °C. Water 
temperature minutely differed between summer

and the rainy season and ranged between 26 °C and 
32 °C. The salinity of the water changed peculiarly 
with seasons in both fresh and marine sampling 
sites. In summer, the marine water samples possessed 
the highest salinity (~37%o), followed by that in winter 
(~34%o). In the rainy season, the salinity decreased 
due to rainwater runoff in certain sampling sites. 
From II marine sites, marked decreases in salinity 
were observed at six sites in the rainy season, while 
the salinities at the rest of the sites were rather stable. 
Significant (/>> 0 ,05) differences were observed in vir­
ulotype prevalence in these two groups of marine sites 
in the rainy season (Fig. 3a, b). In both groups, only 
ETEC and EPEC virulotypes were detected in the 
rainy season, but their prevalence differed between 
the groups. In the group of marine sites where salinity 
was rather stable, the prevalence of ETEC and EPEC 
virulotypes was 60% and 40%, respectively (Fig. 3a). 
In the marine sites where salinity dropped in the 
rainy season, the prevalence o f ETEC and EPEC 
was 100% and 26%, respectively (Fig. 3b).

The salinity of freshwater samples (rivers) distant 
from the sea rarely varied with season. However, the 
salinity of rivers closer to the sea increased in summer. 
Because of the lack of rain and blockage of the river 
flow (Farakka dam and Tista barrage) from the 
source, the water level decreased in rivers during sum­
mer, allowing the seawater to enter. The salinity 
varied with the distance from the sea. In the rainy sea­
son, the situation was reversed because of considerable 
water both from monsoon rainfall and the opening of 
the river barrages. Conductivity and TDS were found 
to be proportional to the salinity of the water.

From 35 freshwater sites, the salinity at 28 sites was 
mostly stable between seasons. The other seven sites 
had significantly increased salinity in summer. The 
pattern of the prevalence of virulotypes differed in 
these two groups o f freshwater sites (Fig. 3c, d). In 
winter, the prevalence of the EPEC virulotype was 
the highest in the salinity-stable freshwater sites 
(Fig. 3c), whereas that o f the ETEC virulotype was 
the highest in the salinity-increased freshwater samples 
(Fig. 3d). The EAEC virulotype was absent in those 
samples. In summer and the rainy season, the virulo­
type prevalence patterns also differed in these two 
groups of freshwater sites (Fig. 3c, d ).

D IS C U S S IO N
Multiplex PCR assays for detecting diarrhoeagenic
E. coli have been used earlier for clinical specimens
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Fig. 3. T he elTcct o f  seasonal fluctuations in salinity on  the prevalence o f  diarrhoeagenic E. coli v irulotypes in m arine and 
freshwater sites, (a) T he prevalence pattern  o f  diarrhoeagenic E. coli in five m arine sites w here salinity did no t fluctuate 
between seasons, (6) the prevalence pattern  o f  diarrhoeagenic E. coli in six m arine sites w here salinity significantly 
dropped in the rainy season, (c) the prevalence pattern  o f  diarrhoeagenic E. coli in 28 freshw ater sites w here salinity did 
no t fluctuate between seasons, and  (d) the prevalence pattern o f  diarrhoeagenic E. coli in seven freshw ater sites where 
salinity significantly increased in summer.

[9] a n d  en v iro n m e n ta l iso la tes . T h is  w o rk  d e m o n ­
s tra te s  th e  use  o f  m u ltip lex  P C R  fo r  th e  en v iro n m e n ta l 
m o n ito r in g  o f  E. co li v iru lo ty p e s  th a t  e v a d e  th e  
tra d it io n a l  iso la tio n  p ro c e d u re  a n d  o ffe rs  a  p ro m p t, 
e a sy , a n d  re liab le  m e th o d  to  e s t im a te  w a te r-re la te d  
h e a lth  risks. D N A  e x tra c te d  f ro m  d ire c t  w a te r  filtra tes 
w ere  assessed  fo r  th e  p re sen c e  o f  n in e  v iru len ce- 
a sso c ia te d  gen es o f  E. coli, b u t  n o n e  o f  th e  sam ples 
w ere  fo u n d  to  b e  p o sitiv e . T h e  c o n c e n tra tio n  o f  p a th o ­
g en ic  E. coli in  th e  w a te r  sa m p le s  m ig h t b e  b e lo w  the  
d e te c tio n  lim it o f  th e  P C R  m e th o d ; th e re fo re , th ree  
d iffe ren t e n r ic h m e n ts  w ere  u sed  to  e n r ich  th e  E. coli 
v iru lo ty p e s  in  th e  w a te r  sa m p le s . P E  c u ltu re  m ed ium  
th a t  d id  n o t c o n ta in  a n y  selec tiv e  a g e n t w a s  m o re  
effec tive  fo r  E. co li h a rb o u r in g  e ltB  a n d  v t l ,  w hile  
b ile  s a l t  a n d  s tre p to m y c in  su p p re sse d  th e m . E. coli 
h a rb o u r in g  estA , vt2 , a n d  eaeA  gen es w as  selectively  
e n r ic h e d  in  B S E  m ed iu m . T h e  re d u c tio n  in  the

n u m b e r  o f  p o s itiv e  sa m p le s  fo r  th ese  th re e  gen es in 
P E  cu ltu re s  c o u ld  b e  ex p la in e d  b y  o v e rg ro w th  o f  
n o n -e n te r ic  b a c te r ia  p re se n t in  w a te r  sam p les , w h ich  
re d u c e d  th e  p ro p o r t io n  o f  E. co li in  th e  c u ltu re  to  
b e lo w  th e  P C R  d e te c tio n  lim it. In  th is  s tu d y , w e 
c h e c k e d  th e  d e te c tio n  lim it o f  th e  m u ltip lex  P C R  
assay  a n d  fo u n d  th a t  th e  r a t io  o f  v iru le n t  to  a v iru len t
E. co li s tra in s  m u s t b e  a t  le a s t 1:10 4 to  o b ta in  p o s itiv e  
P C R  resu lts  (S u p p le m e n ta ry  F ig . S3). T h e  p C V D  a n d  
ip a H  g en es w ere  m o s tly  d e te c te d  in  S E  c u ltu re s . I t  ca n  
b e  a s su m e d  th a t  E A E C  a n d  E IE C  v iru lo ty p e s  (o r  
Shigella  sp p .)  a re  m o s tly  s tre p to m y c in  re s is ta n t a n d  
th u s  se lectively  e n r ic h e d  in  S E  c u ltu re s . T h e se  E. coli 
s tra in s  m ig h t g ro w  slo w ly  a n d  b e  o u tc o m p e te d  in  P E  
a n d  B S E  cu ltu re s .

E. co li is  th e  m o s t c o m m o n ly  iso la te d  p a th o g e n  
in  trav e lle rs  w ith  d ia r rh o e a  [21]. In  E. co li  v iru lo - 
ty p cs, th e  E P E C  a n d  E T E C  v iru lo ty p e s  a r e  th e  m o st
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important in terms of the total diarrhoeal episodes 
globally [22]. The ETEC virulotype is an important 
cause of diarrhoea in the developing world, where 
there is inadequate clean water and poor sanitation 
[23], and the ETEC virulotype has already been 
reported to cause endemic diarrhoeal disease in 
Bangladesh [24, 25]. Surface water sources in 
Bangladesh, in both rural and urban areas, are highly 
contaminated with the ETEC virulotype. In another 
study, ETEC strains were isolated from clinical 
samples as well as from 32% of water samples 
obtained from the ponds, rivers, and lakes around 
the clinical field sites [26]. In our study, we found 
that more than 60% of the surface water samples 
were contaminated with the ETEC virulotype. The 
differences might simply be due to increased contami­
nation in recent years or bccause rivers and sea bea­
ches are more vulnerable to contamination than 
isolated ponds and lakes. We can also predict that 
the enrichment protocol used in our study has success­
fully resuscitated more targets to the detectable limit. 
We found that ejr^-harbouring EPEC strains were 
mostly found in cities and industrial areas. All five 
industrial sites harboured both estA and eltB gene of 
ETEC. Out of nine sea beaches, four sites harboured 
estA alone and two sites harboured both estA and 
eltB. esM-harbouring ETEC were also prevalent in 
highly populated areas as 8/11 sites harboured the 
estA and eltB gene pair. EAEC is reported to cause 
sporadic diarrhoea in Bangladesh, particularly in 
children [23], as well as in Mexico, Chile, and Iran 
[27-30], However, this virulotype was the least preva­
lent type found in the experiment, although an 
increase in the prevalence of EAEC was observed in 
winter. EAEC was found both in highly populated 
commercial and tourism sites as well as remote vil­
lages. EHEC strains are not common pathogens in 
Bangladesh in hospitalized patients with diarrhoea. 
These strains were found in 9/410 children in a hospi­
tal study in Bangladesh [31]. Some research findings 
are available on diarrhoeal epidemics in the country, 
but most of those arc from regional and endemic 
studies performed in a few specialized hospitals. The 
information from these studies could help determine 
some trends in the prevalence of these strains in the 
country, but that would be a superficial picture.

In Bangladesh, the ETEC virulotype shows a very 
characteristic biannual seasonality with two separate 
peaks: one peak at the beginning of summer and the 
other just after the rainy season, but it remains en­
demic throughout the year [25, 32-34], In our study

of surface water samples, the ETEC virulotype did 
not follow any clear seasonal peak variation, but it 
showed greater prevalence in the rainy season. 
Prevalence data for other virulotypes in the country 
are not available, except for some regional epidemic 
studies. In our study, other virulotypes were found 
to be more prevalent in winter, except for the EIEC 
virulotype. The low water temperature might have 
contributed to the extended survival o f these patho­
gens in water, but the increased prevalence of the 
EIEC virulotype in summer could not be explained. 
We found that the aquatic systems in the country har­
boured different virulotypes of diarrhoeagenic E. coli 
persistently throughout the year and showed a tem­
poral fluctuation in the prevalence patterns of differ­
ent virulotypes. ETEC and EPEC virulotypes were 
distributed throughout the country in three seasons 
(Fig. 2). The consistent presence and distribution of 
these virulotypes in the natural waters might be due 
to their extended survivability in water or the high 
level of ETEC- and/or EPEC-contaminated faecal dis­
charge throughout the year. The virulotypes main­
tained regional distribution patterns that had 
temporal fluctuations. ETEC strains were absent 
from sea beaches in winter and summer but were pre­
sent in the rainy season (Fig. 2). The decreased salinity 
of the water close to the seashore because of large 
amounts o f runoff from the rivers in the rainy season 
might have an effect on the temporal occurrence of the 
ETEC virulotype in that region. In summer, the sal­
inity was highest close to the seashore, which could 
be responsible for the absence of E. coli virulotypes 
in the region. The EHEC, EIEC, and EAEC virulo­
types showed a concrete temporal pattern of occur­
rence, e.g. the EHEC and EAEC virulotypes were 
prevalent in winter and the EIEC virulotype in sum­
mer. Because o f the lack of proper healthcare facilities 
in remote areas and the occurrence of many unre- 
ported home-treated cases where hospitalization 
would not be useful, a comparative analysis with clini­
cal cases could not be performed in the relevant 
regions. However, our observations of the distribution 
and prevalence o f E. coli virulotypes may assist with 
assessing seasonal risk and identifying vulnerable 
areas of the country prone to E. co/i'-associated 
outbreaks.
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