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ABSTRACT

The minimum inhibitory concentration (MIC) is the concentration at which an antibacterial agent experiences the com-
plete inhibition of organism growth. Bacteriophages represent a rich and unique resource of anti-infectives to counter
the growing world-wide problem of antibiotic resistance. In this study, we compared the host range of lytic bacterio-
phages and temperate phagesbelonging to various genera, namely Staphylococcus, E. coli and Salmonella, with a range
of clinical isolates using two methods: the classical agar overlay method and a newly developed MIC method. MIC was
only observed with isolates that were susceptible to phage infection, which correlated with the agar overlay assay,
whereas no MIC was detected with isolates that were resistant to phage infection. The simple MIC method was useful
in determining phage adsorption and host range, and detecting possible prophage contamination in phage preparations.
Interestingly, this method was also applicable to strain differentiation through phage susceptibility testing using a

96-well, high throughput format that proved to be easy, cost-effective, fast and reliable.
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1. Introduction

In the early twentieth century, Frederick Twort and Felix
d’Herelle discovered bacteriophages that caused the lysis
of bacterial cells [1]. Since their discovery, phages have
been used in various practical applications, including in
human and veterinary medicine [2-4]. Phages are widely
distributed throughout nature in substances such as soil,
water, air, surfaces, oceans, freshwater, the rhizosphere,
plants, food, industrial fermentations and on the outside
and in the body cavities of humans and animals [5]. Up
to 9 x 10® PFU-mL™" has been found in sea water, and up
to 70% of marine bacteria may be infected by phages
according to Prescot’s (1993) report [6]. For a consider-
able time, a diverse population of bacteriophages has
been known to be present in the rumens of sheep and
cattle [7-10]. These phages probably play a major role in
the population dynamics of ruminal bacteria. Phages are
widely distributed in soil, air and the intestines of ani-
mals, where bacterial hosts are prevalent. Between 10%
and 20% of planktonic marine bacteria are lysed by vi-
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ruses (phages) each day, according to Suttle [11].

Phages have also been used in the identification and
differentiation of bacterial genera due to their specificity;
that is, up to 6 orders of magnitude in sensitivity to the
same titer of phage [12]. The approval and designation of
phages that have earned the “generally regarded as safe”
(GRAS) status from the US FDA for controlling Listeria
monocytogenes in ready-to-eat meat and cheese products
represents an acceptance of phages among regulated an-
tibacterials as the next generation of antimicrobials [4].

The first step in bacterial identification or differentia-
tion using bacteriophages is the adsorption of the phage
to the bacterial surface. The extent of this binding is de-
fined as the host range of a phage that is one of the de-
fining biological characteristics of a particular bacterial
virus [13].

Phages’ resistance to adsorption could be due to a va-
riety of factors including the loss of phage receptor mole-
cules on hosts; physical barriers such as capsules mask-
ing the receptor molecules; and restriction-modification
mechanisms such as phage-genome uptake blocks, su-
per-infection immunity and restriction modification [14].
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To use phages for diagnostic or therapeutic purposes,
the differentiation of phage types is a critical parameter.
The common gold standard method for enumerating and
differentiating phages is the double agar overlay assay
[15]. This method, however, is limited by its inability to
differentiate between various types of phages, such as
virulent or temperate, because it distinguishes between
phages according to phenotypic marker differences such
as plaque morphology or the phages’ host range [16].

In 1992, the American Public Health Association (APHA)
proposed a single-agar-layer plaque for coliphage enu-
meration from ground and surface water samples. In gen-
eral, the limitations of this agar-based method are poor
plaque visibility [17], false positive results caused by
non-viral toxic material [18], poor adsorption of phages
on the bacterial surface [19], superinfection immunity
[20] and its restriction modification system [21] in which
the success of a phage infection depends on the host’s
restriction-modification (R-M) system, which depends on
issues such as the activities of the host methyltransferase,
the restriction endonuclease and the number of suscepti-
ble sites in the phage genome.

To overcome the problems associated with the various
methods of phage enumeration, phage host range deter-
mination and bacterial differentiation, we attempted a
simple and robust method for detecting phage sensitivity
that also proved to be a simple technique for differenti-
ating between phage types.

We realized that any bacterial isolate’s sensitivity to a
particular antibacterial agent, such as an antibiotic, is
measured by establishing the minimum inhibitory con-
centration (MIC) or breakpoint, defined as the lowest
concentration (conventionally tested in doubling dilutions)
of antibiotic at which an isolate cannot produce visible
growth after overnight incubation. MICs can be deter-
mined using agar or broth dilution techniques and fol-
lowing the reference standards established by various
authorities such as the Clinical and Laboratory Standards
Institute (CLSI, US), the British Society for Antimicro-
bial Chemotherapy (BSAC, UK), the Agence Francaise
de Securite Sanitaire des Produits de Sante (AFFSAPS,
France), the Deutsches Institutfiir Normunge.V. (DIN,
Germany) and the International Society of Chemotherapy
(ISC)/World Health Organization (WHO). The antimi-
crobial resistance of bacterial pathogens is a major prob-
lem in the treatment of animal and human patients with
bacterial diseases. Determining the MIC of antibiotics
designed to fight bacteria plays a crucial role in the study
of their bacterial resistance.

We tried extrapolating the MIC concept to include
bacteriophages, expressing their MIC in terms of multi-
plicity of infection (MOI), which indicates the number of
phage particles required to achieve the absence of visible
bacterial growth. There could be significant advantages
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to determining the MIC of a phage; for instance, assays
samples could be simultaneously assayed in a cost-ef-
fective, less laborious manner that would require simple
equipment including a spectrophotometer and an incuba-
tor shaker for MIC determination.

It has been speculated that the MIC method might be
useful in phage adsorption studies. The various phages
that have been tested to determine their MICs include
Staphylococcus phages K and 44AHJD [22,23]; the tem-
perate Staphylococcus phage P954 [4,24]; the Salmonella
phage P16; a virulent T1 type phage isolated in our labo-
ratory; and the well known E. coli phages T4, T7 and
lambda [25]. The results for the MICs for all of these
phages are subsequently disclosed.

2. Materials and Methods
2.1. Bacterial Strains and Bacteriophages

Fifty Staphylococcus aureus isolates comprising 27 me-
thicillin-resistant Staphylococcus aureus (MRSA) and 23
methicillin-sensitive Staphylococcus aureus (MSSA) col-
lected from hospitals in and around Bangalore, India and
36 global strains (33 MRSA and 3 MSSA) were used to
assess the bactericidal activity of one of the virulent
staphylococcus bacteriophages (K) and one lysogenic
phage (P954). Thirty distinct, typed isolates of global
representation were obtained in the US from the Public
Health Research Institute (PHRI), New Jersey. Phage K
(NC07814-02) was obtained in the UK from the Health
Protection Agency Culture Collections. All of the strains
were cultured in LB broth at 37°C on a rotary shaker
(200 rpm), unless otherwise stated. While Salmonella
phage P16 was isolated in-house and the Salmonella iso-
lates were from poultry farms, the E. coli phages T4, T7,
lambda and LE392 were purchased from Bangalore Ge-
nei Pvt. Ltd., in Bangalore, India and the listed isolates
were collected from various hospitals in India.

2.2. Propagation of Bacteriophages

Phage K and phage P954 were propagated in a prophage
free S. aureus host RN4220, because we have observed
that prophage free hosts produce pure homogenous phage
preparations with no prophage contamination (Nirmal et
al., 2012), whereas phage 44AHJD was propagated in
RN4220 cells carrying heterologous endolysin pPGMB540,
as previously described (Nirmal et al., 2012). Although
the E. coli phages T4 and T7 were propagated in BL21
cells, the lambda phage was propagated in LE392 E. coli
cells. For propagation of Salmonella gallinarum phage
P16, cells of Salmonella gallinarum were used.

Briefly, the propagating hosts were grown at 37°C in
LB broth to an absorbance of ~0.8 at 600 nm and in-
fected with respective phages at an MOI of 0.1, then fur-
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ther incubated for upto 4 hours. Phages were harvested
after the centrifugation of the culture lysate at 3000 x g
for 10 min (Plastocrafts, Mumbai, India) to remove the
debris. The supernatants were further filtered through a
0.2 um filter and the preparation was evaluated for phage
titer.

2.3. Host Range Determination of Phage Lysates
by Agar Plague Assay

Phage plaques were enumerated and titers were deter-
mined by the agar overlay method [26]. The host range
of the phage was determined by the agar overlay method
and scored as three different types. The hosts in which
phages propagated and showed visible plaques were
classified as susceptible/propagating range (PR) hosts.
The hosts in which the phages killed the hosts only at a
high MOI through the “lysis from without” phenomenon
were classified as killing range (KR) hosts. The hosts
that were resistant to phage action were classified as re-
sistant (R) hosts. These terminologies are henceforth
used in this article to differentiate between strain types,
unless otherwise mentioned.

2.4. Determining the MIC of Phages

The MICs of phages, both virulent and temperate, were
determined using the microbroth dilution method in a
96-well microplate for the three host types (PR, KR and
R). The test strains were grown overnight on LB agar and
individual colonies picked from the plates were suspended
in LB broth to match the 0.5 McFarland standard (~1 x
10® CFU-mL™), then distributed in 100 uL volumes into
a 96-well microtiter plate. The phage preparations were
diluted to contain different numbers of phages, ranging
from ~10° to 10~ PFU, and 100 pL of phage dilutions
were added to wells containing bacterial cells. Corre-
sponding cell controls, phage controls and media controls
were maintained. The microtiter plates were incubated at
35°C overnight without shaking. The lowest concentra-
tion of phage at which no turbidity was seen was re-
garded as the MIC.

2.5. Determining Cell Viability Using MTT
Assay and Its Application to the MIC
Method

Microculture tetrazolium assays (MTAs) have been used
to probe the relationships between the cell survival,
growth and differentiation that rely on the cellular reduc-
tion of tetrazolium salts to their intensely colored forma-
zans in mammalian cells [27,28]. This reagent has also
been used effectively to differentiate between live and
dead bacteria because only live bacteria convert the dye
into an insoluble purple formazan measured at 560 nm
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[29]. We adopted this method of quantifying dead cells
by MTT assay in the MIC method of bacterial different-
tiation using phages. The tetrazolium compound used
was 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT), prepared by dissolving MTT in a cell-
based assay buffer at 5 mg-mL™". We used the MIC assay,
as previously described, to visually differentiate between
the live and dead cells, and after a 16 h incubation period,
20 pL of MTT reagent was added to each well and ob-
served for color development after 2 h.

2.6. Phage Adsorption as Detected by MIC

The adsorption of phage K was conducted on RN4220
cells at 37°C for 20 min and spun at 10 K with the super-
natant filtered through a 0.2 pm filter. The samples were
then serially diluted and 100 pL from each dilution was
added to a microtiter plate, each well of which contained
100 pL of RN4220 (1 x 10° CFU-mL™").The plate was
incubated at 35°C for 18 h and observed for MIC. E. coli
C cells were taken as a negative control for the adsorp-
tion studies.

The results were correlated by spotting the super-
natants on the RN4220 lawn to detect unadsorbed phages.
The MIC to detect the adsorption of phage K was con-
ducted on one sensitive isolate with PR, one sensitive
isolate with KR and one resistant isolate. The phages
were exposed for 20 min on each isolate, individually, at
37°C, and then spun at 10 K for 5 min while the super-
natant was collected and filtered through a 0.2 um filter
and serially diluted before being used for the MIC on
RN4220 to detect adsorption by observing shifts in the
MIC well.

All of the figures depicted in this article are represent-
tative examples from the selected set of MIC studies that
show the residual viable cells after the MIC studies using
the MTT dye. These are purely meant to show the non-
viable cells in hosts in which cells were killed through
the “lysis from without” phenomenon, by a high MOI of
phages.

3. Results

3.1. Bacteriophage Amplification, Enumeration
and Host Range Determination

The host range of all of the bacteriophages was assessed
on a panel of isolates that included both antibiotic resis-
tant clinical isolates isolated from various hospitals and
poultry farms. From this panel, we chose isolates based
on their phage susceptibility status (PR, KR and R).

3.2. Determining the MICs of Phages by MTT
Assay

Only the live bacterial cells produced the formazan color
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with no exceptions in any of the MIC data presented in
this article. For Staphylococcus phage K, an MIC of
0.0006 MOI was observed for its propagating host,
RN4220, and ranged between 0.0016 - 2.0 MOI for the
clinical isolates tested. Among these isolates, the MIC
for the three strains of USA 100 ranged between 0.0016
and 0.125 MOI while the three strains of USA 300
ranged between 0.002 and 0.1 MOI. The MICs for S.
aureus USA 400 (MW2) and USA 500 were 2.0 and
0.0057 MOI, respectively. The MIC for the S. aureus
Newman strain was 0.10 MOIL. The results are presented
in Table 1. Interestingly, MIC values of 400 MOI and
more were seen for the KR isolates, whereas no MICs
were detected for the resistant isolates. The MIC data
correlated well with the agar overlay results.

Table 2 compares phage susceptibility by agar overlay
and MIC method for S. aureus isolates. The data demon-
strate that only strains in which the phage 44AHID
propagates showed MICs between the range of 0.01 and
0.02 MOI, while for isolates exhibiting killing by the
“lysis from without” phenomenon, the MICs were in the
range of 100 and 1000 MOI. No MICs were detected for
resistant isolates.

Table 1. Phage K susceptibility testing.

Phage susceptibility

S. aureus isolate by agar overlay® MIC (MOI)
KB600 PR 0.200
BI177 PR 0.010
BI166 PR 0.010
B9208 PR 0.010
B9207 PR 0.010
B9197 PR 0.010
B9299 PR 0.016
BK31 PR 0.145
B9220 KR 1000
B9172 KR 1000
B9232 KR 1000
B9236 KR 1000
B9211 KR 1000
B9196 KR 1000
B9198 KR 100
B9170 KR 100
B9200 KR 100
B9235 R Not detectable
B9234 R Not detectable
B9227 R Not detectable
B9228 R Not detectable
B9164 R Not detectable

PR: Propagating range host-phage susceptible host; KR: Killing range host-
host susceptible to phage by “lysis from without”; R: Resistant host-host
resistant to phage infection.

Copyright © 2013 SciRes.

Our recent work on the 44AHJD phage demonstrated
that the phage plaque on the S. aureus 8325 host did not
reveal any phage plaques on its derivatives (8325-4 and
RN4220) unless supplemented by heterologous endolysin
[14]. We wanted to determine whether such a difference
could also be detected using the MIC method. Our results
indicate that an MIC of 0.0342 MOI was achieved for the
phage on the host 8325 while the hosts 8325-4 and
RN4220 showed MICs of 382 and 1000 MOI, respect-
tively, for the same phage. In RN4220 cells with endo-
lysin supplementation, the same phage exhibited an MIC
of >5250 MOI (Figure 1). The lesser MIC of the

Table 2. Phage 44AHJD susceptibility testing.

Phage susceptibility

S. aureus isolates b a MIC (as MOI)
y agar overlay
RN4220 PR 0.04
BK1 PR 0.4
BK17 PR 0.05
BK19 PR 0.1
BK31 PR 2
B9297 PR 0.125
B9298 PR 0.0016
B9299 PR 0.002
B9300 PR 0.0142
B9302 PR 0.0057
Newman strain PR 0.11
USA 100 PR 0.125
USA 300 PR 0.10
USA 400 PR 0.20
BK15 KR 400
BK21 KR 500
BK13 KR 500
BK26 KR 500
BK23 R Not detectable
BK29 R Not detectable
B9209 R Not detectable
B9211 R Not detectable

PR: Propagating range host-phage susceptible host; KR: Killing range host-
host susceptible to phage by “lysis from without” phenomenon; R: Resistant
host-host resistant to phage infection.

Microtiter plate wells al and a2: Cell control of 8325, wells a4 and a5: cell
control of 8325-4; wells a7 and a8: cell control of RN4220; wells bl to b12:
8325 cells with 44AHJD phage at various MOI’s (6842 to 0.00000006842);
wells c1 to lanes c12: cells of 8325-4 with 44AHIJD phage at various MOI’s
(6842 to 0.00000006842); wells d1 to d12: cells of RN4220 with 44AHID
phage at various MOI’s (6842 to 0.00000006842); wells el and e2: media
control and well e4 and e5: 44AHJD phage control.

Figure 1. MIC determination of 44AHJD virulent phage for
selected S. aureus hosts by MTT assay.
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44AHID phage with the RN4220 strain, compared with
its parent 8325 cells, can be explained by the presence of
prophages in the wells containing 8325 cells and the
44AHID, supporting our hypothesis that 44AHJD re-
leases prophages when propagated in cells carrying pro-
phages [14].

3.3. MIC Determination of Temperate
Staphylococcus Bacteriophage P954

S. aureus isolates with various degrees of susceptibilities
to the phage P954 were chosen. As expected, this phage
only exhibited MICs on two susceptible hosts: BK18 and
RN4220. No MIC was observed on the resistant isolates
B9226, BK30 and BK1 (Table 3). In addition, the MIC
was >1111 MOI for a KR isolate.

3.4. Phage Susceptibility of Salmonella
gallinarum Phage P16

It is evident that the MIC of this phage was only detected
for propagating hosts ranging between 0.00002 and 13
MOI, with no MIC detected for resistant isolates. Table
4 presents a comparison of the agar overlay and the
MICs for a panel of clinical isolates of Sa/monella from a
poultry farm. For the MTT assay, we chose three hosts:
one PR, Salmonella gallinarum G23; one KR, Salmo-
nella Enteritidis32; and one R, Salmonella Enteritidis]1.
The results show that MICs were only detected in the PR
host (MOI of 10 and below) and the KR host (MOI of
~80), but not in the resistant host (Figure 2). These re-
sults correlate very well with the agar overlay results.

3.5. MIC Determination of E. coli
Bacteriophages

Gram-negative bacteriophages such as lambda, T4 and
T7 were used in this study. While the T4 and T7 phages
exhibited MICs of 0.0136 and 0.000272, respectively, it
was only on propagating host BL21cells, with no detect-
able MIC on its resistant isolates B5122 and B5130, re-
spectively (Table 5, Figure 3(a)). Phage lambda showed

Table 3. Phage susceptibility testing of temperate Staphylo-
coccus aureus phage P954.

Phage susceptibility

S. aureus isolate by agar overlay® MIC (MOI)
BK18 PR 0.015
RN4220 PR 0.001034
B9047 KR >1111
BK30 R Not detectable
B9226 R Not detectable
BK1 R Not detectable

PR: Propagating range host-phage susceptible host; KR: Killing range host-
host susceptible to phage by “lysis from without” phenomenon; R: Resistant
host-host resistant to phage infection.
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Table 4. MIC of S. gallinarum phage P16 on various clinical
isolates of Salmonella spp.

E. coli isolates P}Laygzz;‘rsgiﬂtr‘lt;‘ylity MIC (as MOI)
Phage T4/BL21
BL21 PR 0.0136
B5122 R Not detectable
B5130 R Not detectable
Phage T7/BL21
BL21 PR 0.000272
B5122 R Not detectable
3 B5130 R Not detectable
Phage 4/LE392
1 LE392 PR 0.000069
2 B5122 R Not detectable
3 B5130 R Not detectable

PR: Propagating range host-phage susceptible host; KR: Killing range host-
host susceptible to phage by “lysis from without” phenomenon; R: Resistant
host-host resistant to phage infection.
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Microiter plate well nos. al to al2: Salmonella Gallinarum G16
cells with P16 phage at various MOI’s (4280 to 0.00000004280);
wells bl to bl2: Salmonella enteritidis Ent 32 cells with P16
phage at various MOI’s (4280 to 0.00000004280); wells c1 to c12:
Salmonella Enteritidis 1 cells with P16 phage at various MOI’s
(4280 to 0.00000004280). wells d1 and d2: cell control of S. Gal-
linarum; wells el and e2; cell controls of S. Enteritidis 32; f1 and
f2: cell controls of S. Enteritidis 1.

Figure 2. MIC determination of Salmonella phage P16 on
three selected isolates of Salmonella gallinarum, Salmonella
enteritidis 32 and Salmonella enteritidis 1 by MTT assay.

an MIC of 0.000069 MOI only for its propagating host,
LE392, and it did not show any MIC on resistant isolates
B5122 and B5130 (Table 5, Figure 3(b)). Because we
did not have any isolates in the KR category, such iso-
lates were not included for these phages in this study.

3.6. MIC to Detect Phage Adsorption

It is evident from Figure 4(a) that phage K on the
RN4220 lawn resulted in a drastic reduction in phage
titers after adsorption to RN4220 cells, as described in
the material and methods section. Such a result correlates
well with the observed reduction in the MIC of residual
phage K after adsorption to RN4220 cells (Figure 4(b)).

4. Discussion

Antibiotic resistance amongst bacterial pathogens is a
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Table 5. Plaque test of selected Gram negative phages on E.
coli clinical isolates and a lab strain.

Isolate Phage susceptibility MIC
by agar overlay” (observed as MOI)
Salmonella gallinarum
G2 PR 0.000019
G5 PR 13
Gl4 PR 27.2
Gl16 PR 0.000015
G19 PR 0.000272
G23 PR 0.0000147
G26 PR 0.000002
G27 PR 0.000062
G30 PR 0.00000062
G36 PR 0.0000097
G40 PR 0.000019
SG 9R PR 0.0000062
Salmonella Enteritidis
Ent 32 KR 86
Ent 48 KR 91
Ent 1 R Not detectable
Ent 4 R Not detectable
Ent 13 R Not detectable
Ent 15 R Not detectable
Ent 18 R Not detectable
Ent 19 R Not detectable
Ent 20 R Not detectable
Ent 26 R Not detectable

PR: Propagating range host-phage susceptible host; KR: Killing range host-
host susceptible to phage by “lysis from *PR: Propagating range host-phage
susceptible host; KR: Killing range host-host susceptible to phage by “lysis
from.

cause of widespread concern. Despite continuous and
vigorous efforts, the discovery of new anti-bacterials has
not kept pace with the requirements of the medical pro-
fession. Bacteriophage therapy, all but forgotten in the
wake of the antibiotic era, has been attracting the atten-
tion of many research groups [30] and efforts are being
made to develop this naturally occurring agent into a
preventive or therapeutic product. Virulent phages appear
to be somewhat similar to antibiotics because they dis-
play remarkable antibacterial activity. Recent reports on
the effects that such agents and their derivatives [24,
31-34] have on antibiotic resistant strains suggest a sig-
nificant clinical advantage. One study has shown that
phages are more effective than antibiotics in treating cer-
tain infections in humans and experimentally infected
animals [35].

Bacteriophage preparations were used in the pre-anti-
biotic days to treat human infections. At that time, not
much was known about the nature of bacteriophages and
the system of approving a drug for human use was not as

Copyright © 2013 SciRes.

Microtiter plate well nos. al to al2: cells of B5122 with T4 phage
at various MOI’s (27272 to 0.000000272); wells bl to bl12: cells
of B5130 with T4 phage at various MOI’s (27272 to
0.000000272); well nos. c1 to c12: cells of BL21 with T4 phage at
various MOI’s (27272 to 0.000000272); wells d1 and d2: B5122
cell controls; wells d4 and d5: B5130 cell controls; wells d7 and
d8: BL21 cell controls. Microtiter plate well nos. el to el2: Cells
of B5122 with T7 phage at various MOI’s (136000 to
0.00000136); wells f1 to f12: cells of B5130 with T7 phage at
various MOI’s (136000 to 0.00000136); well nos. gl to g12: cells
of BL21 with T7 phage at various MOI’s (136000 to 0.00000136);
wells hl and h2: T4 phage controls; wells h4 and h5: T7 phage
controls; wells h7 and h8: media controls.

(a)

9\
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Microplate well nos. al to al2: cells of B5122 with lambda phage
at various MOI’s (6956 to 0.00000006956); wells bl to b12: cells
of B5130 with lambda phage at various MOI’s (6956 to
0.00000006956); well nos. cl to c12: Cells of LE392 with lambda
phage at various MOI’s (6956 to 0.00000006956); wells d2 and d3:
B5122 cell controls; wells d5 and d6: B5130 cell controls; wells
d8 and d9: LE392 cell controls.

(©)

Figure 3. (a) MIC determination for Gram negative phages
by MTT assay. (a) MIC of T4 and T7 phage on selected
clinical isolates of E. coli and one lab strain of E. coli; (b)
MIC of lambda phage on E. coli clinical isolate B5122 and
B5130 and one lab strain of E. coli.

rigorous and standardized as it is today. Because a phage
is a complex molecule and does not diffuse like an anti-
biotic, it is not possible to use a test similar to the disc
diffusion test for this particular purpose. In this study, we
examined whether a test similar to the determination of
minimum inhibitory concentration can be applied to phage
preparations so that clinical laboratories might test the
sensitivity of clinical isolates to identify the causative or-
ganism and future courses of action and treatment.

In addition to their potential therapeutic uses, bacte-
riophages are also being used in various practical appli-
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a

C

Panel a: phage K plaques by routine test dilutions before adsorp-
tion to RN4220 cells; panel b: phage K titres after adsorption;
panel c: phage K titer after adsorption to a non-adsorbing host E.
coli C.

(2)

Microtiter plate wells al to al2: cells of RN4220 with phage K at
various MOI’s (400 to 0.000000004); wells cl to cl12: cells of
RN4220 with phage K at various MOI’s (0.1 to 0.000000000001)
after a brief adsorption on RN4220 to estimate residual titers;
wells el to el2: cells of RN4220 with phage K at various MOI’s
(400 to 0.000000004) after adsorption to a non-adsorbing host E.
coli C; wells 2 and f3: RN4220 cell controls; wells f5 and f6: me-
dia control; wells {8 and f9: phage control. Note that there is no
loss of titer of phage K after adsorption to its non-adsorbing host E.
coli C.

(b)

Figure 4. (a) Detection of phage adsorption by MIC method
followed by MTT assay. (a) Phage K titers by routine test
dilution method on RN4220 lawn; (b) Phage K MIC estima-
tion by MTT assay before and after adsorption.

cations ranging from decontaminating foods to different-
tiating between bacterial strains for therapeutic purposes.
Therefore, it is important to determine their concentra-
tions quickly and reliably, and the proposed MIC method
appears to be both reliable, and reproducible. Bacterio-
phages are extremely specific, and their host ranges are
dictated by the presence of suitable receptors on the sur-
face of the infected host and by the phage adsorption rate,
which dictates the success of phage infection. In some
cases, although the phages show no visible plaques, it
becomes important to examine whether there are recap-
tors for the phage in question by performing phage ad-
sorption tests, which are also a method for differentiating
between the various bacteria reported several years ago
[36].

Routinely, phage adsorption is achieved by incubating
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suitable host cells (10 CFU-mL ") with a phage lysate at
an MOI of 0.1 at 37°C. At intervals, aliquots of the mix-
ture are centrifuged to sediment the phage-adsorbing
cells and the cell-free supernatant fluids are assayed for
unadsorbed free phages [37]. This method is laborious
and time consuming, and the proposed MIC method ap-
pears to be an interesting alternative. In addition, one of
the main factors affecting plaque formation is the density
of the indicator cells on the plates, because a very dense
confluent lawn would affect infection by phage, resulting
in very small plaques [38]. None of these factors affect
the MIC method of detecting phage adsorption, which is
novel, time-saving, easy and could even be applied to
mammalian viruses for titer estimation.

To bind with a bacterial cell, a phage’s tail fiber (or
attachment protein) and various other appendages must
recognize the receptors on the host cell surface [39,40],
and only a few phage gene products, usually in the range
of one to three, are involved in the adsorption process,
such that the success of observing a phage plaque using
the agar method is not absolute. The proposed MIC
method for the detection of phage adsorption is simple
and capable of deftly handling several samples simulta-
neously.

Our present observations regarding the MICs of phages
between 100 and 1000 MOI for isolates that are lysed by
the “lysis from without” phenomenon (KR) support the
literature, which notes that “lysis from without” is usua-
Ily observed with a high MOI of phage, a phage/bacteria
ratio of >100 and a high phage titer (>10° phages:mL™")
[41,42]. The proposed MIC method has exhibited appli-
cability in both the temperate and virulent phages while
our observations regarding the usefulness of this method
of classifying hosts based on MOI values will certainly
be beneficial. Based on our results, we claim that when
the MIC values for any phage are below 10 MOI, then
the host can be classified as a susceptible (propagating-
PR) host. When the values are between 100 and 1000
MOI, the host can be classified as adsorbing, but not
susceptible (KR). Meanwhile, the resistant host resists
phage adsorption and hence any further action by the
phages. Given that not all of the phages have demon-
strated the ability to cause “lysis from without”, and be-
cause the number of phages required per cell to elicit this
effect is not clear and probably highly variable depend-
ing on the host [43], the results for the MICs of uncha-
racterized phages must be interpreted with caution.

A rapid microtiter plate assay to determine the phage
sensitivity of Lactococci and Enterococci has recently
been developed. Based on the bacterial cells’ ability to
grow in the presence of various phage concentrations, the
acid-base indicator undergoes a color change due to acid
production and it is used to measure phage adsorption to
bacterial cells through the enzyme-linked immunosorbent
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assay (ELISA) technique, which uses anti-phage anti-
bodies [44]. The disadvantage of this method is the need
to generate phage antibodies in every case and the fact
that the color change experienced by the acid-base indi-
cator depends on the number of cells used.

Respiration provides a suitable measure of cell meta-
bolic activity, delivering information on the effects of
various conditions on bacterial cell viability [45]. It has
been estimated using electron transport system (ETS)
activity in bacteria [46,47]. As an indicator of reducing
systems such as the ETS, tetrazolium salts have proven
useful in a number of enzymatic assays. Von Bielig ef al.
[48] were the first to use a tetrazolium dye, 2-p-iodo-
phenyl-3-(p-nitrophenyl)-5-phenyltetrazolium chloride
(INT) to differentiate between bacterial cells in 1949, and
it continues to be used routinely for detecting viable bac-
teria cells [49]. The reduction of INT is linked to the
metabolic pathways of virtually all bacteria in aerobic
and some anaerobic environments [47].

Other dyes, such as MTT and XTT, are now being
used routinely by researchers to detect viable bacterial
cells. Very recently, the tetrazolium reagent
(2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-5-
[(phenylamino)carbonyl]-2H-tetrazoliumhydroxide
(XTT), which is metabolically reduced in viable cells to
a water-soluble formazan product, has proven useful in
that it allows direct absorbance readings, therefore elimi-
nating a solubilization step and shortening the micro cul-
ture growth assay procedure.

The MTT colorimetric bactericidal assays have been
shown to produce comparable results with S. aureus, E.
coli, L. monocytogenes and B. abortus cells [29], sup-
porting our observations regarding the applicability of
this dye in measuring viability in S. aureus, Salmonella,
E. coli and Klebsiella. The MIC test can be conducted
manually or it can be completely automated, depending
on particular lab situations to handle several samples
simultaneously. The MIC method could prove very use-
ful in the diagnosis of bacterial strains through phage
typing, and the results of this study determine the pres-
ence of prophages in any bacterial host, which is both
novel and interesting.
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