
CHAPTER 8

Bacteriophages as Fecal 
Indicator Organisms

Suresh D. Pillai

1.0. INTRODUCTION

Bacteriophages, also known as phages, are viruses that infect bacterial cells.
They were first described by Frederick Twort in 1915 and then in 1917 by
Felix d’Herelle. D’Herelle named them bacteriophages because of their
ability to lyse bacteria on the surface of agar plates; the word phage is derived
from the Greek for “eating” (Flint et al., 2000). A variety of bacteriophages
that infect different bacterial cells have been isolated. In fact, bacteriophages
exist for all known bacterial species (Joklik, 1988). Based on their structural
and genetic diversity, phages have been classified into different families as
shown in Table 8.1. The characteristics of some well-known bacteriophages
are shown in Table 8.2.

Bacteriophages are widely distributed in the environment and have been
found in groundwater (Pillai and Nwachuku, 2000; Borchardt et al., 2003),
river water (Hot et al., 2003; Skraber et al., 2004), irrigation waters (Ceballos
et al., 2003; Mena and Pillai, 2003), wastewaters (Ackermann and Nguyen,
1983; Ottoson and Stenstrom, 2003; Nelson et al., 2004), oceans (Paul et al.,
1997; Jiang et al., 2001; Jiang and Chu, 2004), and bioaerosols (Dowd et al.,
1997; Espinosa and Pillai, 2002). They have also been found in shellfish
(Humphrey and Martin, 1993; Croci et al., 2000) and on the surfaces of veg-
etables and herbs such as carrots and parsley (Endley et al., 2003a, 2003b).

This chapter focuses on the applicability of bacteriophages as indicators
of fecal pollution or contamination. Most of the available information on 
the use of bacteriophages as indicator organisms pertains to wastewater and
drinking water microbiology and hence most of the examples cited in this
chapter are from these disciplines. Only recently have reports started appear-
ing in the food microbiology literature pertaining to bacteriophages as indi-
cators of fecal contamination on foods (Hsu et al., 2002; Endley et al., 2003;
Munian-Mujika et al., 2003; Allwood et al., 2004).

2.0. INDICATOR ORGANISMS

Ashbolt et al. (2001) have suggested that there could be different classes of
indicator organisms depending on their ultimate application as process indi-
cators, as fecal indicators, or as index or model organisms. Process indicators
are organisms that are used to demonstrate the efficiency of a particular 

205



206 S.D. P illa i

Ta
bl

e 
8.

1
C

la
ss

ifi
ca

ti
on

 o
f 

B
ac

te
ri

op
ha

ge
s

G
ro

up
 o

r 
Fa

m
ily

G
en

us
Ty

pe
 M

em
be

r
M

or
ph

ol
og

y
E

nv
el

op
e

Ty
pe

 o
f 

N
uc

le
ic

 A
ci

d

C
or

ti
co

vi
ri

da
e

C
or

ti
co

vi
ru

s
P

M
2

Is
om

et
ri

c
N

o
Su

pe
rc

oi
le

d 
ds

D
N

A
C

ys
to

vi
ri

da
e

C
ys

to
vi

ru
s

φ6
Is

om
et

ri
c

Y
es

3 
se

gm
en

ts
 o

f 
ds

R
N

A
In

ov
ir

id
ae

In
ov

ir
us

fd
R

od
N

o
C

ir
cu

la
r 

ss
D

N
A

P
le

ct
ro

vi
ru

s
A

ch
ol

ep
la

sm
a

ph
ag

e
L

ev
iv

ir
id

ae
L

ev
iv

ir
us

M
S2

Ic
os

ah
ed

ra
l

N
o

L
in

ea
r 

po
si

ti
ve

 s
tr

an
d 

R
N

A
A

llo
le

vi
ru

s
Q

β
L

ip
ot

hr
ix

vi
ri

da
e

L
ip

ot
hr

ix
vi

ru
s

T
he

rm
op

ro
te

us
R

od
Y

es
L

in
ea

r 
ds

D
N

A
ph

ag
e 

1
M

ic
ro

vi
ri

da
e

M
ic

ro
vi

ru
s

φX
17

4
Ic

os
ah

ed
ra

l
N

o
C

ir
cu

la
r 

ss
D

N
A

Sp
ir

ov
ir

us
Sp

ir
op

la
sm

a
ph

ag
es

,M
A

C
-1

M
yo

vi
ri

da
e

T
4

Ta
ile

d
N

o
C

ir
cu

la
r 

ds
D

N
A

P
la

sm
av

ir
id

ae
P

la
sm

av
ir

us
A

ch
ol

ep
la

sm
a

P
le

io
m

or
ph

ic
Y

es
C

ir
cu

la
r 

ds
D

N
A

ph
ag

e
Po

do
vi

ri
da

e
C

ol
ip

ha
ge

 T
7

Ta
ile

d
N

o
L

in
ea

r 
ds

D
N

A
Si

ph
ov

ir
id

ae
L

am
bd

a
C

ol
ip

ha
ge

 
Ta

ile
d

N
o

L
in

ea
r 

ds
D

N
A

ph
ag

e 
gr

ou
p

la
m

bd
a

Su
lp

ho
lo

bu
s

SS
V

-1
L

em
on

-s
ha

pe
d

N
o

C
ir

cu
la

r 
ds

D
N

A
sh

ib
at

ae
 v

ir
us

Te
ct

iv
ir

id
ae

Te
ct

iv
ir

us
P

R
D

1
Ic

os
ah

ed
ra

l
N

o
L

in
ea

r 
ds

D
N

A

ss
,s

in
gl

e 
st

ra
nd

ed
;d

s,
do

ub
le

 s
tr

an
de

d.



Bacter iophages  as  Fecal  Ind icator  Organisms 207

Ta
bl

e 
8.

2
C

ha
ra

ct
er

is
ti

cs
 o

f 
Se

le
ct

ed
 B

ac
te

ri
op

ha
ge

sa

H
ea

d
Ta

il 
L

en
gt

h/
Si

ze
St

ru
ct

ur
e

N
uc

le
ic

 A
ci

d
N

uc
le

ic
 A

ci
d

M
ol

.W
ei

gh
t

P
ha

ge
C

om
m

on
 H

os
t

(n
m

)
(n

m
)

St
ru

ct
ur

e
Ty

pe
St

ru
ct

ur
e

(×
10

6 )

T
1

E
.c

ol
i

50
15

0/
si

m
pl

e 
ta

il
Ic

os
ah

ed
ra

l
ds

D
N

A
L

in
ea

r
27

T
2,

T
4,

T
6

E
.c

ol
i

85
×

11
0

11
0/

co
m

pl
ex

 t
ai

l 
P

ro
la

te
 ic

os
ah

ed
ra

l
ds

D
N

A
L

in
ea

r
11

0
w

it
h 

fib
er

s
T

3,
T

7
E

.c
ol

i
60

15
/s

ho
rt

 t
ai

l
Ic

os
ah

ed
ra

l
ds

D
N

A
L

in
ea

r
25

T
5

E
.c

ol
i

65
17

0/
sh

or
t 

ta
il

Ic
os

ah
ed

ra
l

ds
D

N
A

L
in

ea
r

80
λ

E
.c

ol
i

64
14

0/
si

m
pl

e 
ta

il
Ic

os
ah

ed
ra

l
ds

D
N

A
L

in
ea

r
32

P
22

S.
ty

ph
im

ur
iu

m
61

20
/c

om
pl

ex
 t

ai
l

Ic
os

ah
ed

ra
l

ds
D

N
A

L
in

ea
r

29
SP

O
1

B
.s

ub
til

is
90

20
0/

co
m

pl
ex

 t
ai

l
Ic

os
ah

ed
ra

l
ds

D
N

A
L

in
ea

r
85

P
M

2
P

se
ud

om
on

as
60

N
on

e
Ic

os
ah

ed
ra

l,
lip

id
-e

nv
el

op
e

ds
D

N
A

C
ir

cu
la

r
6

φX
17

4
E

.c
ol

i
27

N
on

e
Ic

os
ah

ed
ra

l
ss

D
N

A
C

ir
cu

la
r

1.
7

M
13

E
.c

ol
i

7
×

90
0

N
on

e
Fi

la
m

en
to

us
ss

D
N

A
C

ir
cu

la
r

2.
1

M
S2

,Q
β

E
.c

ol
i

24
N

on
e

Ic
os

ah
ed

ra
l

ss
R

N
A

L
in

ea
r

1.
2

φ6
P

se
ud

om
on

as
65

N
on

e
Ic

os
ah

ed
ra

l,
lip

id
ds

R
N

A
3 

lin
ea

r
9.

5
ph

as
eo

lic
a

co
nt

ai
ni

ng
 e

nv
el

op
e

se
gm

en
ts

ds
D

N
A

,d
ou

bl
e-

st
ra

nd
ed

 D
N

A
;s

sD
N

A
,s

in
gl

e-
st

ra
nd

ed
 D

N
A

;s
sR

N
A

,s
in

gl
e-

st
ra

nd
ed

 R
N

A
;d

sR
N

A
,d

ou
bl

e-
st

ra
nd

ed
 R

N
A

.
a

A
da

pt
ed

 f
ro

m
 J

ok
lik

,1
98

8.



man-made or natural process; fecal indicators are organisms that are used to
infer the possible presence of fecal contaminants in a milieu; and index or
model organisms are indicators for the presence of a particular pathogen.
Goyal (1983) recommended that indicator organisms chosen as fecal con-
tamination indicators or pathogen indicators should satisfy certain specific
criteria (Table 8.3). More recently, the IAWPRC Study Group on Health
Related Water Microbiology (1991) suggested that an ideal indicator organ-
ism should meet five specific criteria as listed in Table 8.4.

Over the past years, different organisms have been proposed as indica-
tors of fecal contamination including fecal coliforms, Escherichia coli, ente-
rococci, bacteriophages, and so forth (Berg et al., 1978; Kibbey et al., 1978;
Fiksdal et al., 1985; Jin et al., 2004). However, studies have repeatedly shown
that bacterial indicators are not true representatives of all possible fecal con-
taminants, especially of the enteric viruses (Berg et al., 1978; Gerba, 1987;
Wait and Sobsey, 2001; Duran et al., 2003) and that bacteriophages may 
be a better indicator of such pollution (Havelaar et al., 1986; Gerba, 1987;

208 S.D. P illa i

Table 8.3 Ideal Characteristics of a Pathogen Indicator Organisma

1. Should be present when pathogens are present and absent when pathogens are
absent.

2. The persistence and growth characteristics of the indicator should be similar to
the pathogens.

3. The indicator organism should not multiply in the environment.
4. The ratio between the indicator organism and the pathogen should be constant.
5. The indicator organism should be present in greater concentrations than the

pathogens in contaminated samples.
6. The indicator organism should be resistant or more resistant to adverse

environmental factors, disinfection, and other treatment processes as pathogens.
7. The indicator organism should be non-pathogenic and easy to quantify.
8. The tests for the indicator organism should be easy and applicable to all types

of samples.

a Modified from Goyal, 1983.

Table 8.4 Ideal Characteristics of a Fecal Contamination Indicator Organism

1. The indicator organism should occur consistently and abundantly in fecal
material, preferably exclusively in human wastes.

2. The indicator organism should not multiply in the environment or foods.
3. The indicator organism should have an ecology in the environment and foods

similar to that of pathogens.
4. The indicator organism should respond to environmental stresses similar have

resistance to environmental stress similar to the pathogens.
5. The laboratory analysis for the detection of the indicator organism should be

simple and relatively inexpensive.



Havelaar, 1993; Hsu et al., 2002; Cole et al., 2003; Endley et al., 2003a; Hot
et al., 2003).

The use of coliphages as indicators of fecal pollution is based on the
assumption that their presence in water samples denotes the presence of bac-
teria capable of supporting their replication. The advantages of coliphages as
indicators of enteric viruses (therefore fecal pollution) include their relative
similarities in size, transport, survival or persistence patterns, and densities
in sewage or septic samples. In addition, coliphages are found in relatively
high numbers in the environment, do not readily multiply in the environ-
ment, and can be assayed at a fraction of the cost of a typical pathogenic
enteric virus assay. Their relatively long persistence in the environment and
resistance to common disinfectants make them conservative indicators of
fecal contamination. The use of phages that infect Bacteroides fragilis has
also been considered as good fecal pollution indicator. Bacteroides fragilis is
an obligate anaerobe found in high concentrations in human feces, and the
presence of phages that infect these bacteria is considered to be indicative
of fecal pollution (ISO, 1999; Puig et al., 1999; Gantzer et al., 2002; Duran 
et al., 2003; Lucena et al., 2003).

3.0. COLIPHAGES

The use of coliphages as indicators of not only fecal contamination but also
of enteric bacteria and viruses was suggested almost 20 years ago by Gerba
(1987). Coliphages can be broadly categorized into somatic and male-specific
(or F+) coliphages. The former are phages that infect E. coli by attaching
directly to the cell wall, whereas the latter infect the E. coli host by attach-
ing to a specific bacterial appendage termed sex-pilus or F-pilus.After attach-
ment, the viral nucleic acid is injected into the host bacteria through these
appendages. Muniesa et al. (2003) reported that only a negligible number 
of naturally occurring bacteria can serve as potential hosts for somatic 
coliphages.

Coliphage numbers in humans, cows, and pigs range from approximately
101 to 107 pfu per gram of feces (Dhillon et al., 1976; Osawa et al., 1981;
Havelaar et al., 1986) and they are almost always present in raw sewage at
104 to 106 pfu/ml. Coliphages do not generally multiply in the environment
because of the need for a live host for multiplication. However, there is a
theoretical possibility that somatic coliphages can multiply in certain envi-
ronments where E. coli can also multiply (e.g., in raw sewage). This is con-
sidered to be a drawback for the use of coliphages as indicators (Muniesa 
et al., 2003). However, to date there have been no reports of coliphage 
multiplication in natural environments probably because the temperatures
required for efficient phage infection and replication (i.e., >30°C) are rare in
the open environment. In addition, optimum phage and bacterial densities
and bacterial physiological conditions needed for phage replication are
rarely found in the natural water environment (Muniesa and Joffre, 2004).

Bacter iophages  as  Fecal  Ind icator  Organisms 209



3.1. Somatic Coliphages
Somatic coliphages have been found in sewage-contaminated tropical 
waters but not in pristine waters (Toranzos et al., 1988). They have also been
detected in storm-water runoff (Davies et al., 2003), graywater samples
(Ottoson and Stenstrom, 2003), and in bioaerosols around wastewater treat-
ment plants and animal-rearing operations (Espinosa and Pillai, 2002). Suan
et al. (1988) found somatic coliphages to be highly correlated with fecal col-
iforms in tropical waters in Asia but, in Chile, Castillo et al. (1988) found low
correlation between somatic coliphages and fecal coliforms and a weak cor-
relation between somatic coliphages and total coliforms. In fact, the 
coliphage-to-coliform ratio has been found to vary widely in sewage, secondary
effluent, and river water and is influenced by environmental temperature
(Bell, 1976). In one study, Carducci et al. (1999) did not find statistical 
relationship between the presence of coliphages and other organisms in
bioaerosols collected around a wastewater treatment facility. However, the
bioaerosol sampling employed in that study was not designed for effective
coliphage capture. Skraber et al. (2004) reported that somatic coliphages
were less sensitive to environmental stresses than the thermotolerant col-
iforms and thus were much more reliable indicators of fecal contamination.
Torella et al. (2003) have reported that somatic coliphages of Salmonella spp.
and E. coli were more resistant than fecal coliforms to freezing and cold 
temperatures (4°C).

The degradation of viral genomes of somatic coliphages has been found
to be much more similar to that of infectious viruses, suggesting that somatic
coliphages can be used as reliable indicators of fecal or pathogen contami-
nation even when molecular methods are used to detect them (Skraber 
et al., 2004). Of the 68 surface-water samples positive for somatic coliphages
(103–104 pfu/L) in France, only 2 were positive for enteroviruses by virus iso-
lation in cell cultures and 60 were positive for enteroviruses by molecular
methods (Hot et al., 2003).

In a survey of shellfish in Spain, Muniain-Mujika et al. (2003) reported
somatic coliphages in 90% of the shellfish samples (n = 60) collected over a
6-month period. Of the 36 shellfish (mussels) samples harvested from 3 sam-
pling sites in the Adriatic Sea, Croci et al. (2000) detected somatic coliphages
in 78% of the samples with concentrations ranging from 0.4MPN/g to 
110MPN/g. Significantly, none of the samples were positive for male-specific
coliphages, only 4 samples were positive for enteroviruses, and 13 samples
were positive for hepatitis A virus. Lucena et al. (1994) have reported that
somatic coliphages and Bacteroides phages appear to have the lowest decay
rates compared with others in shellfish growing areas around Spain. Hsu 
et al. (2002) detected somatic coliphages in 88% (n = 8) of market samples
of poultry as compared with male-specific coliphages that were detected in
63% of the samples. Ceballos et al. (2003) detected somatic coliphages (103

to 105 pfu/100ml) in a river that was being used as an irrigation water source
in Brazil.

210 S.D. P illa i



3.2. Male-Specific Coliphages
Male-specific (F+) coliphages are coliphages that infect E. coli via the 
bacterial sex-pilus, the genes for which are located on the F-plasmid. The 
F+ coliphages can be RNA-containing (FRNA phages) or DNA-containing
coliphages (FDNA phages). The specificity of male-specific coliphages to
infect only the E. coli cells that produce the F-pilus is critical because the F-
pilus is produced only at temperatures near 37°C or higher. Thus, the poten-
tial for male-specific coliphages to replicate in the environment, where
temperatures are rarely around 37°C, is negligible. However, the potential
for these coliphages to multiply in environments where the ambient tem-
peratures may reach 37°C during certain periods of the year needs to be
explored.

The FRNA phages are a relatively homogenous group of small, icosa-
hedral coliphages belonging to group E (Leviviridae). Because FRNA
phages are morphologically similar to many of the enteroviruses, have
similar persistence and transport characteristics in water, and are equally
resistant or more resistant to chlorination than enteroviruses, they have
attracted considerable attention as an indicator of enteric viral contamina-
tion (Shah and McCamish, 1972; Duran et al., 2003; Shin and Sobsey, 2003).
Although humans do not excrete large numbers of FRNA phages in their
feces, they are found in significantly large numbers in human sewage (Osawa
et al., 1981; Furuse et al., 1983; Havelaar et al., 1986), leading some to believe
that FRNA phages may multiply in raw sewage. The use of male-specific col-
iphages as fecal indicators circumvents the technical complexities and costs
involved in screening for enteric viral pathogens yet provides some assur-
ance about the absence of viral fecal contaminants (Havelaar, 1993a, 1993b;
Hsu et al., 1995; Allwood et al., 2003). Allwood et al. (2003) have recently
suggested that the presence of male-specific coliphages may be a strong indi-
cator for the presence of noroviruses in water samples. They based their 
conclusions on the survival patterns of E. coli, male-specific coliphages and
feline calicivirus in dechlorinated water stored for 28 days at 4°C, 25°C, and
37°C.

Male-specific coliphages have also been isolated from foods and food
production/processing facilities. Espinosa and Pillai (2002) reported on 
the detection of male-specific coliphages from bioaerosols within poultry
(broiler) houses; both FRNA and FDNA phages were detected in samples
collected within the buildings and on window ledges just outside the build-
ings. Hsu et al. (2002) detected FRNA phages in 5 of 8 (63%) “market-ready”
samples of poultry meat products. Further, they were able to monitor the
presence of male-specific coliphages and other indicator organisms through
the evisceration, washing, and chilling processes and showed that FRNA
phages were reduced by more than 1 log10 pfu. Endley et al. (2003) found
male-specific coliphages on cilantro and parsley in the absence of E. coli,
indicating that it may be useful to monitor male-specific coliphages in addi-
tion to E. coli when screening for fecal contamination of herbs. Of the 18
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retail samples each of cilantro and parsley, 9 cilantro samples (50%) and 7
parsley samples (39%) were positive for male-specific coliphages.

In another study, Endley et al. (2003a) demonstrated the value of 
male-specific coliphages as an additional fecal contamination indicator when
screening vegetables such as carrots. In this study, FDNA phages were
detected in 25% of the carrot samples as compared with E. coli and Salmo-
nella, which were present in only 8% and 4% of the samples, respectively.
One of the salient features of this study was the observation that the occur-
rence of the fecal indicator organisms was random and that the contaminated
sample may at times be positive for only one or two of the indicator 
organisms (Table 8.5).

Croci et al. (2000) observed that neither E. coli nor male-specific col-
iphages were reliable indicators for the presence of enteric viruses in mussels
from the Adriatic sea. They report that out of 36 mussel samples that were
analyzed, only 3 samples (8%) were positive for male-specific coliphages.
Though these 3 samples were also positive for HAV, only 1 of these 3 samples
was positive for enteroviruses. Muniain-Mujika et al. (2003) studied the com-
parative presence of pathogenic viruses and indicator organisms in shellfish.
Out of 60 shellfish samples that were collected in 3 “human impacted”
areas, 47% were positive for human adenoviruses, 19% were positive for
enteroviruses, and 24% for HAV. The FRNA phages were present in 17 out
of 60 (28%) shellfish samples. Enteroviruses, HAV, and human adenoviruses
were repeatedly detected in samples that were negative for E. coli. Though
only four of the FRNA positive samples (6.7%) were positive for HAV,
enteroviruses, and human adenoviruses, the data strongly suggest that E.
coli occurrence is not correlated with the occurrence of viral indicators or
pathogens.

Humphrey and Martin (1993) have reported that somatic coliphages
(rather than male-specific coliphages) have value as a fecal contamination
indicator of virus removal during relaying of Pacific oysters. Their conclu-
sions were based on the die-off of male-specific coliphages in oyster tissues.

Dore and Lees (1995) have reported on the persistence of male-specific
coliphages in the digestive glands of environmentally contaminated bivalve
molluscs even after depuration, indicating that these coliphages can proba-
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Table 8.5 Microbial Indicator Organisms and Pathogens on Carrots Obtained from
Different Locationsa

Number of Positive Samples

Organism Field Truck Packing Shed

Male-specific coliphages 1/25 (4%) 4/25 (16%) 14/25 (56%)
E. coli 0/25 (0%) 4/25 (16%) 2/25 (8%)
Salmonella 1/25 (4%) 2/25 (8%) 0/25 (0%)

a Modified from Endley et al., 2003a.



bly serve as a conservative indicator to verify that all traces of fecal con-
tamination have been removed by depuration.Allwood et al. (2004) reported
a stronger correlation between the survival of feline calicivirus and the
FRNA phage MS2 than between E. coli and any other viral pathogen on the
surfaces of leafy salad vegetables. These results also support the notion 
that FRNA phages can serve as a conservative indicator when evaluating
pathogen intervention strategies.

3.3. Bacteroides Phages
Bacteroides fragilis is an obligate anaerobic bacterium found in high con-
centrations in human feces, and hence the presence of phages that infect
these bacteria is considered to be indicative of human fecal contamination
(Chung and Sobsey, 1993; Grabow et al., 1995; Jofre et al., 1995; ISO, 1999;
Lucena et al., 2003). It should be realized, however, that the numbers of Bac-
teroides phages will vary depending on the host strain used and on the geo-
graphical region from where samples originated (Cornax et al., 1990; Araujo
et al., 1997; Puig et al., 1999). Using B. fragilis strain RYC20, Muniain-Mujika
et al. (2003) reported high correlation between Bacteroides phages and
human enteric viruses in shellfish. Lucena et al. (1994) report that the Bac-
teroides phages have one of the lowest decay rates among indicator organ-
isms in shellfish and that the fate of Bacteroides phages released into the
marine environment mimics that of human viruses more than any other indi-
cator organisms. Bacteroides phages are more resistant to conventional
drinking water treatment processes than even male-specific coliphages and
clostridia (Jofre et al., 1995) and they are also resistant to thermal treatment
processes that are commonly used in sewage and sludge treatment (Mocé-
Llivina et al., 2003), indicating that these phages may be the most conserva-
tive indicators.

4.0. DETECTION OF BACTERIOPHAGES

Due to the increased interest in using coliphages and Bacteroides phages as
contamination indicators, the methods to detect them have been constantly
improving. One of the key issues that confront bacteriophage detection in
food and water is the appropriate sample volume for analysis. Because
enteric viruses are normally recovered using very large sample volumes, the
current trend in bacteriophage analysis, at least in the research laboratories,
is to employ large sample volumes as well. For the recovery, detection, and
enumeration of phages, a variety of different methods have been reported
based on sample volume, sample processing method, and the host bacteria
used (Pillai and Nwachuku, 2002).

4.1. Membrane Filtration Method
Sobsey et al. (1990) have reported on a bacteriophage detection method
based on membrane filtration. In the original method, the host bacterium 
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Salmonella typhimurium WG49 was employed to detect F-specific col-
iphages. However, because the F+ plasmid has been found to be unstable
within the host bacterium, the authors acknowledged that there could be
interferences (false positive) from somatic coliphages. This led to the identi-
fication of E. coli ATCC 15597 as the host strain for detecting male-specific
coliphages. The protocol is based on adding MgCl2 to the water sample fol-
lowed by filtration of a defined volume (usually 1,000ml) of the sample
through a 0.45-µm pore-size filter.The phages attached to the filter are eluted
in a high pH buffer after which the eluate is neutralized and plated on the
appropriate host strain. The use of 0.03% tetrazolium dye aids in the detec-
tion and enumeration of the phage-induced plaques due to the contrast the
dye provides.

4.2. U.S. EPA Information Collection Rule (ICR) Method
The U.S. EPA published a standardized procedure for the enumeration of
somatic and male-specific coliphages for use in the Information Collection
Rule (USEPA, 1996). In this procedure, large volumes of water sample
(usually >1,000L) are passed through a positively charged 1MDS filter after
which the adsorbed phage particles are desorbed using a high-pH buffer.
There are obviously constraints related to the volume of the sample that can
be passed through the filter depending on the amount of suspended solids in
the sample. Lingering concerns about the stability of phages to high-pH con-
ditions employed in this protocol have forced researchers to explore alter-
nate sample processing strategies.

4.3. ISO Methods
The ISO (International Organization for Standardization) method for enu-
meration of F-specific RNA phages is the official standard for ISO, which
stipulates that the samples have to be collected, transported, and stored
according to specific guidelines. This method also recommends the use of S.
typhimurium WG49, E. coli K-12 Hfr, or E. coli HS (pFamp) as the host and
includes a preconcentration step for samples that may harbor low numbers
of bacteriophages. This protocol is designed for all types of water samples
and can be adapted for use with food samples provided careful thought is
given to sample processing and purification. The salient feature of the pro-
tocol is that the method suggests confirmatory steps when sampling new
sources, when there is an unexplained overabundance of F-specific phages,
or when there is an indication that somatic phages are being isolated (Pillai
and Nwachuku, 2002). The basic protocol consists of using semi-soft TYG
(tryptone yeast extract glucose) agar amended with a calcium-glucose solu-
tion to which 1ml of the undiluted or diluted sample is added, mixed, and
poured over a bottom-agar plate. The confirmatory tests involve the use of
RNase (40µg/ml) amended TYGA media. The ISO method can also be
adjusted for use with samples containing high bacterial background using
nalidixic acid–resistant E. coli strain CN-13 (ATCC 70078), also known as
WG5. For the detection of somatic coliphages in samples with low back-
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ground bacterial counts, the use of E. coli strain C (ATCC 13706) as the host
strain has been recommended. Another highlight of the ISO protocol is the
built-in confirmatory steps in phage detection when sampling new sources,
when there is an unexplained overabundance of F-specific coliphages, or
when there is an indication that somatic phages are being isolated. The con-
firmation steps include the use of RNAse for selectivity. The ISO method for
the enumeration of bacteriophages infecting B. fragilis uses B. fragilis RYC
2056 (ATCC 70078) as a host. The primary advantage of this host is that,
although the bacterium is an obligate anaerobe, it does not require anaero-
bic handling conditions. Only the incubation has to be carried out under
anaerobic conditions.

4.4. U.S. EPA Methods 1601 and 1602
The two U.S. EPA methods 1601 and 1602 are performance-based methods
designed and optimized for qualitative and quantitative detection of somatic
and male-specific bacteriophages. These protocols have been extensively
tested in round-robin laboratory and field tests and are being considered to
be included in the pending EPA Ground Water Rule. Method 1601 is a two-
step enrichment procedure for the qualitative detection of male-specific and
somatic coliphages (USEPA, 2000a) and has been used to detect coliphages
in carrots, cilantro, parsley, and bioaerosols (Endley et al., 2003a, 2003b;
Espinosa and Pillai, 2002). The method can be used with either 100-ml or
1,000-ml sample volumes. The use of large sample volumes, as mentioned
earlier, increases the probability of detecting low levels of fecally associated
phages. Somatic coliphages are detected using E. coli CN-13 (a nalidixic
acid–resistant mutant of E. coli ATCC 700609) as the host strain, while 
male-specific coliphages are detected using E. coli F-amp (an ampicillin-
streptomycin–resistant mutant of E. coli). The principle underlying this
method is the addition of host bacterium, MgCl2, and concentrated broth
medium into the sample followed by overnight incubation at 37°C. After this
incubation, aliquots of the “enriched” culture are spotted on plates contain-
ing pre-prepared lawns of host bacteria. The plates are then incubated
overnight and the resulting plaques are counted. It should be realized,
however, that plaque counts cannot be used for quantitative purposes
because they have originated from enriched samples.

The U.S. EPA Method 1602 is a quantitative detection protocol (USEPA,
2000b). This method also uses E. coli CN-13 and E. coli F-amp as hosts for
detecting somatic and male-specific coliphages, respectively. However, this
method is capable of handling only 100-ml sample volumes. The method
involves the addition of high titer host bacterium, double-strength agar
medium and MgCl2 to the 100-ml sample, after which the entire contents are
poured into 5 to 10 Petri dishes. After overnight incubation, the plaques 
are counted and tallied across different plates and the results reported as
pfu/100ml.

Recent improvements to these protocols include the use of confirmatory
steps for plaque visualization by “picking” plaques from the original isola-
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tion plates and respotting them on fresh spot plates (Sobsey et al., 2004). The
enrichment method has been found to be extremely valuable for detecting
low levels of phages in large sample volumes (Sobsey et al., 2004).

4.5. Colorimetric Method
Colorimetric, presence/absence methods for coliphage detection have also
been reported (Ijzerman et al., 1993). The method is based on the induction
of β-galactosidase by E. coli. As a result of coliphage infection/replication,
the bacterial cells are lysed, and β-galactosidase hydrolyses the yellow chro-
mogenic substrate that develops into a distinct red color in coliphage-
positive samples. Coliphage-negative samples will remain yellow.

5.0. BACTERIOPHAGES FOR TRACKING SOURCES 
OF CONTAMINATION

In addition to detecting the presence of fecal contamination, it is also
extremely important to identify the sources of fecal contamination. Only 
if sources are identified would it be possible to develop remediation
approaches to limit the exposure of the environment to fecal contaminants.
A number of studies over the recent past have attempted to come up with
tools to detect sources of fecal contamination. Indicators such as E. coli, ente-
rococci, and bacteriophages and molecular methods such as pulsed-field gel
electrophoresis (PFGE), ribotyping, and BOX-PCR have been proposed for
source-tracking purposes (Lu et al., 2004; Meays et al., 2004).The PFGE pro-
tocol involves a specialized electrophoretic separation of the total genome
after restriction digestion with specific enzyme(s). The BOX-PCR protocol
involves the selective amplification of BOX sequences within enterobacteria
using specialized PCR primers. Ribotyping involves the hybridization of 16S
and 23S rDNA sequences as a method of differentiating bacterial subtypes.

Male-specific RNA coliphages have some unique characteristics that
permit them to be used for tracking sources of fecal contamination. Phylo-
genetically, F-specific RNA coliphages fall into four subgroups (Furuse,
1987). Male-specific RNA coliphages are composed of serogroups I through
IV. Subgroups I and II are related and form the major group A while sub-
groups III and IV are very similar and form the major group B. Strains iso-
lated from human feces usually are in group II and III, whereas groups I and
IV are usually found in animal feces (Osawa et al., 1981; Furuse, 1987). Cole
et al. (2003) have recently reported on the distribution of different subgroups
and genotypes of RNA and DNA coliphages. Municipal wastewater samples
had high proportions of F+ DNA coliphages and group II and III F+ RNA
coliphages. Bovine wastewater samples, on the other hand, though contain-
ing a large proportion of F+ DNA coliphages, harbored a majority of group
I and IV F+ RNA coliphages. Swine wastewaters harbored equal proportions
of F+ DNA and RNA coliphages. Group I and III F+ RNA coliphages were
the most common types of RNA coliphages in swine wastewaters. The F+
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RNA coliphages (groups I and IV) were present in large numbers in water-
fowl feces. Though there was a statistically relevant association between
genotypes II and III with human excreta and genotypes I and IV with
animal/bird excreta, Schaper et al. (2002) have questioned whether they can
be used for absolute distinction between human and animal sources.This was
based on the detection of genotype II phages in poultry, cattle, and pig feces
and genotype III phages that were reported for the first time in their study.
Nevertheless, the understanding of the distribution of genotypes and
serotypes in waste streams has paved the way for using male-specific RNA
coliphages as indicators for detecting the source of fecal contamination,
although antisera for male-specific RNA coliphages are not readily available
and some isolates are difficult to serotype. Genotyping of male-specific col-
iphages with oligonucleotide probes has been found to be a feasible alter-
native to serotyping (Hsu et al., 1995; Brion et al., 2002). In addition to
male-specific coliphages, the use of Bacteroides phages has also been sug-
gested to detect fecal pollution from human sources. Grabow et al. (1995)
reported that out of Bacteroides fragilis phages were detected in 13% (n =
90) of human fecal samples but were absent in fecal samples from a variety
of animals. Thus, the detection of Bacteroides phages is indicative of fecal
pollution from human sources.

6.0. SUMMARY

The distribution and occurrence of bacteriophages in source water such as
rivers and aquifers have been extensively studied over the past years. There
are a number of published articles describing the survival characteristics 
of bacteriophages in natural and man-made or engineered environments.
However, our understanding of the occurrence of bacteriophages in foods is
rather limited. Other than a few recent publications, there is a serious lack
of understanding of the occurrence, distribution, and survival kinetics of
these organisms in foods of animal and plant origin. We are currently unsure
of the behavior of these coliphages and Bacteroides phages within foods
during food processing and the various pathogen intervention strategies that
foods are often subjected to. We are unsure for what types of foods these
indicator viruses are robust indicators of fecally associated viral contami-
nants. We need to determine the food categories and the food processing
systems in which coliphages can be used as fecal contamination or process
indicators. In addition, to understand the ecology of coliphages on foods we
need methods that can effectively recover coliphages from foods. These
methods should be easy and efficient to use so that phage levels can be used
for the estimation of microbial risk.

The technologies for coliphage detection are relatively mature, but pro-
cessing protocols to recover coliphages from foods are scant. Although a few
published protocols exist for recovering coliphages from certain herbs such
as cilantro and parsley, concerted efforts are needed to develop methods for
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recovering coliphages from various types of vegetables, fruits, salads, and
meat and meat products. Rapid methods to characterize the isolated col-
iphages in terms of their genotype need to be developed so that information
about the potential sources of pathogens can also be obtained in parallel.
Currently, the methods available for genotyping are restricted to research
laboratories. Recent technological advances in micro-array, micro-fluidics,
and biosensor technologies need to be exploited to develop user-friendly
methods for the specific and sensitive detection and characterization of indi-
cator viruses.

7.0. REFERENCES

Ackermann, H. W., and Nguyen, T. M., 1983, Sewage coliphages studied by electron
microscopy. Appl. Environ. Microbiol. 45:1049–1059.

Allwood, P. B., Malik, Y. S., Hedberg, C. W., and Goyal, S. M., 2004, Effect of temper-
ature and sanitizers on the survival of feline calicivirus, Escherichia coli, and F-
specific coliphage MS2 on leafy salad vegetables. J. Food Prot. 67:1451–1456.

Ashbolt, N. J., Grabow, W. O. K., and Snozzi, M., 2001, Indicators of microbial water.
quality, in: Water Quality: Guidelines, Standards and Health (L. Fewtrell, and 
J. Bartram, eds.), IWA Publishing, London, pp. 289–315.

Araujo, R. A., Puig, J., Lasobras, F., Lucena, F., and Jofre, J., 1997, Phages of enteric
bacteria in fresh water with different levels of fecal pollution. J. Appl. Microbiol.
82:281–286.

Bell, R. G., 1976, The limitations of the ratio of fecal coliforms to total coliphage as
a water pollution index. Water Res. 10:745–748.

Berg, G., Dahling, D. R., Brown, G. A., and Berman, D., 1978, Validity of fecal 
coliforms, total coliforms, and fecal streptococci as indicators of viruses in chlori-
nated primary sewage effluents. Appl. Environ. Microbiol. 36:880–884.

Brion, G. M., Meschke, J. S., and Sobsey, M. D., 2002, F-specific RNA coliphages: occur-
rence, types, and survival in natural waters. Water Res. 36:2419–2425.

Carducci, A., Gemelli, C., Cantiani, L., Casini, B., and Rovini, E., 1999, Assessment of
microbial parameters as indicators of viral contamination of aerosol from urban
sewage treatment plants. Lett. Appl. Microbiol. 28:207–210.

Castillo, G. R., Thiers, R., Dutka, B. J., and El-Shaarawi, A. H., 1988, Coliphage asso-
ciation with coliform indicators: a case study in chile. Toxicity Assessment: An
International Journal 3:535–550.

Ceballos, B. S., Soares, N. E., Moraes, M. R., Catao, R. M., and Konig, A., 2003, Micro-
biological aspects of an urban river used for unrestricted irrigation in the semi-
arid region of north-east Brazil. Water Sci. Technol. 47:51–57.

Chung, H., and Sobsey, M. D., 1993, Comparative survival of indicator viruses and
enteric viruses in seawater and sediment. Water Sci. Technol. 27:425–429.

Cole, D., Long, S. C., and Sobsey, M. D., 2003, Evaluation of F+ RNA and DNA col-
iphages as source-specific indicators of fecal contamination in surface waters.
Appl. Environ. Microbiol. 69:6507–6514.

Cornax, R., Moriñigo, M. A., Paez, I. G., Muñoz, M. A., and Borrego, J. J., 1990, Appli-
cation of direct plaque assay for detection and enumeration of bacteriophages of
Bacteroides fragilis from contaminated-water samples. Appl. Environ. Microbiol.
56:3170–3173.

218 S.D. P illa i



Croci, L., De Medici, D., Scalfaro, C., Fiore, A., Divizia, M., Donia, D., Cosentino, A.
M., Moretti, P., and Costantini, G., 2000, Determination of enteroviruses, hepati-
tis A virus, bacteriophages and Escherichia coli in Adriatic Sea mussels. J. Appl.
Microbiol. 88:293–298.

Davies, C. M., Yousefi, Z., and Bavor, H. J., 2003, Occurrence of coliphages in urban
stormwater and their fate in stormwater management systems. Lett. Appl.
Microbiol. 37:299–303.

Dhillon,T. S., Dhillon, E. K. S., Chau, H. C., Li,W. K., and Tsang,A. H. C., 1976, Studies
on bacteriophage distribution—virulent and temperate bacteriophage content of
mammalian feces. Appl. Environ. Microbiol. 32:68–74.

Dore, W. J. and Lees, D. N., 1995, Behavior of Escherichia coli and male-specific bac-
teriophage in environmentally contaminated bivalve molluscs before and after
depuration. Appl. Environ. Microbiol. 61:2830–2834.

Dowd, S. E., Widmer, K. W., and Pillai, S. D., 1997, Thermotolerant clostridia as an air-
borne pathogen indicator during land application of biosolids. J. Environ. Qual.
26:194–199.

Duran, A. E., Muniesa, M., Moce-Llivina, L., Campos, C., Jofre, J., and Lucena, F.,
2003, Usefulness of different groups of bacteriophages as model micro-organisms
for evaluating chlorination. J. Appl. Microbiol. 95:29–37.

Endley, S. E., Vega, E., Lingeng, L., Hume, M., and Pillai, S. D., 2003a, Male-specific
coliphages as an additional fecal contamination indicator for screening fresh
carrots. J. Food Prot. 66:88–93.

Endley, S., Johnson, E., and Pillai, S. D., 2003b, A simple method to screen cilantro
and parsley for fecal indicator viruses. J. Food Prot. 66:1506–1509.

Espinosa, I. Y. and Pillai, S. D., 2002, Impaction-based sampler for detecting male-
specific bacteriophages in bioaerosols. J. Rapid Methods Autom. Microbiol.
10:117–127.

Fiksdal, L., Maki, J. S., LaCroix, S. J., and Staley, J. T., 1985, Survival and detection 
of Bacteroides spp., prospective indicator bacteria. Appl. Environ. Microbiol.
49:148–150.

Flint, L. W., Enquist, R. M., King, V. R., Racaniello and Skalka, A. M., 2000, Princi-
ples of virology, in: Molecular Biology, Pathogenesis and Control (S. J., ed.),
American Society for Microbiology, Washington, DC, p. 804.

Furuse, K., 1987, Distribution of phages in the environment: general considerations,
in: Phage Ecology (S. M. Goyal, C. P. Gerba, and G. Bitton, eds.), Wiley Inter-
science, New York, pp. 87–123.

Furuse, K., Ando, A., Osawa, S., and Wantanabe, I., 1981, Distribution of ribonucleic
acid coliphages in raw sewage in South and East Asia. Appl. Environ. Microbiol.
41:995–1002.

Gantzer, C., Henny, J., and Schwartzbrod, L., 2002, Bacteroides fragilis and Escherichia
coli bacteriophages in human faeces. Int. J. Hyg. Environ. Health 205:325–328.

Gerba, C. P., 1987, Phage as indicators of fecal pollution, in: Phage Ecology (S. M.
Goyal, C. P. Gerba, and G. Bitton, eds.), Wiley Interscience, New York, pp.
197–210.

Gerba, C. P., Goyal, S. M., LaBelle, R. L., Cech, I., and Bodgan, G. F., 1979, Failure of
indicator bacteria to reflect the occurrence of enteroviruses in marine waters. Am.
J. Public Health 69:1116–1119.

Grabow, W. O. K., Neubrech, T. E., Holtzhausen, C. S., and Jofre, J., 1995, Bacteroides
fragilis and Escherichia coli bacteriophages: excretion by humans and animals.
Water Sci. Technol. 31:223–230.

Bacter iophages  as  Fecal  Ind icator  Organisms 219



Goyal, S. M., 1983, Indicators of viruses, in: Viral Pollution of the Environment
(G. Berg, ed.), CRC Press, Boca Raton, FL, pp. 211–230.

Havelaar,A. H., 1993, Bacteriophages as models of human enteric viruses in the envi-
ronment. ASM News, 59:614–619.

Havelaar, A. H., Furuse, K., and Hogeboom, W. M., 1986, Bacteriophages and indi-
cator bacteria in human and animal feces. J. Appl. Bacteriol. 60:255–262.

Havelaar,A. H., Olphen, M., Olphen,Y. C., and van Dorst,Y. C., 1993, F-specific RNA
bacteriophages are adequate model organisms for enteric viruses in fresh water.
Appl. Environ. Microbiol. 59:2956–2962.

Hot, D., Legeay, O., Jacques, J., Gantzer, C., Caudrelier, Y., Guyard, K., Lange, M., and
Andreoletti, L., 2003, Detection of somatic phages, infectious enteroviruses and
enterovirus genomes as indicators of human enteric viral pollution in surface
water. Water Res. 37:4703–4710.

Hsu, F. C., Shieh, Y. S., van Duin, J., Beekwilder, M. J., and Sobsey, M. D., 1995,
Genotyping male-specific RNA coliphages by hybridization with oligonucleotide
probes. Appl. Environ. Microbiol. 61:3960–3966.

Hsu, F. C., Shieh, Y. S., and Sobsey, M. D., 2002, Enteric bacteriophages as potential
fecal indicators in ground beef and poultry meat. J. Food Prot. 65:93–99.

Humphrey,T. J., and Martin, K., 1993, Bacteriophage as models for virus removal from
Pacific oysters (Crassostrea gigas) during re-laying. Epidemiol. Infect. 111:325–335.

IAWPRC Study Group on Health Related Water Microbiology, 1991, Bacteriophages
as model viruses in water quality control. Water Res. 25:529–545.

Ijzerman, M. M., Falkinham, J. O., and Hagedorn, C., 1994, A liquid, colorimetric 
presence-absence coliphage detection method. J. Virol. Methods 48:349.

ISO (International Standards Organization), 1999,Water Quality. Detection and Enu-
meration of Bacteriophages—Part 2. Enumeration of bacteriophages infecting
Bacteroides fragilis. ISO/DIS10705-4, Geneva, Switzerland.

Jiang, S. C., and Chu, W., 2004, PCR detection of pathogenic viruses in southern 
California urban rivers. J. Appl. Microbiol. 97:17–28.

Jiang, S., Noble, R., and Chu, W., 2001, Human adenoviruses and coliphages in urban
runoff-impacted coastal waters of Southern California. Appl. Environ. Microbiol.
67:179–184.

Jin, G., Englande, A. J., Bradford, H., and Jeng, H. W., 2004, Comparison of E. coli,
enterococci, and fecal coliform as indicators for brackish water quality assess-
ment. Water Environ. Res. 76:245–255.

Jofre, J., Olle, E., Ribas, F., Vidal, A., and Lucena, F., 1995, Potential usefulness of bac-
teriophages that infect Bacteroides fragilis as model organisms for monitoring
virus removal in drinking water treatment plants. Appl. Environ. Microbiol.
61:3227–3231.

Joklik, W. K., 1988, Virology, 3rd ed., Appleton and Lange, Norwalk, OH.
Kibbey, H. J., Hagedorn, C., and McCoy, E. L., 1978, Use of fecal streptococci as indi-

cators of pollution in soil. Appl. Environ. Microbiol. 35:711–717.
Lucena, F., Lasobras, J., McIntosh, D., Forcadell, M., and Jofre, J., 1994, Effect of dis-

tance from the polluting focus on relative concentrations of Bacteroides fragilis
phages and coliphages in mussels. Appl. Environ. Microbiol. 60:2272–2277.

Meays, C. L., Broersma, K., Nordin, R., and Mazumdar,A., 2004, Source tracking fecal
bacteria in water: a critical review of current methods. J. Environ. Mgt. 73:71–79.

Mena, K. D., and Pillai, S. D., 2003, Quantitative risk-based microbial standards for
irrigation water quality. Abstract Annu. Mtg. Am. Soc. Microbiol. Washington,
D.C.

220 S.D. P illa i



Mocé-Llivina, L., Maite Muniesa, H., Pimenta-Vale, F. L., and Jofre, J., 2003, Survival
of bacterial indicator species and bacteriophages after thermal treatment of
sludge and sewage. Appl. Environ. Microbiol. 69:1452–1456.

Muniain-Mujika, I., Calvo, M., Lucena. F., and Girones, R., 2003, Comparative analy-
sis of viral pathogens and potential indicators in shellfish. Int. J. Food Microbiol.
25, 83:75–85.

Muniesa, M., and Jofre, J., 2004a, Abundance in sewage of bacteriophages infecting
Escherichia coli O157:H7. Methods Mol. Biol. 268:79–88.

Muniesa, M., and Jofre, J., 2004b, Factors influencing the replication of somatic 
coliphages in the water environment. Antonie Van Leeuwenhoek J. Microbiol.
86:65–76.

Muniesa, M., Moce-Llivina, L., Katayama, H., and Jofre, J., 2003, Bacterial host strains
that support replication of somatic coliphages. Antony Van Leeuwenhoek J.
Microbiol. 83:305–315.

Nelson, K. L., Cisneros, B. J., Tchobanoglous, G., and Darby, J. L., 2004, Sludge accu-
mulation, characteristics, and pathogen inactivation in four primary waste stabi-
lization ponds in central Mexico. Water Res. 38:111–127.

Osawa, S., Furuse, K., and Watanabe, I., 1981, Distribution of ribonucleic acid col-
iphages in animals. Appl. Environ. Microbiol. 41:164–168.

Ottoson, J., and Stenstrom, T. A., 2003, Faecal contamination of greywater and asso-
ciated microbial risks. Water Res. 37:645–655.

Paul, J. H., Rose, J. B., Jiang, S. C., London, P., Xhou, X., and Kellogg, C., 1997, Col-
iphage and indigenous phage in Mamala Bay, Oahu, Hawaii. Appl. Environ.
Microbiol. 63:133–138.

Pillai, S. D., and Nwachuku, N., 2000, Field testing of coliphage methods for screen-
ing groundwater for fecal contamination. Proc. Am. Water Qual. Technol. Conf.,
Salt Lake City, UT.

Pillai, S. D., and Nwachuku, N., 2002, Bacteriophage methodologies, in: Encyclopedia
of Microbiology (G. Bitton, ed.), John Wiley & Sons, New York, pp. 374–384.

Puig, A., Queralt, N., Jofre, J., and Araujo, R., 1999, Diversity of Bacteroides
fragilis strains in their capacity to recover phages from human and animal 
wastes and from fecally polluted wastewater. Appl. Environ. Microbiol.
65:1772–1776.

Schaper, M., Jofre, J., Uys, M., and Grabow, W. O., 2002, Distribution of genotypes of
F-specific RNA bacteriophages in human and non-human sources of faecal pol-
lution in South Africa and Spain. J. Appl. Microbiol. 92:657–667.

Shah, P. C., and McCamish, J., 1972, Relative chlorine resistance of poliovirus I and
coliphages f2 and T 2 in water. Appl. Microbiol. 24:658–659.

Shin, G. A., and Sobsey, M. D., 2003, Reduction of Norwalk virus, poliovirus 1, and
bacteriophage MS2 by ozone disinfection of water. Appl. Environ. Microbiol.
69:3975–3978.

Skraber, S., Gassilloud, B., and Gantzer, C., 2004, Comparison of coliforms and 
coliphages as tools for assessment of viral contamination in river water. Appl.
Environ. Microbiol. 70:3644–3649.

Sobsey, M. D., Schwab, K. J., and Handzel, T. R., 1990, A simple membrane filter
method to concentrate and enumerate male-specific RNA coliphages. J. Am.
Water Works Assn. 82:52–59.

Sobsey, M. D., Yates, M. V., Hsu, F. C., Lovelace, G., Battigelli, D., Margolin, A., Pillai,
S. D., and Nwachuku, N., 2004, Development and evaluation of methods to detect
coliphages in large volumes of water. Water Sci. Technol. 50:211–217.

Bacter iophages  as  Fecal  Ind icator  Organisms 221



Suan, S. T., Chuen, H. Y., and Sivaborvorn, K., 1988, Southeast Asian experiences with
the coliphage test. Toxicity Assessment: An International Journal 3:551–564.

Toranzos, G. A., Gerba, C. P., and Hanssen, H., 1988, Enteric viruses and coliphages
in Latin America. Toxicity Assessment: An International Journal 3:391–394.

Torrella, F., Lopez, J. P., and Banks, C. J., 2003, Survival of indicators of bacterial and
viral contamination in wastewater subjected to low temperatures and freezing:
application to cold climate waste stabilisation ponds, Water Sci. Technol. 48:
105–112.

USEPA, 1996, ICR (Information Collection Rule). Microbial Laboratory Manual,
Office of Research and Development, Washington, DC.

USEPA, 2000a, Method 1601, Male-specific (F+) and somatic coliphage in water by
a two-step enrichment procedure. EPA 821-R-00-009, Washington, DC.

USEPA, 2000b, Method 1602, Male-specific (F+) and somatic coliphage in water by
single agar layer (SAL) procedure. EPA 821-R-00-009, Washington, DC.

222 S.D. P illa i




