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Abstract: Bacteriophage host range is a result of the interactions between phages and their hosts. For
phage therapy, phages with a broader host range are desired so that a phage can infect and kill the
broadest range of pathogen strains or related species possible. A common, but not well-tested, belief
is that using multiple hosts during the phage isolation will make the isolation of broader host range
phage more likely. Using a Bacillus cereus group system, we compared the host ranges of phages
isolated on one or four hosts and found that there was no difference in the breadth of host ranges
of the isolated phages. Both narrow and broader host range phage were also equally likely to be
isolated from either isolation procedure. While there are methods that reliably isolate broader host
range phages, such as sequential host isolation, and there are other reasons to use multiple hosts
during isolation, multiple hosts are not a consistent way to obtain broader host range phages.
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1. Introduction

Bacteriophages, like all viruses, are constrained to only infect certain cells. These
constraints are due to variation in phage and bacterial host molecules and biochemical
pathways [1] and this property of only infecting certain species and strains describes the
bacteriophage’s host range. While the host range is sometimes seen as primarily a function
of the presence or absence of an appropriate receptor for the phage to attach to the host cell,
defense mechanisms such as CRISPR and restriction enzymes can also affect host range by
destroying phages as they infect the cell [2,3].

Host range is typically described as being narrow or broad but there are no accepted
standards for either of these terms [4]. It is an important property for applications such as
phage therapy, the use of bacteriophages in treatment of bacterial infections [5,6]. When
phages are being isolated for applications such as phage therapy, phages with a wider
host range are often seen as desirable because they can be used to treat more strains of a
pathogenic species [7]. In situations where it is not practical to isolate the presumptive
infecting pathogen for phage sensitivity testing, using phage with a wider host range
increases the likelihood of a successful treatment. Similarly, broader host range phages,
especially when mixed in phage cocktails, can be beneficial in creating standardized phage
therapy agents that are meant to be used without diagnosing the infection to a particular
host [7,8].

While all phages are limited in their host range, broader host range phages have been
isolated and noted in the literature. In one early example, Lazarus and Gunnison [9] studied
a phage isolated on Pasteurella pestis (now Yersinia pestis) that could broadly infect 63 of
74 strains of P. pestis and Pasteurella pseudotuberculosis (now named Yersinia pseudotuberculosis
but now known to be a strain of Y. pestis). They also found that this phage could infect a
limited number of Salmonella (3 of 42) and Shigella (6 of 37) strains. All of these species are
related and classified within the order Enterobacterales.
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Methods have been published for selection for broader host range phages. These
include the simultaneous use of multiple hosts [10–12] or sequentially isolating collections
of phages on a series of hosts [13]. Our lab has previously published data that supported
the use of multiple hosts simultaneously to isolate broader host range phages, but the
number of hosts and phages was small, so the results were suggestive at best [4]. In the
work presented here, we directly compared the isolation of phages on single and multiple
hosts. We chose to work with bacterial hosts from the Bacillus cereus group of bacteria as
these represent a closely related group of bacteria but containing distinct species including
Bacillus mycoides, Bacillus thuringiensis, and Bacillus weihanstephanensis, that were readily
available [14]. The group includes some human and animal pathogens including B. cereus
and Bacillus anthracis as well as non-pathogens (to humans) such as B. thuringiensis which
produces a potent insecticidal protein Bt toxin. Since many members of the group are found
in soil, we used multiple soil samples to isolate phages from, increasing the likelihood that
many distinct phages could be found [15].

2. Materials and Methods
2.1. Bacteria and Growth Conditions

We obtained all the species and strains we used from the Bacillus Genetic Stock Center
(BGSC, The Ohio State University, Columbus, OH, USA). Table 1 shows the 19 bacteria
used in this study.

Table 1. Bacterial species and strains used in this study.

Species BGSC Number Original Designations

B. cereus 6A1 Strain T

6A2 T-HT

6A3 NRRL B-569

6A15 ATCC 10987, NRS 248

6A16

6A17 ATCC 13472

6A100 RS438, CDC2000032805

B. mycoides 6A11 95/1883

6A13 NRS 306

6A47 WSBC10277

6A68 STR4

B. pseudomycoides 6A49 WSBC10360

B. thuringiensis serovar thuringiensis 4A1 NRRL B-4039

4A7 Bt1

4A8 Bt131

4A9 Bt1627

B. weihenstephanensis 6A21 10204

6A22 10206

6A23 10396

All bacteria were grown using nutrient broth and nutrient agar and incubated at 30 ◦C
except for B. cereus 6A16 and B. mycoides 6A68 which grew more densely in broth cultures
at room temperature (~18 ◦C) and B. thuringiensis 4A7 which grew best at 37 ◦C.
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2.2. Isolation of Phages from Soil

Soil samples were collected from layers about 5–10 cm deep from farm fields or
beneath grass in lawns. Most soil samples came from sites within 20 miles of Ashland,
Ohio but a few were obtained from northern Illinois, southern Wisconsin, and western
Washington state.

To isolate phages, we used a protocol modified from van Twest and Kropinski [16].
About 7–8 g of soil was transferred to a 50 mL conical tube. Approximately 10–15 mL of
nutrient broth media was added to the tube to bring the total volume of soil plus broth to
~25 mL. For phage isolations with one or four host species, 1 mL of an overnight culture of
each species was added to the tube. Tubes were incubated in a shaking incubator overnight
at 30 ◦C unless otherwise indicated above. The next day, tubes were centrifuged for 10 min
at 3000 rpm to pellet the remaining soil granules and bacteria. The cleared supernatant
was then passed through a 0.45 µm syringe filter. The filtrate was then tested to detect the
presence of phages.

2.3. Detection of Phages and Isolation of Pure Strains

Phages were detected using the agar overlay method of Adams [17] except that 0.6%
soft agar was used instead of 0.7%. For this, various dilutions of the filtrate were mixed
with bacteria in molten soft agar and poured onto the hard agar surface of a plate. After
the soft agar had solidified, plates were incubated overnight at 30 ◦C unless otherwise
indicated above. The next day they were examined for plaques.

To ensure that pure strains of phages were isolated, plaques were cored from the agar
using a sterile Pasteur pipet and resuspended in 100 µL M9 salts buffer at either room
temperature for several hours or overnight at 4 ◦C [17]. If multiple cores were taken from
the same plate, plaques with different morphologies (clear vs. turbid, large vs. small, etc.)
were collected to try to avoid isolating the same phage twice. No cores were combined in the
same suspension. The suspensions were used to make dilutions to plate for a new passage.
At least three rounds of passaging were done if the plaques had a consistent morphology
in each passaging. If plaques with differing morphologies were seen, individual plaques
were used to begin the isolation procedure again.

2.4. Preparation of Phage Stocks

Phage stocks were prepared using either the broth or plate lysate methods adapted
from Carlson and Miller [18] except that chloroform lysis of cells was omitted as enveloped,
filamentous, and some tailed phages can be inactivated by chloroform [19,20]. Phage stocks
were initially prepared using the broth culture method. Stocks of phages that consistently
had poor yields in broth were prepared using the plate lysate method.

2.5. Host Range Testing and Efficiency of Plating (EOP)

Phage host range was determined using two tests following the method outlined by
Kutter [21]. The first test was a spot test with a high titer of phage stock. A fresh culture of
bacteria was applied to a nutrient agar plate in molten top agar. After the top agar layer
solidified, a 5 µL drop of phage stock (107 pfu/mL or greater) was placed on the surface
and allowed to absorb into the top agar. The plate was then incubated overnight at 30 ◦C.
The next day, plates were examined to see if bacteria were killed by the phages. If no
spot was seen, the bacteria was determined to not be within the phage’s host range and
additional testing was not done with these phage–host combinations. If a clear or turbid
spot was observed, for the second test, a serial dilution of phages was plated using the
same drop method. Only bacteria that had bacteriophage plaques at some dilutions were
noted as being within the phage’s host range. Spot testing was done once while plaque
testing was done in triplicate.

For the phages listed below, efficiency of plating (EOP) was determined at the same
time as testing for the plaque host range. EOP was calculated as the ratio of the apparent
titer by plaque count on a host divided by the titer on the phage’s isolation host.
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3. Results
3.1. Isolation of Phages

We isolated and analyzed 23 phages. Ten were isolated using only B. cereus 6A3 as the
enrichment culture host and isolation host. Ten others were isolated either using a mixture
of B. cereus 6A3, B. mycoides 6A11, B. weihenstephanensis 6A23, and B. thuringiensis 4A8 or a
similar mix with B. mycoides 6A47 instead of strain 6A11. We were able to isolate phages
on strains 6A3, 6A11, 6A47, and 4A8. No phages against strain 6A23 were found in either
four-host isolation procedure using 6A23 as the isolation host (although phages isolated on
other hosts can infect this strain). In addition, three phages were isolated using 6A3 from
soil that was incubated overnight, by mistake, without any enrichment bacteria added.
These phages may have been growing on bacteria endogenous to the soil or just washed
off of soil particles.

3.2. Host Range Testing

We determined the host range of each phage using a collection of 19 B. cereus group
bacteria (see Table 1). Bacteria were considered within a phage’s host range only if the
phage could form plaques on that host after being diluted. This is described as the plaquing
host range [1] and for most phages, is the same as the phage-productive host range. The
results of this testing are summarized in Table 2.

Contrary to the expectation that using multiple hosts would tend to lead to isolation
of broader host range phages, we found a breadth of host ranges in both the single-host
and multiple-host isolated phages. For the single-host isolated phages, individual phages
infected 2–14 hosts out of 19 hosts. For the multiple-host isolated phages, 1–15 hosts could
be infected. The average number of hosts infected was 7.1 for single-host isolated phages
and 6.4 for multiple-host isolated phages. We used a one-tail t-test to see if the difference
was significant and it was not (p = 0.39).

While most phages either formed plaques after dilution or had no effect on the tested
hosts, a few (AUBC1, AUBC12) were able to lyse hosts when the phages were at high
concentration but did not produce plaques at any concentration. This can be described as
the spotting host range of a phage but there are a number of reasons that this might occur
that have nothing to do with phage infection such as the presence of endolysins from the
phage stock production [4]. In addition, on two occasions, a single clear plaque was seen in
a turbid high concentration spot. These were found to be host range mutant phages and
did not indicate that a particular host was in the parent phage’s host range as they were not
seen every time that phage–host combination was tested. The mutant phages were isolated
and did have altered host ranges but were not further studied in this work.

The three phages isolated without an added enrichment host were able to infect four
or five hosts. Given the small number of phages, it is not clear if this difference in breadth
of host range from the single-host and multiple-host isolated phages is significant or not.

Similarly, the significance of one other observation is unclear. All three of the phages
isolated using 6A3 as the host in the multiple-host isolations were all broader host range
phages compared to those isolated using 6A11, 6A47, or 4A8; but the small number of
phages makes any general conclusions difficult especially as phage 913-6A47-2, isolated on
6A47, has a nearly as broad host range.

One final conclusion can be drawn from Table 2, which is that most of the phages are
distinct from each other in host range pattern, indicating that they are not independent
isolates of the same phage. The exceptions are AUBC6 and AUBC11, which infect the
same 14 hosts; AUBC7 and AUBC9 which infect the same two hosts; and the three phages
isolated on B. thuringiensis 4A8, which only infect that strain of bacteria. Yet, if those
potentially identical phages are removed from analysis, the overall results are the same.
In this case, the average host range for the single-host isolated phages is 6.9 and for the
four-host isolated phages it is 7.8. These revised host range average values are still not
significantly different (t-test, p = 0.38)
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Table 2. Host ranges of isolated phages on various Bacillus species and strains as determined by plaque formation and spot testing.

Virus AUBC1 AUBC2 811-4A AUBC4 AUBC5 AUBC6 AUBC7 AUBC8 AUBC9 AUBC10 AUBC11 810-4A AUBC12 528A 913-
6A3-1

913-
6A3-2 528B 528C 913-

6A47-1
913-

6A47-2
913-

4A8-1
913-

4A8-2
913-

4A8-3

Number of
enrichment hosts 0 0 0 1 1 1 1 1 1 1 1 1 1 4 4 4 4 4 4 4 4 4 4

Propagation host B. cereus 6A3 B. cereus 6A3 B. cereus 6A3 B. mycoides 6A11 B. mycoides 6A47 B. thuringiensis 4A8

B. cereus 6A1 T T N N N P N P N N P T C P P P N N N P N N N

6A2 T N N P P P N P N N P T T P P P N N N P N N N

6A3 P P P P P P P P P P P P P P P P P N N P N N N

6A15 N N N N N N N N N N N N T N N N N N N N N N N

6A16 N N N N N P N N N P P N N N N N N N N N N N N

6A17 P P N P P P N P N P P P P P P P P P N P N N N

6A100 T N N N N N N N N N N P T P P P N N N T N N N

B. mycoides 6A11 N N N N P P N N N N P P N P P P P P N N N N N

6A13 N N N N P P N N N N P P N P P T P N N N N N N

6A47 P P P N P P N P N N P P T P P P N N P P N N N

6A68 N N P N N N N N N N N P T N P P N N N P N N N

B. pseudomycoides 6A49 N N N N P N N N N N N N N P P N N N N N N N N

B. thuringiensis 4A1 N N N N P P N N N N P P T P N N N N N N N N N

4A7 P N N N P P N N N N P P T P P P P N N P N N N

4A8 T T N N P P N N N N P P T N N P N N N P P P P

4A9 N N N N P P N N N N P P N P P P P N N N N N N

B. weihensteph-
anensis 6A21 N N N N N N N N N N N T N P T N N N N P N N N

6A22 C T P N N P P N P N P P C P P P N N N N N N N

6A23 P P N N P P N P N N P P N P P P N N N P N N N

Sum of hosts in
host range 5 4 4 3 12 14 2 6 2 3 14 13 2 15 14 13 6 2 1 10 1 1 1

Host range key: P: plaques with dilution (green); N: no growth (red); C: clear zone of lysis at high concentration only (orange); T: turbid zone of lysis at high concentration only (orange).
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3.3. Efficiency of Plating (EOP) Measurements

We chose six phages isolated using no added host (811-41), a single host (810-4A,
AUBC12), or four hosts (528A, 528B, 528C) to measure the EOP for the bacteria within their
phage-productive host ranges. The results are shown in Table 3. In this table, values of EOP
were normalized against the bacterial strain that was used for the initial propagation of the
phage when it was isolated. As with the overall host range results, there did not seem to
be any general pattern with both the single-host and four-host isolated phages having a
range of EOPs. Sometimes a phage grew more efficiently on the tested host (EOP > 1) and
sometimes it grew less efficiently (EOP < 1).

Table 3. Efficiency of plating of selected phages on various hosts.

0 1 1 4 4 4 Number of
Enrichment Hosts

B. cereus 6A3 B. mycoides 6A11 Propagation host

Bacterial species and strain 811-4A 810-4A AUBC12 528A 528B 528C Phage

B. cereus 6A1 – – – 3.85 – –

6A2 – – – 2.31 – –

6A3 1.00 1.00 1.00 1.00 0.03 –

6A15 – – – – – –

6A16 – – – – – –

6A17 – 4.55 – 1.54 0.01 0.50

6A100 – 9.1 1.20 0.04 – –

B. mycoides 6A11 – 0.70 – 3.85 1.00 1.00

6A13 – 0.92 – 1.54 0.002 –

6A47 1.60 1.04 – ND – –

6A68 1.68 0.50 – – – –

B. pseudomycoides 6A49 – – – 0.02 – –

B. thuringiensis 4A1 – 0.52 – 3.85 – –

4A7 – 0.91 – 2.31 0.05 –

4A8 – 0.54 – – – –

4A9 – 0.68 – 1.15 0.15 –

B. weihenstephanensis 6A21 – – – 0.92 – –

6A22 ND 1.50 – 1.23 – –

6A23 – 5.35 – ND – –

ND: not determined.

4. Discussion
4.1. Methods for Finding Broader Host Range Phages

A number of methods have been proposed or developed to find broader host range
phages. One well cited paper is that of Jensen and colleagues [10] who were studying and
isolating phages against Sphaerotilus natans, Escherichia coli, and Pseudomonas aeruginosa, all
of which are commonly found in biofilms at sewage treatment plants, within contaminated
water, etc. [22]. They found that if they used any combination of two of the hosts, phages
able to infect strains of both hosts were obtained. However, they also examined phages
that were previously isolated on S. natans alone and found that nine of ten of those phages
also infected both S. natans and P. aeruginosa. This suggests that broader host range phages
can be found in environments with narrow host range phages rather than being selected
for or evolving during enrichment culturing.
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This mirrors what was found earlier by Green and Goldberg [23] who isolated 37
bacteriophages using a strain of Streptomyces avermitilis as the isolation host. When each
was tested for host range on a bank of 11 species of Streptomyces, phages that infected 2 to
all 11 species were identified.

Multiple other studies have isolated phages on mixtures of hosts although not with
the stated purpose of isolating broad host range phages. These have used a variety of
host systems as shown in Table 4. All found a breadth of numbers of hosts susceptible to
infection by various phages. For example, Yildirum and colleagues [24] isolated 33 phages
that they tested against 29 Salmonella strains and found between 10% to 62% of the host
strains were susceptible to infection. Similarly, Betz and Anderson [25] isolated 12 phages
infecting Clostridium sporogenes. These phages were tested against 25 strains of C. sporogenes
and 48% to 80% of the strains were sensitive to some phages. Oliveira and colleagues [11]
isolated five E. coli phages and tested them against a bank of 148 host strains, mostly field
isolates and 24–48% of those bacteria were susceptible to phages. With our results, these
earlier works support the conclusion that broader host ranges are not being selected for but
if sufficient phages are isolated, some of these will have broader host ranges by chance. This
is consistent with the observation that bacteriophages in natural systems may be specialists
(narrow host range) whereas others may be generalists (broader host range) in terms of the
hosts they can reproduce on [26,27].

Table 4. Results of phage isolation using multiple hosts from previously published studies.

Phage Host
Target Species

Number of
Strains Used
for Isolation

Number of
Phages Isolated

Number of Strains
Tested for

Phage Sensitivity *

Results of Host
Range Testing Reference

Escherichia coli 8 E. coli strains 5 phages isolated 148 host
strains tested

24% to 48%, of
hosts were
sensitive to

phage infection

[11]

Salmonella
typhimurium

and/or Salmonella
enteritidis

25 S. enteritidis
strains 11 phages isolated 31 host strains tested

21 (68%) to 30
(97%) of hosts were

sensitive to
phage infection

[12]

Mix of 12
S. typhimurium and

10 S. enteritidis
strains

33 phages for
Typhimurium and

56 phages for
Enteritidis isolated

29 hosts
strains tested

Phages killed 3
(10%)–18 (62%) of

36 Typhimurium
and 2 (6%)–15

(42%) of 36
Enteritidis strains.
20 of the phages
also killed E. coli

[24]

Mix of 7 Salmonella
serotypes and
1 E.coli strain

4 phages isolated 234 host
strains tested

172 (74%) to 214
(91%) strains

sensitive to phages
[28]

Campylobacter coli 12 C. coli strains 43 phages isolated 15 host strains test 20–93% of strains
sensitive to phages [29]

Pseudomonas
aeruginosa

4 P. aeruginosa
strains 17 phages isolated 35 host strains tested 17–89% of strains

sensitive to phages [30]

Pseudomonas
fluorescens

3 P. fluorescens
strains 7 phages isolated 23 host strains tested

1 (4%) to 3 (13%) of
hosts sensitive to

phage
[31]



Viruses 2023, 15, 518 8 of 12

Table 4. Cont.

Phage Host
Target Species

Number of
Strains Used
for Isolation

Number of
Phages Isolated

Number of Strains
Tested for

Phage Sensitivity *

Results of Host
Range Testing Reference

Staphylococcus
epidermidis Number not stated

5 phages isolated
but only

1 phage characterized

67 host strains tested
(41 S. epidermidis),

22 other
Staphylococcus

species, 3 Bacillus
and one

Listeria species

41/41 S. epidermidis
but only 2 of

remaining species
[32]

Yersinia
enterocolitica and

Yersinia
pseudotuberculosis

6 Yersinia strains
Many phages isolated,

18 characterized for
host range

94 host strains tested 1 (1%)–8 (9%)
infected † [33]

Proteus mirabilis 13 P. mirabilis
strains 2 phages isolated 43 host strains tested 37% and

60% infected [34]

Morganella morganii 27 M. morganii
strains 2 phages isolated 27 M. morganii

strains + 6 others

19 (70%) and 15
(56%) of M.
morganii test

strains infected,
no others

[35]

Clostridium
sporogenes

Not explicitly
stated, “isolated by
the mixed-culture

technique”

12 phages isolated 25 host strains tested 48–80% of strains
were sensitive [25]

* Unless otherwise indicated, all the host range testing strains (column 4) were strains of the phage target species
(column 1). † In a later study [36], three of these phages were further tested and were found to infect a broader
range of Yersinia species as well as some E. coli strains.

One caveat to comparing our results to the studies cited in Table 4 is that most of
the studies cited relied on spot testing for host range determination rather than plaque
testing. Only two of the studies [31,33] seem to have tested for plaque production as they
note EOP values for the phages tested. As we [4] and others [37] have noted, spot testing
tends to overestimate host range compared to plaque testing. Of the two studies that did
determine host range, like our results, they found varying EOPs on the hosts within a
phage’s host range.

Isolation methods that consistently yield broader host range phages have been pub-
lished. Yu and colleagues [13] were able to isolate broader host range phages by sequentially
exposing a pool of phages from environmental samples to multiple hosts in either of two
procedures. Cultures of the phages in the pool that could grow on the first host were then
grown on the next host. Only the phages that grew on the second host were used to grow
a pool on the third host and so on. In the final step, they isolated pure phage cultures
through plaque isolation. They demonstrated these protocols isolated phages that could
infect multiple strains of E. coli and multiple species of Pseudomonas but the procedure
should work for other combinations of bacteria.

A different approach is to expand the host range of previously isolated bacteriophages.
This has been shown in the context of developing phages that can overcome evolved host
resistance to infection using a cocktail of phages [38,39]. This procedure, a modification
of the Appelmans protocol [40], adds a cocktail of phages to a mixture of resistant and
sensitive bacteria. After incubation, lysates are collected, pooled, and added to a fresh mix
of hosts. After 30 cycles, phages can be isolated that are able to infect the resistant hosts.
Genome analysis shows that these phages are recombinants of some of the original cocktail
phages [38]. While this is not a novel phage isolation method, it may in principle be used to
develop broader host range phages using a mix of sensitive and insensitive hosts although
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it may be that there will be a change of host range within the hosts used rather than an
overall broadening of host range.

A third approach is to use genetic engineering techniques on an isolated phage to alter
its host range by targeted changes to the receptor binding proteins—usually, tail fibers or
tail spikes. A number of studies have shown that the host range of a phage could be altered
by replacing the receptor binding region with its equivalent from another phage [41–43].
In these cases, the host range was not necessarily expanded, just changed to that of the
receptor binding protein donor. A different approach was demonstrated by Pouillot and
colleagues [44]. They cloned genes 37 and 38 of bacteriophage T4 which encode the end
of the tail fiber including the critical binding regions (gene 37) and the accessory protein
for tail fiber assembly (gene 38). They then used a site directed mutagenesis technique
to create a library of plasmids with alterations in the key sequences for receptor binding.
Once these altered genes were transferred back to phages by homologous recombination,
they obtained a library of phages including ones that could infect Yersinia ruckeri and others
that infected P. aeruginosa. Again, however, each individual phage may have a narrow
or broader host range but the library as a whole contained phages able to infect many
different bacteria.

4.2. Should Multiple Hosts Be Used to Isolate Bacteriophages?

Manuals on phage procedures differ on whether to use a single host [16,17,45] or
multiple hosts [18,46]. The two protocols recommending multiple hosts explicitly mention
that this should yield broader host range phages. If, as indicated by our results, this is not a
consistent outcome, are there other benefits to using multiple hosts in phage isolation? It
seems likely that having multiple hosts will increase the chance of finding at least some
phages in a particular environmental sample, although we are not aware of any tests of this
hypothesis. There is the caveat that the multiple hosts should be tested for antagonistic
interactions so that all can grow in the same culture, but if these antagonisms are not
present, using multiple hosts should be equivalent to doing multiple isolation procedures
with a different host in procedure. To maximize the chances of isolating phages, the
putative phage culture should be tested on each of the enrichment hosts individually as the
newly isolated phages will likely have only partially overlapping host ranges as indicated
by our results and the studies cited in Table 4. Host range testing would be useful as a
simple test for the unique identity of each newly isolated phage. Any phages with identical
host ranges would need additional screening to ensure that the same strain of phage isn’t
isolated multiple times on each host within its host range.

4.3. Limitations and Future Studies

While we are confident of our overall conclusions, there are some limitations to this
study. As we have suggested elsewhere [7], host range characterization should use as large
a group of hosts as possible. Nineteen hosts is a modest number in this regard. There is
also a chance that the results were influenced by a lack of diversity among the various
hosts. Genomic sequences are only available for a few of these strains specifically, making
it difficult to judge this without a significant effort in genome sequencing. However, we do
note that our results suggest diversity in the hosts. Host range testing, when organized by
host rather than phage (that is, reading rows rather than columns in Table 2) is phage typing,
the use of bacteriophage susceptibility to differentiate bacteria [47]. By this standard, the
19 hosts we used are distinct. None have an identical pattern of susceptibility to these
23 phages.

The way to resolve these questions, as well as the ambiguities described at the end
of Section 3.2, is to expand these results with more phages and more hosts, especially the
latter. These newly isolated phages are also not yet characterized biologically or genome
sequenced. This is not essential for the conclusion on isolating broader host range phages
but every newly isolated phage has the potential to provide interesting novel genes, as well
as expanding our understanding of phage biology.
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5. Conclusions

Our results indicate that using multiple hosts does not select for broader host range
phages. This does not mean that using multiple hosts is deleterious in some way. Numerous
studies have used multiple hosts to successfully isolate phages. If the goal of phage isolation,
though, is to specifically obtain broader host range phages, then the number of isolation
hosts is not important. One can either use a more specific broader host range protocol
described above or one can simply determine the host range of all the newly isolated phages.
Some will have a narrow host range and some will be broader in host range. Whether single
or multiple hosts are used, host range testing is an essential part of phage characterization.

Author Contributions: Investigation, J.M., J.D.II, M.L., G.H. and P.H.; Writing—original draft, P.H.;
Writing—review & editing, P.H. All authors have read and agreed to the published version of
the manuscript.

Funding: J.D.II and M.L. gratefully acknowledge the National Science Foundation for funds used to
purchase selected research supplies (DUE-1643489) Additional funding came from several grants
from the Ashland University Honors Program and the AU Provost’s office.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We want to thank Stephen T. Abedon for his comments on a draft of this paper
as well as the reviewers for their comments and suggestions.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hyman, P.; Abedon, S.T. Bacteriophage host range and bacterial resistance. Adv. Appl. Microbiol. 2010, 70, 217–248.
2. Hampton, H.G.; Watson, B.N.J.; Fineran, P.C. The arms race between bacteria and their phage foes. Nature 2020, 577, 327–336.

[CrossRef]
3. Rostol, J.T.; Marraffini, L. (Ph)ighting phages: How bacteria resist their parasites. Cell Host Microbe 2019, 25, 184–194. [CrossRef]

[PubMed]
4. Ross, A.; Ward, S.; Hyman, P. More is better: Selecting for broad host range bacteriophages. Front. Microbiol. 2016, 7, 1352.

[CrossRef] [PubMed]
5. Hassan, A.Y.; Lin, J.T.; Ricker, N.; Anany, H. The age of phage: Friend or foe in the new dawn of therapeutic and biocontrol

applications? Pharmaceuticals 2021, 14, 199. [CrossRef] [PubMed]
6. Royer, S.; Morais, A.P.; da Fonseca Batistao, D.W. Phage therapy as strategy to face post-antibiotic era: A guide to beginners and

experts. Arch. Microbiol. 2021, 203, 1271–1279. [CrossRef]
7. Hyman, P. Phages for phage therapy: Isolation, characterization, and host range breadth. Pharmaceuticals 2019, 12, 35. [CrossRef]
8. Merabishvili, M.; Pirnay, J.P.; De Vos, D. Guidelines to compose an ideal bacteriophage cocktail. In Bacteriophage Therapy: From Lab

to Clinical Practice; Azeredo, J., Sillankorva, S., Eds.; Humana Press: New York City, NY, USA, 2018; pp. 99–110.
9. Lazarus, A.S.; Gunnison, J.B. The action of Pasteurella pestis bacteriophage on Pasteurella, Salmonella, and Shigella. J. Bacteriol. 1947,

54, 70. [CrossRef]
10. Jensen, E.C.; Schrader, H.S.; Rieland, B.; Thompson, T.L.; Lee, K.W.; Nickerson, K.W.; Kokjohn, T.A. Prevalence of broad-host-

range lytic bacteriophages of Sphaerotilus natans, Escherichia coli, and Pseudomonas aeruginosa. Appl. Environ. Microbiol. 1998,
64, 575–580. [CrossRef]

11. Oliveira, A.; Sillankorva, S.; Quinta, R.; Henriques, A.; Sereno, R.; Azeredo, J. Isolation and characterization of bacteriophages for
avian pathogenic E. coli strains. J. Appl. Microbiol. 2009, 106, 1919–1927. [CrossRef]

12. Sillankorva, S.; Pleteneva, E.; Shaburova, O.; Santos, S.; Carvalho, C.; Azeredo, J.; Krylov, V. Salmonella enteritidis bacteriophage
candidates for phage therapy of poultry. J. Appl. Microbiol. 2010, 108, 1175–1186. [CrossRef] [PubMed]

13. Yu, P.; Mathieu, J.; Li, M.; Dai, Z.; Alvarez, P.J. Isolation of polyvalent bacteriophages by sequential multiple-host approaches.
Appl. Environ. Microbiol. 2016, 82, 808–815. [CrossRef] [PubMed]

14. Vilas-Boas, G.T.; Peruca, A.P.; Arantes, O.M. Biology and taxonomy of Bacillus cereus, Bacillus anthracis, and Bacillus thuringiensis.
Can. J. Microbiol. 2007, 53, 673–687. [CrossRef] [PubMed]

15. Lee, J.H.; Shin, H.; Ryu, S. Characterization and comparative genomic analysis of bacteriophages infecting members of the Bacillus
cereus group. Arch. Virol. 2014, 159, 871–884. [CrossRef] [PubMed]

16. Van Twest, R.; Kropinski, A.M. Bacteriophage enrichment from water and soil. Methods Mol. Biol. 2009, 501, 15–21. [PubMed]
17. Adams, M.H. Bacteriophages; InterScience: New York, NY, USA, 1959.

http://doi.org/10.1038/s41586-019-1894-8
http://doi.org/10.1016/j.chom.2019.01.009
http://www.ncbi.nlm.nih.gov/pubmed/30763533
http://doi.org/10.3389/fmicb.2016.01352
http://www.ncbi.nlm.nih.gov/pubmed/27660623
http://doi.org/10.3390/ph14030199
http://www.ncbi.nlm.nih.gov/pubmed/33670836
http://doi.org/10.1007/s00203-020-02167-5
http://doi.org/10.3390/ph12010035
http://doi.org/10.1128/jb.53.6.705-714.1947
http://doi.org/10.1128/AEM.64.2.575-580.1998
http://doi.org/10.1111/j.1365-2672.2009.04145.x
http://doi.org/10.1111/j.1365-2672.2009.04549.x
http://www.ncbi.nlm.nih.gov/pubmed/19796092
http://doi.org/10.1128/AEM.02382-15
http://www.ncbi.nlm.nih.gov/pubmed/26590277
http://doi.org/10.1139/W07-029
http://www.ncbi.nlm.nih.gov/pubmed/17668027
http://doi.org/10.1007/s00705-013-1920-3
http://www.ncbi.nlm.nih.gov/pubmed/24264384
http://www.ncbi.nlm.nih.gov/pubmed/19066806


Viruses 2023, 15, 518 11 of 12

18. Carlson, K.; Miller, E.S. General procedures. In Molecular Biology of Bacteriophage T4; Karam, J.D., Ed.; American Society for
Microbiology Press: Washington, DC, USA, 1994; pp. 427–434.

19. Ackermann, H.W. Tailed bacteriophages: The order Caudovirales. Adv. Virus Res. 1998, 51, 135–201.
20. Ackermann, H.W.; Audurier, A.; Berthiaume, L.; Jones, L.A.; Mayo, J.A.; Vidaver, A.K. Guidelines for bacteriophage characteriza-

tion. Adv. Virus Res. 1978, 23, 1–24.
21. Kutter, E. Phage host range and efficiency of plating. Methods Mol. Biol. 2009, 501, 141–149. [CrossRef]
22. Winston, V.; Thompson, T.L. Isolation and characterization of a bacteriophage specific for Sphaerotilus natans which contain an

unusual base in its deoxyribonucleic acid. Appl. Environ. Microbiol. 1979, 37, 1025–1030. [CrossRef]
23. Greene, J.; Goldberg, R.B. Isolation and preliminary characterization of lytic and lysogenic phages with wide host range within

the Streptomycetes. J. Gen. Microbiol. 1985, 131, 2459–2465. [CrossRef]
24. Yildirim, Z.; Sakin, U.T.; Coban, F. Isolation of lytic bacteriophages infecting Salmonella typhimurium and Salmonella enteritidis.

Acta Biol. Hung. 2018, 69, 350–369. [CrossRef] [PubMed]
25. Betz, J.V.; Anderson, K.E. Isolation and characterization of bacteriophages active on Clostridium sporogenes. J. Bacteriol. 1964,

87, 408–415. [CrossRef]
26. Sant, D.G.; Woods, L.C.; Barr, J.J.; McDonald, M.J. Host diversity slows bacteriophage adaptation by selecting generalists over

specialists. Nat. Ecol. Evol. 2021, 5, 350–359. [CrossRef]
27. Van Cauwenberghe, J.; Santamaria, R.I.; Bustos, P.; Juarez, S.; Ducci, M.A.; Figueroa Fleming, T.; Etcheverry, A.V.; Gonzalez, V.

Spatial patterns in phage-rhizobium coevolutionary interactions across regions of common bean domestication. ISME J. 2021,
15, 2092–2106. [CrossRef] [PubMed]

28. Lopez-Cuevas, O.; Castro-Del Campo, N.; Leon-Felix, J.; Gonzalez-Robles, A.; Chaidez, C. Characterization of bacteriophages
with a lytic effect on various Salmonella serotypes and Escherichia coli O157,H7. Can. J. Microbiol. 2011, 57, 1042–1051. [CrossRef]

29. Carvalho, C.; Susano, M.; Fernandes, E.; Santos, S.; Gannon, B.; Nicolau, A.; Gibbs, P.; Teixeira, P.; Azeredo, J. Method for
bacteriophage isolation against target Campylobacter strains. Lett. Appl. Microbiol. 2010, 50, 192–197. [CrossRef]

30. Pires, D.; Sillankorva, S.; Faustino, A.; Azeredo, J. Use of newly isolated phages for control of Pseudomonas aeruginosa PA01 and
ATCC 10145 biofilms. Res. Microbiol. 2011, 162, 798–806. [CrossRef] [PubMed]

31. Nascimento, E.C.D.; Sabino, M.C.; Corguinha, L.D.R.; Targino, B.N.; Lange, C.C.; Pinto, C.L.O.; Pinto, P.F.; Vidigal, P.M.P.;
Sant’Ana, A.S.; Hungaro, H.M. Lytic bacteriophages UFJF_PfDIW6 and UFJF_PfSW6 prevent Pseudomonas fluorescens growth
in vitro and the proteolytic-caused spoilage of raw milk during chilled storage. Food Microbiol. 2022, 101, 103892. [CrossRef]

32. Melo, L.D.; Sillankorva, S.; Ackermann, H.W.; Kropinski, A.M.; Azeredo, J.; Cerca, N. Isolation and characterization of a new
Staphylococcus epidermidis broad-spectrum bacteriophage. J. Gen. Virol. 2014, 95, 506–515. [CrossRef]

33. Salem, M.; Virtanen, S.; Korkeala, H.; Skurnik, M. Isolation and characterization of Yersinia-specific bacteriophages from pig stools
in Finland. J. Appl. Microbiol. 2015, 118, 599–608. [CrossRef]

34. Melo, L.D.; Veiga, P.; Cerca, N.; Kropinski, A.M.; Almeida, C.; Azeredo, J.; Sillankorva, S. Development of a phage cocktail to
control Proteus mirabilis catheter-associated urinary tract infections. Front. Microbiol. 2016, 7, 1024. [CrossRef]

35. Oliveira, H.; Pinto, G.; Oliveira, A.; Noben, J.P.; Hendrix, H.; Lavigne, R.; Lobocka, M.; Kropinski, A.M.; Azeredo, J. Char-
acterization and genomic analyses of two newly isolated Morganella phages define distant members among Tevenvirinae and
Autographivirinae subfamilies. Sci. Rep. 2017, 7, 46157. [CrossRef] [PubMed]

36. Salem, M.; Pajunen, M.I.; Jun, J.W.; Skurnik, M. T4-like Bacteriophages Isolated from Pig Stools Infect Yersinia pseudotuberculosis
and Yersinia pestis Using LPS and OmpF as Receptors. Viruses 2021, 13, 296. [CrossRef] [PubMed]

37. Khan, M.M.; Nilsson, A.S. Isolation of phages for phage therapy: A comparison of spot tests and efficiency of plating analyses for
determination of host range and efficacy. PLoS ONE 2015, 10, e0118557. [CrossRef]

38. Burrowes, B.H.; Molineux, I.J.; Fralick, J.A. Directed in vitro evolution of therapeutic bacteriophages: The Appelmans protocol.
Viruses 2019, 11, 241. [CrossRef]

39. Mapes, A.C.; Trautner, B.W.; Liao, K.S.; Ramig, R.F. Development of expanded host range phage active on biofilms of multi-drug
resistant Pseudomonas aeruginosa. Bacteriophage 2016, 6, e1096995. [CrossRef]

40. Appelmans, R. Le dosage du bacteriophage. Compt. Rend. Soc. Biol. 1921, 85, 701.
41. Zhang, J.; Ning, H.; Lin, H.; She, J.; Wang, L.; Jing, Y.; Wang, J. Expansion of the plaquing host range and improvement of

the absorption rate of a T5-like Salmonella phage by altering the long tail fibers. Appl. Environ. Microbiol. 2022, 88, e0089522.
[CrossRef]

42. Mahichi, F.; Synnott, A.J.; Yamamichi, K.; Osada, T.; Tanji, Y. Site-specific recombination of T2 phage using IP008 long tail fiber
genes provides a targeted method for expanding host range while retaining lytic activity. FEMS Microbiol. Lett. 2009, 295, 211–217.
[CrossRef]

43. Yoichi, M.; Abe, M.; Miyanaga, K.; Unno, H.; Tanji, Y. Alteration of tail fiber protein gp38 enables T2 phage to infect Escherichia
coli O157,H7. J. Biotechnol. 2005, 115, 101–107. [CrossRef]

44. Pouillot, F.; Blois, H.; Iris, F. Genetically engineered virulent phage banks in the detection and control of emergent pathogenic
bacteria. Biosecur. Bioterror. 2010, 8, 155–169. [CrossRef] [PubMed]

45. Sillankorva, S. Isolation of bacteriophages for clinically relevant bacteria. In Bacteriophage Therapy: From Lab to Clinical Practice;
Azeredo, J., Sillankorva, S., Eds.; Humana Press: New York City, NY, USA, 2018; pp. 23–30.

http://doi.org/10.1007/978-1-60327-164-6_14
http://doi.org/10.1128/aem.37.5.1025-1030.1979
http://doi.org/10.1099/00221287-131-9-2459
http://doi.org/10.1556/018.68.2018.3.10
http://www.ncbi.nlm.nih.gov/pubmed/30257585
http://doi.org/10.1128/jb.87.2.408-415.1964
http://doi.org/10.1038/s41559-020-01364-1
http://doi.org/10.1038/s41396-021-00907-z
http://www.ncbi.nlm.nih.gov/pubmed/33558688
http://doi.org/10.1139/w11-099
http://doi.org/10.1111/j.1472-765X.2009.02774.x
http://doi.org/10.1016/j.resmic.2011.06.010
http://www.ncbi.nlm.nih.gov/pubmed/21782936
http://doi.org/10.1016/j.fm.2021.103892
http://doi.org/10.1099/vir.0.060590-0
http://doi.org/10.1111/jam.12722
http://doi.org/10.3389/fmicb.2016.01024
http://doi.org/10.1038/srep46157
http://www.ncbi.nlm.nih.gov/pubmed/28387353
http://doi.org/10.3390/v13020296
http://www.ncbi.nlm.nih.gov/pubmed/33668618
http://doi.org/10.1371/journal.pone.0118557
http://doi.org/10.3390/v11030241
http://doi.org/10.1080/21597081.2015.1096995
http://doi.org/10.1128/aem.00895-22
http://doi.org/10.1111/j.1574-6968.2009.01588.x
http://doi.org/10.1016/j.jbiotec.2004.08.003
http://doi.org/10.1089/bsp.2009.0057
http://www.ncbi.nlm.nih.gov/pubmed/20569057


Viruses 2023, 15, 518 12 of 12

46. Lobocka, M.; Hejnowicz, M.S.; Gagala, U.; Weber-Dabrowska, B.; Wegrzyn, G.; Dadlez, M. The first step to bacteriophage therapy:
How to choose the correct phage. In Phage Therapy: Current Research and Applications; Borysowski, J., Miedzybrodzki, R., Gorski,
A., Eds.; Caister Academic Press: Norfolk, UK, 2014; pp. 23–67.

47. Chirakadze, I.; Perets, A.; Ahmed, R. Phage typing. Methods Mol. Biol. 2009, 502, 293–305. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1007/978-1-60327-565-1_17
http://www.ncbi.nlm.nih.gov/pubmed/19082563

	Introduction 
	Materials and Methods 
	Bacteria and Growth Conditions 
	Isolation of Phages from Soil 
	Detection of Phages and Isolation of Pure Strains 
	Preparation of Phage Stocks 
	Host Range Testing and Efficiency of Plating (EOP) 

	Results 
	Isolation of Phages 
	Host Range Testing 
	Efficiency of Plating (EOP) Measurements 

	Discussion 
	Methods for Finding Broader Host Range Phages 
	Should Multiple Hosts Be Used to Isolate Bacteriophages? 
	Limitations and Future Studies 

	Conclusions 
	References

