BIVIC Microbiology

Methodology article
The use of antibiotics to improve phage detection and enumeration
by the double-layer agar technique

Silvio B Santos, Carla M Carvalho, Sanna Sillankorva, Ana Nicolau,
Eugénio C Ferreira and Joana Azeredo*

O

BiolVled Central

Address: Institute for Biotechnology and Bioengineering, Centre of Biological Engineering, Universidade do Minho, Campus de Gualtar, 4700-057

Braga, Portugal

Email: Silvio B Santos - silviosantos@deb.uminho.pt; Carla M Carvalho - carlacarvalho@deb.uminho.pt;
Sanna Sillankorva - s.sillankorva@deb.uminho.pt; Ana Nicolau - protozoa@deb.uminho.pt; Eugénio C Ferreira - ecferreira@deb.uminho.pt;
Joana Azeredo* - jazeredo@deb.uminho.pt

* Corresponding author

Published: 23 July 2009
BMC Microbiology 2009, 9:148  doi:10.1186/1471-2180-9-148

Received: 20 January 2009
Accepted: 23 July 2009

This article is available from: http://www.biomedcentral.com/1471-2180/9/148

© 2009 Santos et al; licensee BioMed Central Ltd.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract

Background: The Double-Layer Agar (DLA) technique is extensively used in phage research to
enumerate and identify phages and to isolate mutants and new phages. Many phages form large and
well-defined plaques that are easily observed so that they can be enumerated when plated by the
DLA technique. However, some give rise to small and turbid plaques that are very difficult to detect
and count. To overcome these problems, some authors have suggested the use of dyes to improve
the contrast between the plaques and the turbid host lawns. It has been reported that some
antibiotics stimulate bacteria to produce phages, resulting in an increase in final titer. Thus,
antibiotics might contribute to increasing plaque size in solid media.

Results: Antibiotics with different mechanisms of action were tested for their ability to enhance
plaque morphology without suppressing phage development. Some antibiotics increased the phage
plaque surface by up to 50-fold.

Conclusion: This work presents a modification of the DLA technique that can be used routinely
in the laboratory, leading to a more accurate enumeration of phages that would be difficult or even
impossible otherwise.

Background

Bacteriophages (phages) are viruses that specifically infect
bacteria. They can be found in almost all ecosystems and
it is estimated that approximately 103! phages exist glo-
bally (108 phage species predicted), making them the
most prominent biological system on earth [1-5]. Despite
these enormous numbers it is estimated that less than 1%
of all phage species have been detected by the plaque
assay because of undersampling, which is often attributed

to the use of classical bacteriophage propagation proce-
dures [4,5].

The ability of a phage to lyse its host bacterium, producing
a plaque within a bacterial lawn, led to the discovery of
phages in 1915 by Frederick W. Twort and is the basis of
the classic plaque assay, the double-layer agar (DLA) tech-
nique, which has been used ever since [6-8] to identify
and enumerate phages and isolate mutants. In recent
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years, interest in phages has increased not only because of
their potential use as alternatives to antibiotics (phage
therapy) but also because of their applications in many
other fields (phage display, immunology, microbial
genetics, diagnostics, vaccine development, biosensors,
etc.). Isolation, detection or/and enumeration of phages
are essential in all these applications, and the increasing
interest in phages has broadened the use of the DLA tech-
nique. As a consequence, the efficiency of this method has
several implications in different areas of biology [9-11].

While many phages form plaques that are sufficiently
large and well-defined to be detected and enumerated eas-
ily by the classical DLA technique, some give rise to small
and turbid plaques that are difficult to detect and count
accurately. In these cases, the classical plaque assay can be
rather unsatisfactory and sometimes highly unreliable
[4,12-14].

Various approaches have been proposed to enhance
plaque morphology and hence the ease and accuracy of
plate counts. The addition of dyes that bind specifically to
cells in the bacterial lawn is the most common approach.
The dyes most frequently used are tetrazolium salts (2,3,5-
triphenyltetrazolium chloride, 2,5-diphenyl-3 [alpha-
naphthyl|-tetrazolium chloride). Unfortunately, Hurst et
al. [15] have reported that this dye results in titer suppres-
sion in more than 70% of phages tested [11-17]. A com-
bination of ferric ammonium citrate and sodium
thiosulfate (FACST) has also been employed to enhance
plaque visualization. However, this only works with bac-
terial strains that produce hydrogen sulphide, which is a
major limitation. In addition, plaque counts have to be
made within 12 h of plating because the black lawns tend
to fade rapidly [13,18].

Antibiotics have been found to influence phage growth.
Price and Krueger independently reported that in general
more phage formed in the presence than the absence of
penicillin [19-22]. More recently, Hadas et al. [23] and
Maiques et al. [24] observed that beta-lactam antibiotics
stimulated phage development in Escherichia coli and Sta-
phylococcus aureus, and Comeau et al. [25] observed that

Table I: Phages used.
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sub-lethal concentrations of aztreonam and cefixime
stimulated phage production by a uropathogenic E. coli
strain. These few reports imply that at least some antibiot-
ics, under certain conditions, have the ability to stimulate
bacteria to produce phage, increasing their final concen-
tration. This effect may thus be used to increase phage
plaque size, improving the efficacy of the DLA technique.

In this work we studied the conditions under which anti-
biotics can increase plaque size leading to the isolation,
identification and more accurate enumeration of phages
that would be difficult or even impossible otherwise.

Methods

Media

The medium used in this work was LB broth, Miller
(Sigma-Aldrich Inc., St. Louis MO - USA), prepared
according to the manufacturer's instructions. It was used
for bacterial growth in the suspension in which the bacte-
rial lawn was prepared. For use in the DLA method, this
same medium was supplemented with agar (Applichem,
Darmstadt - Germany) at final concentrations of 1.2%
and 0.6% for bottom and top agar respectively. When
stated, glycerol (Applichem, Darmstadt - Germany) was
added at the required concentration to the top, bottom or
both layers before sterilization.

Antibiotics

Ampicillin, penicillin G, kanamycin, rifampicin and tetra-
cycline hydrochloride were purchased from Sigma-
Aldrich Inc. (St. Louis MO - USA) while cefotaxime was
obtained from Labesfal-Laboratérios de Almiro SA (Ama-
dora - Portugal). They were dissolved in distilled water
and filter-sterilized using a 0.22 pm PES syringe filter from
Tpp-Techno Plastic Products AG (Trasadingen - Switzer-
land) prior to addition to the media.

Phages

All phages used in this work are virulent and are listed in
Table 1 along with their sizes and hosts. The phages were
isolated from sewage (purified by several isolation of sin-
gle plaques) and represent the three families in the order
Caudovirales, which include 96% of all observed phages

PHAGE FAMILY DIMENSIONS (nm) HOST

phi PVP-SEI Myoviridae Tail:120 x 18; head: 84 Salmonella enterica Enteritidis
phi PVP-SE2 Siphoviridae Tail:125 x 8; head: 57 Salmonella enterica Enteritidis
phi IBB-PF7A Podoviridae Tail:13 x 8; head: 63 Pseudomonas fluorescens

phi IBB-SL58B Podoviridae Tail:13 x 9; head: 64 Staphylococcus lentus
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[16]. The Pseudomonas fluorescens phage phi IBB-PF7A was
already described by Sillankorva et al [26]. Phage dimen-
sions were determined by Dr. Hans-W. Ackermann (Uni-
versité ~ Laval, Quebec, Canada -  personal
communication).

Determination of phage titer

The titer of each phage, expressed as plaque forming units
(pfu), was determined using the DLA technique as
described by Sambrook and Russel [27]. Briefly, 100 ul of
a dilution of the phage sample was added to 100 pl of a
bacterial suspension grown overnight at 37°C, 120 rpm.
This solution was added to 4 ml top agar, gently homoge-
nized, and poured into a 90 mm petri dish (Plastiques-
Gosselin, Borre - France) previously prepared with 10 ml
bottom agar. The plates were gently swirled, dried for 10
min at room temperature and then inverted and incu-
bated at 37°C overnight.

To test the effects of antibiotics on plaque size, the corre-
sponding antibiotic was added at the concentration
desired to the bottom, top or both agar layers after sterili-
zation of the medium. Glycerol was added to the top, bot-
tom or both layers before sterilization.

Phage plaque size

Pictures of the plates were taken with a Hewlett-Packard
Scanjet 3300C scanner, using a black background to avoid
distortion and to allow equal light exposure and contrast
conditions in all photographs. The photographs were not
adjusted for brightness, contrast or colour. In order to
obtain accurate dimensions, the diameter and area of the
plaques were automatically determined from photo-
graphs at 4-fold magnification using the computer image
analysis program Sigma Scan Pro, version 5.0.0 of SPSS
Inc (Chicago - USA). Each value is the average of up to 20
plaque measurements.

Microscopic observation of bacterial cells

Bacterial cells were grown for 7 h in LB with or without
glycerol and supplemented with an antibiotic (0.5 mg/1
ampicillin, 0.06 mg/I cefotaxime or 1.5 mg/I tetracycline).
The bacterial suspension was then diluted 1:20 in saline
(0.9% NaCl) and washed twice in saline (centrifuged at
5000 rcf for 10 min). A 20 pl drop was placed on a glass
slide and left to air-dry. The sample was then counter-
stained with 30 pl (10 pg/ml) 4',6'-diamidino-2-phe-
nylindole (DAPI) from Sigma-Aldrich Inc. (St. Louis MO
- USA) and incubated for 10 min in the dark. Excess DAPI
was removed and the sample was allowed to air-dry,
mounted with non-fluorescent immersion oil (Merck,
Darmstadt - Germany) and covered with a coverslip.
Finally, the cells were visualized under an Olympus BX51
epifluorescence microscope (Olympus Portugal SA, Lis-
bon - Portugal) equipped with a filter sensitive to DAPI
fluorescence.
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Statistical analysis

To test for differences among groups the data obtained for
phage titer determination (counts of up to 30 plates) were
subjected to statistical analysis using one-way ANOVA
(confidence level 99.9%), version 5.0.0 of SPSS Inc (Chi-
cago - USA).

Results

As part of the European Project Phagevet-P, a Salmonella
phage (phi PVP-SE1), characterised by a broad lytic spec-
trum, was isolated. Unfortunately, according to the DLA
technique, this phage produces very small and turbid
plaques that are very difficult to detect and enumerate
(Figure 1). The development of a method for improving
the visualization of phage plaques was essential. We there-
fore studied the ability of different antibiotics and glycerol
to enhance plaque size. When the DLA technique is mod-
ified by the addition of antibiotics (and glycerol) it is
referred to as PAMA (Plaque Assay Modified with Antibi-
otic). Antibiotics were incorporated at different concen-
trations in the top agar layer. Only four of them increased
plaque size: penicillin G, ampicillin, cefotaxime and tetra-
cycline. With this approach a notable increase in plaque
size was observed, but plaque size and lawn distribution
were very heterogeneous (Figure 2). To overcome this
problem we tested the addition of the antibiotic to the
bottom agar layer only and to both layers. Plates more
homogenous in plaque size and bacterial lawn distribu-
tion were obtained only when the antibiotics were added

Figure |
Plaques of phi PVP-SE| obtained by classical DLA
technique.
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Figure 2

Heterogeneous phi PVP-SEI plaque increase with 2
mg/l ampicillin added to the top layer. A and B — differ-
ent plates with 2 mg/l ampicillin.

to both layers. No further experiments with penicillin G
were carried out once the concentration needed to obtain
a plaque size increase exceeded 20 mg/l (much higher
than the other antibiotics).

The effect of glycerol at three final concentrations (5%,
10% and 20%) in both layers (without antibiotics) was
tested and compared with a control containing no glyc-
erol or antibiotic (Figure 3). The best improvement in
plaque observations was achieved with 5% glycerol,
where we obtained a small increase in plaque size and a
very good increase in contrast. Thus, further experiments
were carried out using this concentration.

The combination of glycerol and antibiotics produced
larger plaques and a dramatic increase in contrast com-
pared with the use of antibiotics alone (Figure 4). In this
way, glycerol appears to act synergistically with antibiotics
in improving plaque observations.

The optimum antibiotic concentration should be the
highest possible to produce the maximum increase in
plaque size but not so high that it inhibits bacterial lawn
formation. Therefore, the effects of different antibiotic
concentrations in both layers were analyzed, and the fol-
lowing optimal concentrations were determined: 0.5 mg/
1 ampicillin, 0.06 mg/l cefotaxime and 1.5 mg/l tetracy-
cline (Figure 5). Comparing these antibiotic concentra-
tions with and without glycerol (Figure 6) we concluded

http://www.biomedcentral.com/1471-2180/9/148

Figure 3

Determination of optimal glycerol concentration
using plaques of phi PVP-SE|. A — without glycerol (0%);
B — with 5% glycerol; C — with 20% glycerol; D — with 10%
glycerol.

that glycerol critically improves plaque observation, espe-
cially for tetracycline, for which both the plaque size and
contrast were increased. Tetracycline was the antibiotic
that induced the highest increment of phage plaque size
and contrast (Table 2).

These optimized antibiotic concentrations plus glycerol
(5%) were applied to three other phage-host systems to
assess their ability to increase phage plaque. With phage
phi PVP-SE2 only a slight increase in plaques was
observed when cefotaxime and ampicillin were used,
while the addition of tetracycline produced an enormous
increase in phage plaque size (Figure 7). There was no sig-
nificant effect on the plaquing behaviour of Pseudomonas
fluorescens phage phi IBB-PF7A (Figure 8). In the case of
Staphylococcus phage phi IBB-SL58B, ampicillin at 50-
100 mg/l resulted in a very significant increase in plaque
size (Figure 9).

It was important to ensure that the glycerol and antibiot-
ics caused no diminution of plaque numbers. We
addressed this issue by comparing the phage titers deter-
mined in the classical DLA procedure and the newly-
developed PAMA method (Table 3). The average phage
titer (in pfu) was statistically significantly higher when
antibiotics were used (PAMA) (p < 0.001 for each antibi-
otic), justifying rejection of the null hypothesis (that are
no differences between groups with and without PAMA)
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A

Figure 4

Influence of 5% glycerol in the top layer on phi PVP-
SE| phage plaques. A — classical DLA; B — PAMA with 0.2
mg/l cefotaxime; C — as in A but with 5% glycerol; D —as in B
but with 5% glycerol.

with a confidence of 99.9%. The higher phage titer value
could be due to the release of prophages from the host
bacterium as a result of induction, as described for Mito-
mycin C. However, this hypothesis is false since the host
bacteria stressed with antibiotics released no prophage. A
better explanation is erroneous determination of the
phage titer by the traditional DLA method. The fact that
the phage plaques are very small rendered accurate count-
ing almost impossible. In order to assess the suitability of
this method for phage enumeration, another experiment
was carried out using phage phi PVP-SE2, which forms
large, well-defined plaques. This eliminates the risk of
miscounting plaques that are difficult or impossible to
observe with the naked eye in the classical DLA technique
(Table 3). The experiment showed that the differences in
phage titers determined by DLA and PAMA were not sta-
tistically significant (p > 0.01).

http://www.biomedcentral.com/1471-2180/9/148

Microscopic observation of the phage phi PVP-SE1 host
cells (Figure 10) showed that when these cells were
stressed with antibiotics, especially cefotaxime (Figure
10C, G) or ampicillin (Figure 10B, F), they filamented
extensively. Tetracycline produced a smaller increase in
cell size (Figure 10D, H). The addition of glycerol (Figure
10E-H) induced no observable alteration in cell mor-
phology compared to cells grown in unmodified LB (Fig-
ure 10A-D).

Discussion

Plaque development has been the subject of several recent
reviews [28-32]. Plaque size seems to be directly propor-
tional to burst size, phage adsorption constant and the
diffusion of phages in the medium and inversely propor-
tional to the latent period, each factor contributing differ-
ently [25,28,29]. A decrease in the latent period and an
increase in burst size has been observed in the presence of
antibiotics [19-25]. The enhancement of phage produc-
tion by antibiotics is reported to be due to bacterial filam-
entation [25]. Krueger et al. observed that penicillin-
treated S. aureus produced filaments three times the diam-
eter of normal bacteria [19] and enhanced phage develop-
ment. Hadas et al. also found that bacterial cells exposed
to this antibiotic were 4-fold larger and the yield of phage
production was enhanced by an equal amount.

Burst size also increases in parallel with DNA content but
not with DNA concentration [23]. Thus, it seems that cell
size rather than metabolic rate is a major influence on
phage development in the presence of antibiotics. Further
experiments showed that the rate of phage production is
proportional to the amount per cell of the protein synthe-
sizing system (PSS) at the time of infection and is not lim-
ited by cell size or DNA composition [23,33]. In fact,
larger faster-growing cells contain proportionally more
PSS leading to higher phage production. Thus, cell size
does not play a primary role in increasing phage produc-
tion but has an indirect effect by increasing PSS. As a
result, because some antibiotics trigger the SOS system,
the bacterial cells will divide poorly, increasing their size
and resulting in cell filamentation, which in turn will
increase their PSS content, thus enabling an increase in
phage production. From this we can conclude that any
stimuli that increase PSS content will increase phage pro-

Table 2: Comparison of phage phi PVP-SE| plaque diameter with DLA and with PAMA using different antibiotics.

DLA AMP [0.5] CEF [0.06] TET [1.5]
PLAQUE DIAMETER (mm) 0.47 + 0.167 1.49 + 0.433 1.91 +0.439 3.43+0.398
AREA INCREASE [ 10 17 53

Values of plaque diameters are expressed in mmzstandard deviation and area increase as the ratio between the average values of each method and
DLA. DLA: classical Double-Layer Agar technique; AMP [0.5]: PAMA with 0.5 mg/l ampicillin; CEF [0.06]: PAMA with 0.06 mg/l cefotaxime; TET

[1.5]: PAMA with |.5 mg/l tetracycline.
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PAMA with 0.06 mg/I cefotaxime
(and glycerol 5%)

Figure 5

http://www.biomedcentral.com/1471-2180/9/148

PAMA with 0.5 mg/l ampicillin
(and glycerol 5%)

PAMA with 1.5 mg/| tetracycline
(and glycerol 5%)

Optimized conditions for improvement of phi PVP-SEI plaques.

duction and plaque size, and such stimuli may act indi-
rectly by filamentation or inducing the SOS response. This
seems to explain why glycine stimulates plaque forma-
tion, as in the work presented by Lillehaug. This amino
acid has been shown to weaken the bacterial cell wall,
which induces the SOS response and consequently
increases the PSS content. This fact has remained hitherto
unexplained [10,23,33]. As a consequence, any substance
or condition (e.g. agitation or temperature) that directly
or indirectly stimulates an increase of PSS is able to
increase phage production and thus plaque size.

The adsorption rate is also influenced by antibiotics: it is
directly proportional to cellular surface area and therefore
increases when cells are subjected to some antibiotics, as
observed by Hadas et al. (1997) [23,33].

The only antibiotics previously reported to increase phage
production belong to the beta-lactam and quinolone
groups, which are known to induce the SOS system.

Indeed, this effect was not observed with other classes of
antibiotics [19-25]. In the present work and for the first
time, an effect similar to that of beta-lactams is reported
with tetracycline. Curiously, this antibiotic induced larger
plaques than beta-lactams. In the light of the foregoing
discussion, this may be expected since it is well estab-
lished that tetracycline can cause cell elongation and fila-
mentation, so it is potentially able to increase phage
production [34-36]. However, in the light of the results
obtained, filamentation (or cell size elongation) seems
not to be the only determinant of plaque size increase. In
fact we observed that tetracycline induced the greatest
increase in plaque size, but cells subjected to it were
smaller than those incubated with the other antibiotics
tested. Indeed, we found no correlation between plaque
size and cell size.

An unexpected observation in this work was the conspic-
uous effect of glycerol in increasing phage plaque size and
contrast. Glycerol produced a huge improvement in
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A

Figure 6

Influence of glycerol in phage phi PVP-SEI plaque
improvement. A — with tetracycline alone at 1.5 mg/l; B —
with 1.5 mg/l tetracycline and 5% glycerol.

Figure 8

Influence of PAMA on phi IBB-PF7A phage plaques. A
— Classical DLA; B — PAMA with 0.5 mg/l ampicillin and 5%
glycerol; C — PAMA with 0.06 mg/| cefotaxime and 5% glyc-
erol; D — PAMA with |.5 mg/l tetracycline and 5% glycerol.

..
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Figure 7

Influence of PAMA on phi PVP-SE2 phage plaques. A
— Classical DLA; B — PAMA with 0.5 mg/l ampicillin and 5%
glycerol; C — PAMA with 0.06 mg/l cefotaxime and 5% glyc-
erol; D — PAMA with 1.5 mg/l tetracycline and 5% glycerol.

Figure 9

Influence of PAMA on phi IBB-SL58B phage plaques.
A — Classical DLA; B — PAMA with 0.5 mg/l ampicillin and 5%
glycerol; C — PAMA with 100 mg/l ampicillin and 5% glycerol.
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Table 3: Comparison of phage titer determinations with DLA and with PAMA using different antibiotics

DLA AMP [0.5] CEF [0.06] TET [1.5]
phi PVP-SEI
PFUs (average * SD) 14+5 55+ 10 53+ 11 58+ 10
SD % 38 19 21 17
phi PVP-SE2
PFUs (average * SD) 54+4 545 48 £ 11 51+3
SD % 8 8 23 6

DLA: classical Double-Layer Agar technique; AMP [0.5]: PAMA with 0.5 mg/l ampicillin; CEF [0.06]: PAMA with 0.06 mg/I cefotaxime; TET [I.5]:

PAMA with 1.5 mg/l tetracycline.

plaque observations when tetracycline was used. It
allowed plaques to be observed that had very little con-
trast and were difficult to observe when tetracycline alone
was used. This difficulty in observing the plaques
obtained with tetracycline and no glycerol may explain
why the effect of tetracycline, and even of other classes of
antibiotics, has not been observed previously. We con-

clude that glycerol plays a critical role in improving
plaque observation. Glycerol may increase phage diffu-
sion in the medium resulting in enhanced plaque size.
Since it is a nonfermentative carbon source for these bac-
teria its presence will result in increased biomass or delay
the onset of stationary phase. A plaque is unlikely to

Figure 10
Microscopic observation of phage phi PVP-SEI host (S1400/94). A — LB only; B — LB with 0.5 mg/l ampicillin; C — LB
with 0.06 mg/l cefotaxime; D — LB with |.5 mg/| tetracycline; E — LB and 5% glycerol; F — LB with 0.5 mg/l ampicillin and 5%
Iglycerol; G — LB with 0.06 mg/l cefotaxime and 5% | glycerol; H — LB with 1.5 mg/| tetracycline and 5% glycerol.
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increase in size as the lawn cells enter late log growth stage
[10,37-39].

All in all, the influence of antibiotics on burst size, latent
period and adsorption rate and the influence of glycerol
on the diffusivity of phages in the medium and on bacte-
rial growth seem to act together leading to a great increase
in plaque size. Moreover, it was demonstrated here that
antibiotics not only have the ability to increase phage
plaques, they also do not suppress bacteriophage develop-
ment at subminimal inhibitory concentrations (sub-
MICs).

In addition, the present results allow us to conclude that
the new method (PAMA) can be applied to both Gram-
negative and Gram-positive bacteria with lytic phages. The
phages used represent the three families in the order Cau-
dovirales, which include 96% of all observed phages [16].
Obviously, the antibiotic to be used in the PAMA, as well
its concentration, have to be optimized for each bacterial
host.

Conclusion

It is well known that some phages in the classical DLA
technique produce plaques that are difficult or impossible
to observe with the naked eye, leading to erroneous phage
enumeration. In this work it was observed that low con-
centrations of certain antibiotics facilitate an increase in
plaque size and improve plaque visibility without sup-
pressing phage development. For the first time it was
observed that tetracycline can improve phage plaques. It
was also observed that glycerol critically enhances these
improvements. In addition, it was found that induction of
cell filamentation produces an increase in plaque size
although there was no direct correlation between cell size
and plaque size.

In conclusion, the work presented in this paper is a simple
modification of the DLA technique that produces an
increase in phage plaques, improving their visibility, and
can be used for virulent viruses of both Gram-negative
and Gram-positive bacteria. As a consequence it allows
phages to be enumerated easily and accurately (manually
or automatically), which would otherwise be very difficult
or impossible. This method might also enable new phages
to be detected and counted that have previously been
overlooked because they cannot form readily visible
plaques.

Furthermore, this work has contributed to an explanation
of why antibiotics are able to improve plaque size and
increase phage production.

Authors' contributions
SBS designed, planned and performed the experiments,
analyzed the data and made the statistical analysis,

http://www.biomedcentral.com/1471-2180/9/148

drafted, articulated and wrote the manuscript. CC partici-
pated in the design and execution of experiments. SS pro-
vided the phages phi IBB-PF7A and phi IBB-SL58B. AN
participated in the design of experiments. EF and JA super-
vised and participated in the conception of the study and
contributed with reagents, materials and statistical tools.
All authors read and approved the final manuscript.

Acknowledgements

The authors acknowledge financial support through the European Project
Phagevet-P (Project no. 2005-7224) and the grant SFRH/BD/32278/2006
from the Fundagido para a Ciéncia e Tecnologia (FCT). The authors are
grateful to Dr. Hans Ackermann for the morphological characterization of
the phages. The authors also express their gratitude to Leon Kluskens for
his critical reading of the manuscript.

References

I. Breitbart M, Rohwer F: Here a virus, there a virus, everywhere
the same virus? Trends in Microbiology 2005, 13:278-284.

2. Chibani-Chennoufi S, Bruttin A, Dillmann ML, Brussow H: Phage-
host interaction: an ecological perspective. Journal of Bacteriol-
ogy 2004, 186:3677-3686.

3. Hendrix WR: Bacteriophages: Evolution of the majority. The-
oretical Population Biology 2002, 61:471-480.

4. Serwer P, Hayes S), Zaman S, Lieman K, Rolando M, Hardies SC:
Improved isolation of undersampled bacteriophages: finding
of distant terminase genes. Virology 2004, 329:412-424.

5. Serwer P, Hayes SJ, Thomas JA, Hardies SC: Propagating the miss-
ing bacteriophages: a large bacteriophage in a new class.
Virology Journal 2007, 4:21.

6. Adams MH: Bacteriophages. New York: Interscience Publishers;
1959.

7. Kropinski AM, Mazzocco A, Waddell TE, Linghor E, Johnson RP: Enu-
meration of bacteriophages by double agar overlay plaque
assay. Methods in Molecular Biology 2009, 501:69-76 [http://
www.springerprotocols.com/Abstract/doi/10.1007/978-1-60327-
164-6_7].

8. Twort FW: An investigation on the nature of ultra-micro-
scopic viruses. Lancet 1915, 2:1241-1243.

9. Alvarez L), Thomen P, Makushok T, Chatenay D: Propagation of
fluorescent viruses in growing plaques. Biotechnol Bioeng 2007,
96(3):615-621.

10. Lillehaug D: An improved plaque assay for poor plaque-pro-
ducing temperate lactococcal bacteriophages. Journal of
Applied Microbiology 1997, 83:85-90.

I'l. McLaughlin MR: Simple colorimetric rnicroplate test of phage
lysis in Salmonella enterica. Journal of Microbiological Methods
2007, 69:394-398.

12.  Fraser D, Crum |: Enhancement of mycoplasma virus plaque
visibility by tetrazolium. Applied Microbiology 1975, 29:305-306
[http://aem.asm.org/cgi/reprint/29/2/305].

13.  Mclaughlin MR, Balaa MF: Enhanced contrast of bacteriophage
plaques in Salmonella with ferric ammonium citrate and
sodium thiosulfate (FACST) and tetrazolium red (TZR).
Journal of Microbiological Methods 2006, 65:318-323.

14. Pattee PA: Use of tetrazolium for improved resolution of bac-
teriophage plaques. Journal of Bacteriology 1966, 92:787.

I15. Hurst CJ, Blannon JC, Hardaway RL, Jackson WC: Differential
effect of tetrazolium dyes upon bacteriophage plaque-assay
titers.  Appl Environ Microbiol 1994, 60(93462-3465 [http:/
aem.asm.org/cgi/reprint/60/9/3462?view=long&pmid=16349397].

16.  Ackermann HW: 5500 Phages examined in the electron micro-
scope. Archives of Virology 2007, 152:227-243.

17. Somerson NL, Morton HE: Reduction of tetrazolium salts by
pleuropneumonialike organisms. Journal of Bacteriology 1953,
65:245-251.

18.  McLaughlin MR: Factors affecting iron sulfide-enhanced bacte-
riophage plaque assays in Salmonella. Journal of Microbiological
Methods 2006, 67:611-615.

19.  Krueger AP, Cohn T, Smith PN, Mcguire CD: Observations on the
effect of penicillin on the reaction between phage and sta-
phylococci. Journal of General Physiology 1948, 3 1:477-488.

Page 9 of 10

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15936660
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15936660
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15175280
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15175280
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12167366
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15518819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15518819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15518819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17324288
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17324288
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19066811
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19066811
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19066811
http://www.springerprotocols.com/Abstract/doi/10.1007/978-1-60327-164-6_7
http://www.springerprotocols.com/Abstract/doi/10.1007/978-1-60327-164-6_7
http://www.springerprotocols.com/Abstract/doi/10.1007/978-1-60327-164-6_7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16900526
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16900526
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9246774
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9246774
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17316851
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17316851
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1115502
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1115502
http://aem.asm.org/cgi/reprint/29/2/305
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16182396
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16182396
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4224220
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4224220
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16349397
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16349397
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16349397
http://aem.asm.org/cgi/reprint/60/9/3462?view=long&pmid=16349397
http://aem.asm.org/cgi/reprint/60/9/3462?view=long&pmid=16349397
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17051420
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17051420
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=13034731
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=13034731
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16876271
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16876271
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18870868
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18870868
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18870868

BMC Microbiology 2009, 9:148

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.
30.

31

32.

33.

34.

35.

36.

37.

38.
39.

Winston HP: Bacteriophage formation without bacterial
growth: I. Formation of staphylococcus phage in the pres-
ence of bacteria inhibited by penicillin. The Journal of General
Physiology 1947, 31:119-126.

Winston HP: Bacteriophage formation without bacterial
growth Il. The effect of niacin and yeast extract on phage for-
mation and bacterial growth in the presence of penicillin.
The Journal of General Physiology 1947, 31:127-133.

Winston HP: Bacteriophage formation without bacterial
growth: lll. The effect of iodoacetate, fluoride, gramicidin,
and azide on the formation of bacteriophage. The Journal of
General Physiology 1947, 31:135-139.

Hadas H, Einav M, Fishov |, Zaritsky A: Bacteriophage T4 devel-
opment depends on the physiology of its host Escherichia
coli. Microbiology 1997, 143(Pt 1):179-185.

Maiques E, Ubeda C, Campoy S, Salvador N, Lasa |, Novick RP, et al.:
beta-lactam antibiotics induce the SOS response and hori-
zontal transfer of virulence factors in Staphylococcus aureus.
Journal of Bacteriology 2006, 188:2726-2729.

Comeau AM, Tétart F, Trojet SN, Prére M-F, Krisch HM: Phage-
Antibiotic Synergy (PAS): -lactam and quinolone antibiot-
ics stimulate virulent phage growth. PLoS ONE 2007, 2:e799.
Sillankorva S, Neubauer P, Azeredo J: Isolation and characteriza-
tion of a T7-like lytic phage for Pseudomonas fluorescens.
BMC Biotechnol 2008, 8:80.

Sambrook ], Russell DW: Molecular Cloning: A Laboratory Manual New
York: Cold Spring Harbor Laboratory Press, Cold Spring Harbor;
2001.

Abedon ST, Culler RR: Bacteriophage evolution given spatial
constraint. Journal of Theoretical Biology 2007, 248:111-119.
Abedon ST, Culler RR: Optimizing bacterlophage plaque fecun-
dity. Journal of Theoretical Biology 2007, 249:582-592.

Abedon ST, Yin J: Bacteriophage plaques: theory and analysis.
Methods in Molecular Biology 2009, 501:161-174 [http://www.springer
protocols.com/Abstract/doi/10.1007/978-1-60327-164-6_17].

Hyman P, Abedon ST: Practical methods for determining phage
growth parameters. Methods in  Molecular Biology 2009,
501:175-202 [http://www.springerprotocols.com/Abstract/doi/
10.1007/978-1-60327-164-6_18].

Serwer P, Hayes S), Thomas JA, Demeler B, Hardies SC: Isolation of
novel large and aggregating bacteriophages. Methods in Molec-
ular Biology 2009, 501:55-66 [http://www.springerprotocols.com/
Abstract/doi/10.1007/978-1-60327-164-6 _6].

Rabinovitch A, Fishov I, Hadas H, Einav M, Zaritsky A: Bacteri-
ophage T4 development in Escherichia coli is growth rate
dependent. Journal of Theoretical Biology 2002, 216:1-4.

Blokpoel MCJ, Murphy HN, O'Toole R, Wiles S, Runn ESC, Stewart
GR, et al.: Tetracycline-inducible gene regulation in mycobac-
teria. Nucleic Acids Research 2005, 33(2):e22.

Jacques M, Lebrun A, Foiry B, Dargis M, Malouin F: Effects of anti-
biotics on the growth and morphology of pasteurella-multo-
cida. Journal of General Microbiology 1991, 137:2663-2668.
Waisbren S, Hurley D], Waisbren BA: Morphological Expressions
of Antibiotic Synergism Against Pseudomonas aeruginosa as
observed by scanning electron-microscopy. Antimicrob Agents
Chemother 1980, 18(6969-975 [http://aac.asm.org/cgi/reprint/|8/6/
9692view=long&pmid=6786211].

Adachi O, Ano Y, Shinagawa E, Matsushita K: Purification and
properties of two different dihydroxyacetone reductases in
Gluconobacter suboxydans grown on glycerol. Biosci Biotechnol
Biochem 2008, 72(8):2124-2132.

Pagliaro M, Rossi M: The future of glycerol: new uses of a versatile raw
material Cambridge; 2008.

You L, Yin J: Amplification and spread of viruses in a growing
plaque. | Theor Biol 1999, 200(4):365-373.

http://www.biomedcentral.com/1471-2180/9/148

Publish with Bio Med Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and published immediately upon acceptance
« cited in PubMed and archived on PubMed Central
« yours — you keep the copyright

Submit your manuscript here:

O BioMedcentral
http://www.biomedcentral.com/info/publishing_adv.asp

Page 10 of 10

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18896934
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18896934
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18896934
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18896935
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18896935
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18896936
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18896936
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18896936
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9025292
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9025292
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9025292
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16547063
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16547063
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17726529
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17726529
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18954452
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18954452
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17561124
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17561124
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17919662
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17919662
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19066821
http://www.springerprotocols.com/Abstract/doi/10.1007/978-1-60327-164-6_17
http://www.springerprotocols.com/Abstract/doi/10.1007/978-1-60327-164-6_17
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19066822
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19066822
http://www.springerprotocols.com/Abstract/doi/10.1007/978-1-60327-164-6_18
http://www.springerprotocols.com/Abstract/doi/10.1007/978-1-60327-164-6_18
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19066810
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19066810
http://www.springerprotocols.com/Abstract/doi/10.1007/978-1-60327-164-6_6
http://www.springerprotocols.com/Abstract/doi/10.1007/978-1-60327-164-6_6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12076123
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12076123
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12076123
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15687380
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15687380
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1783910
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1783910
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1783910
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6786211
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6786211
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6786211
http://aac.asm.org/cgi/reprint/18/6/969?view=long&pmid=6786211
http://aac.asm.org/cgi/reprint/18/6/969?view=long&pmid=6786211
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18685208
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18685208
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18685208
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10525396
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10525396
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusion

	Background
	Methods
	Media
	Antibiotics
	Phages
	Determination of phage titer
	Phage plaque size
	Microscopic observation of bacterial cells
	Statistical analysis

	Results
	Discussion
	Conclusion
	Authors' contributions
	Acknowledgements
	References

