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Abstract

Phage therapy, treating bacterial infections with bacteriophages, could be a future alterna-
tive to antibiotic treatment of bacterial infections. There are, however, several problems to
be solved, mainly associated to the biology of phages, the interaction between phages and
their bacterial hosts, but also to the vast variation of pathogenic bacteria which implies that
large numbers of different phages are going to be needed. All of these phages must under
present regulation of medical products undergo extensive clinical testing before they can be
applied. It will consequently be of great economic importance that effective and versatile
phages are selected and collected into phage libraries, i.e., the selection must be carried
outin a way that it results in highly virulent phages with broad host ranges. We have isolated
phages using the Escherichia coli reference (ECOR) collection and compared two methods,
spot testing and efficiency of plating (EOP), which are frequently used to identify phages
suitable for phage therapy. The analyses of the differences between the two methods show
that spot tests often overestimate both the overall virulence and the host range and that the
results are not correlated to the results of EOP assays. The conclusion is that single dilution
spot tests cannot be used for identification and selection of phages to a phage library and
should be replaced by EOP assays. The difference between the two methods can be
caused by many factors. We have analysed if the differences and lack of correlation could
be caused by lysis from without, bacteriocins in the phage lysate, or by the presence of pro-
phages harbouring genes coding for phage resistance systems in the genomes of the bac-
teria in the ECOR collection.

Introduction

Phage therapy involves clinical treatment of bacterial infections with phages (bacteriophages).
The method, which has gained a renewed interest because of increasing frequency of infections
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by multidrug-resistant bacteria, has potential benefits, but much research remains before the
method is fully developed and can be considered an important contribution to the fight against
severe bacterial infections [1-8]. The present limitations of phage therapy depend mainly on
two causes: Firstly, on the large natural variation of phages and target bacteria, and secondly on
the regulatory framework for clinical application of phages. The large variation of increasingly
multiresistant bacteria causing infections will demand a large number of different and well-
characterised phages that all have been approved for clinical treatment. This can be accom-
plished by the establishment of phage libraries consisting of phages that all have passed clinical
trials. The libraries would constantly be complemented with new phages, which of course also
need to have passed clinical trials, as new bacterial strains appear. When establishing a phage li-
brary, it is highly desirable that collected phages show high virulence on a large number of bac-
terial strains. Selecting phages with a wide host range limits the number of phages in the
library, and reduces the cost for clinical trials. It would also increase the probability that a
phage in the library could be used against emerging multiresistant bacterial strains. Selecting
phages that are highly virulent, having a high burst size (i.e. producing a large number of prog-
eny phage), is equally important. Phages are huge compared to small antibiotic molecules.
They cannot be administered in high doses and thus diffuse very poorly [2]. A high burst size
increases the probability that phages reach target bacteria, which is crucial for achieving a pro-
ductive infection, and reaching the benefits that phages have compared with antibiotics [9]. If
phages can eliminate infecting bacteria faster than they can replicate, a high burst size also re-
sults in a lower risk of selection for phage resistant bacteria [9].

The host range and burst size of phages are hence two important parameters when phages
are to be selected for phage libraries, and for efficient and effective phage therapy. The first step
in the isolation of new phages to a library is usually to amplify the phages present in a sample
from nature using cultures of target bacteria by infecting each of the strains in a well-defined
bacteria collection. This is usually done in liquid culture by mixing a larger volume of the sam-
ple with the same volume of double concentrated medium and bacteria from an overnight cul-
ture. This causes a selection of phages which are fast, i.e. have a short latency period, if these
are initially more prevalent than other phages in the sample. This may be desirable from a
phage therapy point of view, but a phage with long latency period and higher burst size can be
lost, or rather never found, if a quick phage is present in sufficiently high titre in the sample
from the beginning, even if this rapid phage has only a fraction of the slower phage’s burst size.

In the following step, the isolated phages are characterized. In addition to determining the
latency period and burst size from infection of the primary host bacterium [10], phages are
also tested for the ability to grow on other hosts for assessment of host range, usually against
the strains in the collection of bacteria used for isolation, but it could also be done against any
other varied collection. This is often accomplished with a spot test, which means to examine on
which bacterial strains a particular phage produces plaques [11,12]. Small droplets of the phage
lysate are either stamped or trickled on a plate prepared with the bacterial strain to be tested.
Sometimes different concentrations of phage lysate are used in the estimation of host range in
this way, but often only one concentration is used, extracted and applied directly from the ly-
sate of the primary host bacterium. Spotting several dilutions onto the bacteria is better than
using just one high titre lysate [12]. At a low concentration of phages, the number of phages in-
fecting a cell is reduced. A PubMed search with the search string “phage isolation AND host
range” resulted in 13 articles published in 2014. Nine of these papers report the application of
either single dilution spot tests, where the phage titre was either not mentioned or varied sub-
stantially, or by a poorly described method [13-21]. It is not uncommon for individual phages
to express a host range of around half of the bacteria of a large bacterial collection used for the
screening as a result of a spot test, which can sometimes result in a host range of 30-40 strains
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of bacteria per phage and also include bacteria from other genera than the phages were isolated
from. A phage infection is however a complicated process and a positive spot test, commonly
observed clear zones on a bacterial plate infected with phages, may be the result of more than
the interactions which give rise to lysis and production of new phage. The lysate might contain
residues of a bacteriocin which kills bacteria, and phages themselves can give rise to either
abortive infection or lysis from without, both forming clear zones on a bacterial plate without
new phages being produced [9]. Host range must be defined based on the number of hosts on
which a particular phage gives rise to a productive infection, i.e. a production of progeny
phages. Furthermore, the productive infections of a phage on different strains ought to result
in burst sizes comparable to the outcome of infecting its primary bacterial host, in order for the
phage to be selected for a phage therapy library, but burst sizes are difficult to estimate from
the result of spot tests. The concept of host range is however not clear but can be defined in
many different ways. The method used should be accounted for when assessments of host
ranges are reported as a basis for selecting phages for phage therapy, since it reflects what is ac-
tually measured [9]. The efficiency of plating (EOP) differs from the spot test in this respect as
it measures the titre of phage progeny from a particular phage infecting a bacterial strain
[9,12]. Of the 13 reviewed papers only one followed up initial spot tests with EOP analyses
[22], and another three made serial dilution spot tests [23-25].

We have used the ECOR collection [26] for isolation of virulent phages suitable for phage
therapy. The initial spot tests, of all isolated phages against all ECOR strains, showed that there
were many candidate phages, and the six phages exhibiting the widest host range were selected
for further estimation of host range by EOP within ECOR as well as within the Salmonella col-
lections SARA [27] and SARB [28], and a collection of clinical isolates of ESBL-producing
Escherichia coli. We have compared the observed host range estimated in spot test assays to the
EOP, and discuss in this article the importance of the different methods for selecting phages
for phage therapy.

Materials and Methods
Bacteria

The ECOR standard reference collection of E. coli (72 strains) [26]; the two Salmonella refer-
ence collections SARA (72 strains) [27], and SARB (70 strains, i.e. two strains missing) [28];
and an additional 20 clinical isolates of ESBL-carrying E. coli (collected by the Public Health
Agency of Sweden) were used. Bacterial cultures were grown at 30°C overnight (18 hours) to
reach stationary phase, and assure a similar concentration of bacteria in the comparative stud-
ies of spot tests and efficiency of plating. For the enrichment of phages, the bacterial cultures
used were grown at 37°C on a shaker incubator for 4-6 hours.

Culturing media

All bacteria were grown in lysogeny broth (LB) media or on lysogeny broth agar (LA) plates
[29], except the ESBL-carrying bacteria where the media was supplemented with 100 pg/ml
ampicillin. Soft agar (SA), made from 0.6% LB, was used for top agar in the plaque assays.

Bacteriophages

The bacteriophages were isolated from sewage water sampled at the Kdppala waste water treat-
ment plant (location: WGS84: 59°21&rsquo;22.2"N 18°13&rsquo;45.3"E), recipient of waste
water from Stockholm city including some hospitals, and kept at +4°C before processing. The
sampling of water was approved by the owner, Kappalaforbundet, Box 3095, 181 03 Lidingd,
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Sweden, kappala@kappala.se (Phages are not considered to be protected species). The phages
were amplified by mixing 50 ml of waste water with the same amount of double strength LB
and 10 ml of a single ECOR strain bacteria cultured overnight. After incubation overnight at
30°C, 10 ml of the mixture was shaken with 1% v/v chloroform and left at room temperature
for 30 minutes to kill the bacteria, centrifuged at 3000xg at +4°C for 15 minutes, and sterile fil-
tered through a 0.45 um membrane filter (Whatman, ref. no. 10462100). After checking the ly-
sates for phages, the titre was measured in plaque assays. Sterile filtered phage lysates were
diluted in SM buffer [30] or LB to five different dilutions (10°-10"). 100 ul of diluted phage
and 200 pl of target bacteria were mixed with 2 ml SA, spread on pre-warmed LA plates, and
incubated overnight at 30°C [31]. The harvested phages were selected according to their plaque
morphology. Phages displaying large, clear and non-turbid plaques without a halo were classi-
fied as virulent. Phages were re-isolated by plaque purification from the LA plates when

several phages on the same plate could be suspected. After additional plaque purifications,

25 virulent phages were saved and stored in 50% glycerol at -70°C as well as in LB at +4°C [32].
These phages were named according to guidelines in Kropinski et al. [33]. The six phages
showing the broadest host range in the spot test (see below) were thus named as follows;
vB_EcoP_SU10, vB_EcoP_SU16, vB_EcoP_SU27, vB_EcoP_SU32, vB_EcoP_SU57, and
vB_EcoP_SU63, but only the last part of names is used in the following text, e.g. SU10, SU16
and so on.

Degree of adsorption

The host bacterium was grown to mid-exponential phase and phages added at a concentration
approximately equivalent to a multiplicity of infection (MOI) of five. After five minutes incu-
bation at 37°C, the culture was put on ice, 1% chloroform added, and subsequently centrifuged
for 10 minutes at +4°C. The supernatant was sterile filtered and the PFU was measured. The
degree of adsorption was calculated as the number of adsorbed phages in five minutes by sub-
tracting the remaining phage concentration from the starting titre [10].

Latency period and burst size

The host bacterium was grown overnight and a high titre phage stock was prepared for the de-
termination of latency period and burst size. 100 ul of overnight cultured bacteria was added to
20 ml fresh media and grown at 37°C on a shaking incubator to mid-exponential phase. A sam-
ple of the bacterial culture was taken for titre determination immediately before phages were
added, again at a concentration roughly equivalent to a MOI of five, in order to assure that
only a small fraction of bacteria would not get infected [11]. The number of unadsorbed phages
was calculated after five minutes by a plaque assay of a sample of the phage infected culture.
The bacterial optical density (OD) was measured every five minutes, to the first drop at which
the culture was sampled to calculate the PFU of the phage, at the time of burst. The latency pe-
riod was calculated as the difference between time of inoculation and the time for the first drop
in OD. The burst size was calculated as the number of free phages, measured as PFU in the pla-
que assay, minus the unadsorbed phages divided by the initial bacterial titre.

Spot assay

200 pl of target bacteria suspension incubated overnight was spread on LA plates and incubated
for 40 minutes at 30°C. Phages were spotted onto the surface of the plates at a titre of the order
10° phages/ml with either a cross test comb or a pipette both holding 10 pl of individual phage
lysates. The plates were left to dry and were inspected for lysis zones after an overnight incuba-
tion at 30°C. The spot assay was used to assess the bactericide ability of all of the 25 isolated
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virulent phages to form clear zones on the bacterial strains of the ECOR collection, and was re-
peated three times for each phage. Six phages (see above) were also selected for spot assays on
the strains of the other tree collections, SARA, SARB and ESBL-producing E. coli, and for the
following EOP assays on the ECOR collection.

Efficiency of plating

The six phages that displayed the widest bactericide host range in the spot assays were selected
for a more thorough assessment of productive infection as defined by the efficiency of plating
(EOP). Each phage was tested three times for each of four different dilutions against all the bac-
terial strains that it had been shown to be able to lyse in the spot assays. This was done under
the same conditions as in the spot assays, i.e. using stationary phase bacteria. Thus, all bacterial
strains to be tested were grown overnight (18 hours) at 30°C and 200 pl of each of those cul-
tures was used in double layer plaque assays together with 100 ul of diluted phage lysate. The
four phage lysates were 10°~10” times dilutions from the phage stock. This means that EOP
assay replicates for a particular phage were done in parallel on all bacterial strains tested, and
also at concentrations comparable to what was used in the spot tests. The plates were incubated
overnight at 30°C and the number of plaque forming units (PFU) was counted for each combi-
nation. When the 10° dilution did not result in any plaques, a lower dilution was tried after-
wards to verify that the EOP was lower than 0.001. Finally, the EOP was calculated (average
PFU on target bacteria / average PFU on host bacteria) along with the standard deviation for
the three measurements (S1 Table).

The average EOP value for a particular phage—bacterium combination was classified as
“High production” when the ratio was 0.5 or more, i.e. when the productive infection on the
target bacterium resulted in at least 50% of the PFU found for the primary host. An EOP of 0.1
or better, but below 0.5, was considered to be of “Medium production” efficiency, and between
0.001 and 0.1 as “Low production” efficiency. An EOP equal to or under 0.001 was classified as
inefficient [34].

Transmission electron microscopy (TEM)

10 pl of a phage lysate with a high titre was spotted onto carbon coated grids and stained with
1% uranyl acetate. The negatively stained grids were observed in a Tecnai G2 transmission elec-
tron microscope at 80kV.

Results and Discussion

Six phages were selected as they were found to have remarkably wide host ranges in spot test
screens of 25 phages individually spotted onto each strain of the ECOR collection. The
25 phages had previously been classified as virulent based on their ability to produce large and
clear plaques in plaque assays. The initial characterization of morphology by TEM revealed
that the six phages were from all three families within the Caudovirales order (Table 1). The
sizes of phages were calculated from the images, and showed that one phage, SU10, was ap-
proximately 137 nm long and of the quite unusual C3 morphotype (Fig. 1; Table 1) [35]. SU10
was shown to have the longest latency period, 47 minutes, and a burst size of 166. C3 phages
have previously been shown to possess large genomes and lower virulence, with a latency peri-
od between 30-40 minutes, a burst size between 100-144, and poor adsorption rate [36,37].
The virulence of the other five phages was more varied as the latency periods were found to be
17-45 minutes, and the burst sizes 109-196 PFU/cell (Table 1).

The spot test assays of the six phage lysates showed that host ranges varied as well. The
phage SU57 had the capacity to lyse 15% (11 strains) whereas the SU16 lysate caused lysis
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Table 1. Taxonomy, morphology and virulence data of the six bacteriophages.

Bacteriophage su10 SuU16 Su27 SU32 SuU57 SuU63
Family Podoviridae Myoviridae Siphoviridae Siphoviridae Siphoviridae Myoviridae
Morphotype® C3 A1l B1 B1 B1 Al

Capsid size, nm + SE 137+42%x57+35 71+£0.7 69 £0.7 58+2 59+2.8 72+0.5
Tail length, nm +SE 19+15 127+ 0.7 164 £ 6.3 154 £6.3 168 + 4 1197
Latency period, min 47 43 37 33 17 45

Burst size, PFU/cell 166 175 137 148 196 109
Adsorption degree®, % 98 94 90 93 90 97

2 See reference [47].
® Phage particles adsorbed within 5 min.

doi:10.1371/journal.pone.0118557.t001

zones on around 60% (43 strains) of the 72 strains of the ECOR collection (Table 2). The EOP
analyses, as expected, showed another picture. The proportion of strains where high productive
infection (EOP > 0.5) was achieved was considerably lower than the results of the spot tests
and varied between 1%, or 1 out of the 72 strains for the SU57 phage, and 14% (10 strains) for
the SU10 phage (Table 2; S1 Table). On average, a high productive infection (EOP > 0.5) was
only evident from around 17% of the strains (4.83 compared to 28.33) that had shown sensitiv-
ity in the spot tests, and the SU16 infection resulted in a high productive infection in only eight
cases compared with the 43 lysed strains in the spot test (Table 2). Even if all EOP classes were
considered (i.e. High + Medium + Low) the average number of strains producing phages upon
infection was still only around half of the result from the spot test. There could be many rea-
sons for this [9], but colicins cannot be one of them. All strains in the ECOR collection have
been typed for colicin encoding plasmids, and it is only the lysate of ECOR63 that may contain
a colicin, of the E1 type, and only one of the other ECOR strains are sensitive to that type of co-
licin [38]. Lysis from without is another plausible mechanism which happens when an overload
of phages simultaneously infects a bacterium leading to lysis either from the action of lysins or
from rapid depletion of the cells resources [39]. However, this requires quite a high MOI, in
the range of 100-fold more phages than bacteria, and is thus an unlikely explanation to the dif-
ference between the spot tests and the EOP results. High EOP was in addition not correlated to
the results from the spot tests. The correlation coefficient for the phages’ number of positive
spot tests (first row in Table 2) and the number of high EOP strains (second row in Table 2)
was 0.46 (P = 0.29). The correlation coefficient was still not significant even if lower EOPs were
included as well. Including the number of strains with an EOP down to 20% of the efficacy on
the host strain results in a correlation coefficient of 0.68 (P = 0.14) to the corresponding num-
ber of positive spot tests strains (Table 2; S1 Table). The phage titre is also important for reach-
ing a productive infection during phage therapy, but the titre of individual phages would in a
phage cocktail get lower and lower as more phages are added. A phage with narrow host range
and/or low efficacy must thus be discarded when assembling a phage cocktail. The result from
additional spot tests showed that a cocktail of the six phages lysed 55 of the 72 strains in the
ECOR collection, but the EOP data showed that if the criteria above would have been applied,
selecting only phages with high EOP (> 0.5) for a cocktail, the cocktail would theoretically
have been useful against only 17 strains (S1 Table).

The distribution of EOP into different classes of efficacy also revealed that there are many
phage—bacterium combinations that result either in low EOP (>0.001 - <0.1) or occasional
plaques hidden in the no plating class (< 0.001). The distribution of EOPs seems bimodal, with
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Fig 1. Transmission electron micrographs of the six phages in this study.

doi:10.1371/journal.pone.0118557.9001

too few medium EOP values. Apparently, if the effect of colicins and lysis from without can be
ruled out, phages probably inject their DNA but the infection cycle halts at some later stage. If
there would have been a strong correlation between spot test and EOP results it would have im-
plied a general system that inhibited the phages, at a later stage in their life cycle, and in a sys-
tematic way, but the poor correlation between lysing ability and efficacy shows that there is no
such mechanism. Part of the reason behind the lack of correlation is instead probably that the
main part of bacterial resistance against phages is not “adsorption resistance” but internal resis-
tance that is transcriptional dependent. Many phages can attach and infect (inject DNA),
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Table 2. Results of spot test assays and efficiency of plating (EOP) on strains of the ECOR collection.

Bacteriophage

Number of ECOR strains (n = 72)
Lysed strains in spot test assays?®
High production, (EOP > 0.5)
Medium production, (0.1< EOP <0.5)
Low production, (0.001< EOP <0.1)
No production, (EOP < 0.001)

High EOP /spot test ratio
High+Medium/spot test ratio

Sum of EOP values

su10 SuU16 su27 SU32 SU57 SuU63 Average %
30 43 32 18 11 36 28.33 39
10 8 1 5 1 4 4.83 7
2 8 3 0 1 5) 3.17 4
10 12 15 4 1 11 8.83 12
8 15 13 9 8 16 11.50 16
0.33 0.19 0.03 0.28 0.09 0.11 0.17 =
0.40 0.37 0.13 0.28 0.18 0.25 0.27 =
8.68 9.37 2.30 10.12 1.32 4.08 5.81 >

@ The correlation analyses were done on the six phages’ data in this row against the data in the second row or against the sum of the data in the second

and following rows.

doi:10.1371/journal.pone.0118557.t002

because the surface variation is limited, but encounter various resistance mechanisms geneti-
cally encoded by the host. R/M, CRISPR-cas, Abi, and various defence genes carried by plas-
mids or prophages, are all transcription dependent systems [9]. There is a transcriptional race
between the phage early genes, for establishing its own independent machinery, and the host’s
defence system. Occasionally, a phage can succeed in producing offspring although the genome
of the bacterium harbours genetic resistance systems. This could lead to a few plaques being
observed, cause a non-systematic random pattern, and the lack of correlation between spot
testing and EOP. Phage SU10 had the highest EOP /spot test ratio (0.33) among the six phages.
It also has a large genome of 77 kb [35]. A hypothesis that remains to be tested is that phages
with large genomes contain genes necessary for overcoming “internal” resistance by inhibiting
or interfering with genetically controlled resistance systems encoded by the host. The SU57
phage, in contrast, had only an EOP / spot test ratio of 0.09 since a high EOP was only reached
on one strain, the primary isolation strain. Interestingly, SU10 is also the slowest phage and
SU57 the fastest, a fact that together with the host range could illustrate the theory of trade-offs
in phages" life histories [40]. Slow phages with low virulence are supposed to be generalists
with a wide host range, found in nutrient poor environments where hosts are scarce whereas
highly virulent phages are expected to be specialists with a narrow host range and found where
bacterial densities are high. In our data, the correlation coefficient between the number of
strains where high EOP was achieved and virulence calculated as 1/latency period in

minutes x burst size was-0.47. Although not strongly correlated, there was a tendency for
phages with low virulence to have a wider host range.

Apart from well-known bacterial resistance systems against phages, resistance genes can
also be carried by prophages. For instance, P2 is a temperate phage that can form rather stable
lysogens, it is not inducible with either UV or mitomycin [41,42], and it has been shown that it
carries genes at least at three loci that bring resistance to the host bacterium. P2 has the ability
to convert its host to become resistant against T4, T5, and A [43-45]. We have showed that
there is substantial variation at these loci implying that other P2-like prophages could bring re-
sistance to other virulent phages [46]. We have also previously investigated the presence of P2-
like phages among the strains of the ECOR collection, and 20 of the 72 strains were shown to
harbour a complete P2-like phage and another 6 at least large parts of its genome [46] (S1
Table). The high frequency and stability of P2-like prophages in E. coli genomes implies an im-
portant role for these phages in the defence against virulent phage attacks. In this study, we
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Table 3. Results of spot test assays and efficiency of plating (EOP) on ESBL-E. coli, SARA, and SARB strains.

Bacteriophage

Number of ESBL strains (n = 20)
Lysed strains in spot test assays
High production, (EOP > 0.5)
Medium production, (0.1< EOP <0.5)
Low production, (0.001< EOP <0.1)
No production, (EOP < 0.001)
Number of SARA strains (n = 72)
Lysed strains in spot test assays
High production, (EOP > 0.5)
Medium production, (0.1< EOP <0.5)
Low production, (0.001< EOP <0.1)
No production, (EOP < 0.001)
Number of SARB strains (n = 70)
Lysed strains in spot test assays
High production, (EOP > 0.5)
Medium production, (0.1< EOP <0.5)
Low production, (0.001< EOP <0.1)
No production, (EOP < 0.001)

High EOP /spot test ratio
High+Medium/spot test ratio

Sum of EOP values

doi:10.1371/journal.pone.0118557.t003

su10 SuU16 su27 SU32 SU57 SuU63 Average %
7 9 13 7 2 9 7.83 39
2 5 4 1 1 1 2.33 12
0 0 0 0 0 0 0.00 0
2 0 1 0 0 0 0.50 3
3 4 8 6 1 8 5.00 25
2 1 2 7 3 1 2.67 4
0 0 0 0 0 0 0.00 0
0 0 0 2 1 0 0.50 1
0 0 0 0 0 0 0.00 0
2 1 2 5 2 1 217 3
3 2 1 5 4 4 3.17 16
0 0 0 0 1 0 0.17 1
0 0 0 1 0 0 0.17 1
0 0 0 1 0 0 0.17 1
3 2 1 3 3 4 2.67 13
0.17 0.42 0.25 0.05 0.22 0.07 0.20 -
0.17 0.42 0.25 0.21 0.33 0.07 0.24 -
1.94 5.85 3.96 2.67 3.30 1.30 3.17 >

investigated whether the presence / absence of a P2-like phage affected the probability to find
infections from highly virulent phages by checking if P2-like prophages were present in the ge-
nomes of the bacteria that had showed high sensitivity (EOP > 0.5) as well as in low sensitivity
(EOP < 0.5) strains (S1 Table). Although the difference was not statistically significant (Fish-
er’s exact test, P = 0.065), there is a tendency that higher EOPs are more unlikely to be found
when infecting strains contain a P2-like prophage. In addition, of the 29 phages that produced
a high EOP (> 0.5), only three did it on strains containing a complete or almost complete P2-
like prophage, as judged from the hybridisation signals against a probe consisting of whole
genome DNA from phage P2 where the two strongest signal categories (3 and 4 out of four) in-
dicated a complete or almost complete prophage genome (S1 Table). Thus, the capability of
prophages to inhibit the propagation of virulent phages is something that definitely needs
more attention in future phage therapy research.

The six selected phages were also tested against ESBL expressing strains of E. coli, initially in
spot tests where 16 of the 20 multiresistant strains were shown to be sensitive to one or more
phage lysates. The EOP of the six phages on these 16 strains showed results comparable to the
result of the EOP assays on the ECOR collection; a high efficacy (EOP > 0.5) was only achieved
in 12% of the individual cases where a phage was tested on a multiresistant strain (Table 3), but
several phages were effective against the same bacterial strain resulting in an overall efficacy
against seven out of the 20 bacterial strains (S1 Table). On the other hand, the EOP was higher
than on the original strain of isolation for eight phage—bacterium combinations. This demon-
strates the relative ease to isolate new and highly effective phages against these strains that
cause severe infections which are very hard to cure. A cocktail of these six phages would in the-
ory be effective against a large number of ESBL carrying E. coli strains.
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The spot tests indicated that several phages were capable of causing bacterial killing of many
Salmonella strains as well; i.e. nine SARA strains and 11 SARB strains were lysed when the six
phages were applied. A collection of phages with a host range covering bacteria from more
than one genus would facilitate the compilation of phage libraries and reduce the number of
necessary phage stocks for phage therapy. There are reports of phages being effective against
more than one bacterial species [9], but the EOP assays on the nine SARA strains revealed that
productive infection was only achieved on two bacterial strains of the 72 strains in the collec-
tion (S1 Table). In addition, the EOP was under the 50% limit in both of these strains. The six
phages had an equally low EOP against the 11 SARB strains that had been lysed in spot tests.
Only one phage could be infected, but surprisingly that one phage had an EOP exceeding the
EOP on its E. coli host by 30% (Table 3; S1 Table).

Conclusion

Isolation of phages for phage therapy will in the future never be “on demand” because of the
need for proper testing and approval for clinical use. There is an excess of phages to be found
against every bacterial strain but only highly virulent phages with a broad host range will be se-
lected. The reason for this is more or less simply economical. The phages would have to be test-
ed one by one, and the cost for a single clinical trial is very expensive. High virulence depends
on the burst size of a phage, which is a prerequisite for reaching productive infection which in
turn is of key importance for successful treatment. The selection of phages can however not be
based on spot tests which merely reflects a bactericidal effect. Spot test results of burst sizes and
host ranges are not correlated to results of high efficiency of plating (EOP), which is a better
method that should consequently be applied in the selection process. EOP analyses also show
that the initial isolation of phages often results in phages with a higher efficacy on other bacte-
ria than the primary strain of isolation. Taken together, this shows the need for better isolation
methods, which takes into account that phages with longer latency period, or phages with a
low titre in a sample, may have a higher burst size.

The single round of isolation of phages using the ECOR collection resulted in phages that
were able to lyse, and had a high EOP, on several ESBL E. coli strains. The six phages could po-
tentially be used against seven (35%) of the 20 ESBL strains, which shows that it is possible to
use a collection of non-pathogenic bacteria for isolation of phages that are equally or even
more virulent on other bacteria (Table 3; S1 Table). It is desirable however to include as many
bacterial strains as possible in the screening panel, and to perform EOP assays on all phages. It
is quite possible that there were phages among the 25 initially selected phages that possibly
would have had a high EOP on several of the 20 ESBL E. coli strains.

There is also a need for a better knowledge about encoded bacterial resistance systems, their
prevalence and genetic variation, and establishment of collections of bacteria containing as
large part of this variation as possible. In this paper, we have pointed out that more studies on
the importance of resistance genes, against virulent phage attacks, carried by prophages are
needed. The E. coli phage P2 is a well-spread phage that conveys resistance against several viru-
lent phages, and at the same time is quite stable as a prophage. Our results indicate that E. coli
lysogens are harder to infect when they harbour a P2-like prophage, but also that more data is
needed to corroborate this.

Supporting Information

S1 Table. Efficiency of plating (EOP) for the six bacteriophages on bacterial hosts from the
ECOR, SARA, and SARB collections and a collection of clinical ESBL E. coli isolates.
(DOCX)
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