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Antibiotics in Combating Bacteria
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SUMMARY

Every year, tens of thousands of people die of
infections from antibiotic-resistant bacteria. Phage
therapy has been suggested as an alternative
because bacteria resistant to antibiotics may still be
susceptible to phages. Furthermore, phages have
the advantage of being more specific and thus less
likely to harm beneficial bacteria. However, phages
may have limited effectiveness in combating bacteria
since bacteria possess several antiviral defense
mechanisms and can quickly develop resistance to
phages. The purpose of this study was to compare
the effectiveness and specificity of antibiotics
and phages in combating bacteria. To this end, we
exposed strains of the bacteria Escherichia coli to
T4 bacteriophages and antibiotics and assessed
effectiveness and specificity of bacterial killing.
Fission yeast, a unicellular eukaryotic organism, was
used as acontrol. Cell growth, phage plaque formation,
or cell concentrations were observed or measured.
It was found that T4 phages are more specific and
effective in fighting or inhibiting both antibiotic-
resistant and sensitive bacteria than antibiotics. One
phage can kill at least 4000 actively growing bacterial
cells within two hours. Therefore, the data suggest
that phage therapy can be developed as an efficient
tool to combat antibiotic-resistant bacteria.

INTRODUCTION

Due to the overuse of antibiotics in the healthcare and
food industry, antibiotic resistance in bacteria has become
a global problem. Every year, approximately 700,000 people
die from antibiotic-resistant infections worldwide (1). If this
trend continues, by 2050, a projected 10 million people
will have died from antibiotic resistant infections at a cost
of $100 trillion unless new and effective treatments are
quickly developed (1). In the U.S. alone, tens of thousands
of deaths are annually attributed to drug-resistant strains of
the bacterium Escherichia coli (2). Some bacteria, such as
Neisseria gonorrhoeae and Staphylococcus aureus, have
developed resistance to essentially all classes of antibiotics
(3-5). Unfortunately, very few new classes of antibiotics have
been recently discovered and approved (3, 6, 7).

Most E. coli strains (Figure 1A) are non-pathogenic
bacteria that inhabit the intestines and normally aid with
food digestion. However, pathogenic E. coli with virulence
factors can be contracted from a variety of fairly common

sources. E. coli can be found in improperly sanitized produce,
unpasteurized liquids, and contaminated meats (8). Even
healthcare equipment, such as endoscopes, has also led to
some outbreaks of E. coli superbugs in hospitals. The rapid
growth rate is one reason why a bacterial infection can be so
dangerous. When provided with optimal growth conditions
(such as nutrients and optimal temperature), E. coli cells
are capable of doubling their population every 20 minutes
(9). At this alarming rate, a single E. coli cell can produce
4,722,366,482,869,645,213,696 (272) progeny in a single
day. Bacterial pathogens can still proliferate very fast even in
people with healthy immune system, so many infections need
to be treated urgently.

E. coli has led to many deaths; the H30Rx E. coli superbug
alone has resulted in thousands of deaths in the United States.
Drug resistance in E. coli is steadily rising especially for
antibiotics such as the commonly prescribed fluoroquinolones
and certain generations of cephalosporin (10). In addition, an
increasing number of strains are also showing resistance to
antibiotics like ampicillin, penicillin, and streptomycin (11).
Both classical E. coli pathogens and commensal opportunistic
E. coli strains can become antibiotic-resistant. The H30-
Rx strain, a clinical isolate, was identified twenty years ago
when a strain of E. coli developed mutations resulting a new
strain, H30R, which is resistant to the antibiotic Ciprofloxacin
(12). This in turn paved the way for H30RX, which is resistant
to several antibiotics (12). H30Rx also has the capability to
disseminate into the bloodstream from urinary tract infections
causing systemic inflammation, which can become life-
threatening (12). Unfortunately, H30-Rx is not the only deadly
superbug that exists. Carbapenem (a last resort antimicrobial)
resistant bacteria has a ~50% mortality rate according to one
report (13).

Due to the dramatic uptick in drug resistance, many
people have suggested using phage therapy as a solution to
combat bacteria (1, 14). Phage therapy is a method in which
bacteriophages (or phages) are used to kill pathogenic bacteria
(14). Phages, discovered a century ago, are viruses that lyse
and kill bacteria (Figure 1B). They are found everywhere on
the earth and an estimated 30 billion phages are absorbed
into our bodies via our intestines each day (15). Phages are
essential to maintaining a healthy microbial ecosystem in
human digestive tracts. They were mentioned as a tool for
curbing antibiotic resistance threats in a 2014 status report by
the National Institute of Allergy and Infectious Diseases (16).
Phages have been safely used to treat bacterial infections
since the 1920s, but they fell out of favor due to the discovery of
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Figure 1. Images of E. coli (A), T4 phage (B), and the fission
yeast S. pombe (C). The images of E. coli (credit: Rocky Mountain
Laboratories, NIAID, NIH) and T4 phage (credit: authors Adenosine
and Pbroks13) are from Wikipedia website.

antibiotics. However, there is now a renewed interest in phage
therapy thanks, in part, to escalations in antibiotic resistance
and the relative safety of phages. For example, Listex, a
phage based solute used to kill Listeria and Salmonella in
foods, was approved by the FDA in 2006 (17, 18). UCSD
psychologist Thomas Patterson, who was infected with a
bacterium resistant to all the available antibiotics, and five
other people were successfully cleared of bacterial infections
with phage cocktails by a UCSD team (19). Proponents believe
that phage therapy is more precise than antibiotics, which are
typically broad-spectrum and kill or inhibit both pathogenic
and beneficial bacteria, since most phages specifically target
certain species of bacteria. Due to this specificity, phages also
cause less side effects in humans. Despite these advantages
and the recent successes, phage therapy is still rarely used in
the US and still has several obstacles to overcome. Research
has shown that certain phages can help transfer drug
resistance and lysed bacterial cells may release toxins (20).
Moreover, bacteria also have several antiviral mechanisms
to protect themselves from phages, such as the famous
CRISPR/Cas defense systems (21-24). Therefore, bacteria
may eventually develop immunity to phages. This will be
problematic if more and more people decide to use phages
over antibiotics. However, unlike antibiotics, phages may be
able to evolve alongside these bacterial pathogens, avoiding
some of the issues with resistance.

Here, we tested the specificity and effectiveness of
traditional antibiotics compared with phages on limiting growth
of E. coli. Fission yeast (Figure 1C), a genetically tractable
unicellular model organism with cell-division cycle and many
proteins/genes conserved in human cells (25-28), was used as
a eukaryotic control. Wildtype fission yeast cells are sensitive
to many antibiotics including geneticin (G418), hygromycin,
and nourseothricin (clonNAT) (29). We compare the efficiency
and specificity of T4 phage and several antibiotics in inhibiting
or killing yeast and E. coli strains on agar plates or in liquid
culture. It was hypothesized that T4 phages are more effective
than antibiotics since they will be able to target and infect
antibiotics-resistant bacteria. In addition, phages will remain
active resulting from their proliferation even after the antibiotics
are depleted, so this may also make them more effective.
Indeed, we find that T4 phage is more specific and efficient in
killing both antibiotic-sensitive and antibiotic-resistant bacterial

cells. We predict that therapies employing both phages and
antibiotics will be ideal to combat antibiotic-resistant bacteria.

RESULTS

First, we tested the specificity of antibiotics by observing
the viability and growth of bacteria and fission yeast on LB
(standard medium for bacteria) and YE5S (rich medium for
fission yeast) plates with broad spectrum antibiotics kanamycin
or geneticin (G418), respectively. Kanamycin binds to the 30S
subunit of prokaryotic ribosomes and interferes with protein
synthesis. It is effective in treating severe bacterial infections
including tuberculosis, but it may have side effects including
hearing and kidney problems. G418 inhibits the elongation
step of protein synthesis in both prokaryotic and eukaryotic
cells. As shown in Figures 2A and 2C, E. coli strains Top10,
DH5a, BL21, and ArcticExpress were inviable in LB medium
with kanamycin, unlike the normal growth in LB medium
without kanamycin (Figure 2A, left). The only strain that
grew well on the medium with G418 was the ArcticExpress
cells (Figure 2A, right). Thus, all the tested E. coli strains are
sensitive to kanamycin and G418 except ArcticExpress cells,
which is resistant to G418 (Figure 2C). Fission yeast cells did
not grow well on LB medium even without kanamycin (Figure
2B, left), but YE5S + kanamycin plates were not available.
Due to these limitations, it was difficult for us to determine if
the yeast cells are sensitive to kanamycin or not (Figure 2C).
However, we confirmed that yeast strain JW7325 (kanMX6-
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Figure 2. Antibiotics can kill both prokaryotic E. coli cells and
eukaryotic fission yeast cells. (A) E. coli strains Top10 (top left),
DH5a (top right), BL21 (bottom left), and ArcticExpress (bottom
right) as marked were re-streaked onto LB, LB + kanamycin, YE5S,
YE5S + G418 plates and grown at 37°C for 1 day before scanning.
(B) Fission yeast strains wildtype (WT; left) and JW7325 (right) were
re-streaked onto LB, LB + kanamycin, YE5S, YE5S + G418 plates
and grown at 25°C for 2 days before scanning. Two replicates were
performed for each experiment. (C) Summary of antibiotic sensitivity
of E. coli and fission yeast cells as shown in (A) and (B). +, growth or
resistant to the antibiotic; -, no growth or sensitive to the antibiotic; ?,
unknown due to poor growth of yeast on LB medium.
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Pypt3-tdTomato-ypt3) but not wild-type yeast is resistant to
G418 (Figures 2B and 2C). Taken together, this data confirms
that an antibiotic can target and kill many different kinds of
cells.

Next, we tested the specificity of the T4 phage by
observing phage plaque formation on lawns of bacteria and
fission yeast. Plaques are formed on lawns of cells when they
are lysed and cleared by phages. Both antibiotic-sensitive and
resistant E. coli strains were susceptible to being lysed by T4
phages, as evidenced by the various sizes of phage plaques
(cleared zones without bacteria) with different amount of
phages (Figure 3A, examples marked by arrows). In contrast,
no phage plaques were formed on the lawns of either G418-
sensitive JW81 or resistant JW7325 fission yeast cells (Figure
3B and data not shown). Thus, it can be concluded that the T4
phages are more specific than antibiotics because they cannot
infect yeast while antibiotics kills both bacteria and yeast.

Then, we investigated the efficiency of how phages attack
and lyse bacterial cells. Ten-fold serially diluted phages were
added to 300 pl DH5a cells (with OD,,, = 0.75; ~1.8 x 10®
bacterial cells given that 1 OD,, = 8 x 10? cells/ml), incubated
for ~1 hour, and then plated on agar plates. After incubation
at 37°C overnight, more phage plaques were formed with
increasing concentrations of phages (Figure 4A). At 10
dilution of T4 phages (4 x 10° phages/ml x 10 x 10 pl x 103
ml/yl = 40,000 phages), ~90% area of the plate had no or
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significantly reduced DH5a cells (Figure 4A). Thus, one
phage (from the starting stock) can kill ~4000 bacterial cells
(~1.8 x 108 bacterial cells x 90% / 40,000 phages), which is
highly efficient. Interestingly, at 102 phage dilution (400,000
phages/per plate), approximately hundreds to thousands of
single bacterial colonies were formed on each plate (Figure
4A), which suggests that phage-resistant cells can quickly
take over the culture once the sensitive bacteria die off. At 10
dilution of T4 phages, phage-sensitive cells may have used
up the nutrients before they died so that the resistant cells
have no chance to proliferate and form colonies. The results
were confirmed using BL21 cells (Figure 4B). Together, it
was determined that T4 phages are highly efficient at killing
bacterial cells, but resistance to phages can also develop or
be selected quickly.

Lastly, we directly compared the effectiveness of killing/
inhibiting bacteria between phages and antibiotics in terms
of their weights. The molecular weights of ampicillin, G418,
and T4 phages are 371, 693, and 1.93 x 108 g/molar (30),
respectively. In this experiment, G418-resistant but ampicillin
and kanamycin-sensitive ArcticExpress E. coli cells were
mixed with either phages or antibiotic ampicillin or G418 at
time zero. Cells were grown at 37°C and OD, was measured
every 30 minutes (Figure 5A). We found that the phages were
highly effective in killing bacteria compared to the antibiotics.
Phages at concentrations of both 102 dilution (phages :

B wt yeast + T4 phage

G418R yeast + T4 phage

Figure 3. T4 phage can lyse E. coli cells but not fission yeast cells. (A) Formation of phage plaques (examples marked with arrows) on LB
plates with fresh lawns of E. coli cells, which were inoculated with 5, 15, 25, and 35 pl (counterclockwise starting from top right as shown on
the first plate) undiluted T4 phages (4 x 10° phages/ml) for each strain and incubated at 37°C. (B) Insensitivity of wildtype fission yeast JW81
and G418-resistant JW7325 (G418R) stains to T4 phages. Fresh lawns of yeast cells on YE5S plates were inoculated with 5, 15, 25, and 35 pl
(counterclockwise starting from top right as shown on the first plate) undiluted T4 phages for each strain and incubated at 36°C. Images from
two repeated experiments were shown. On some plates yeast cells were displaced by the phage solution, as evidenced by more cells on the
edge of the spots with phages. Similar experiments were performed for four times.
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Figure 4. T4 phages efficintly lyse actively proliferating bacterial cells. Active growing DH5a (A) and BL21 cells (B) were mixed with
10 ul different dilutions of T4 phages as indicated, incubated for ~1 hour, and then plated evenly on plates, and incubated at 37°C overnight
before scanning. Examples of phage plaques were marked with arrows. Three replicates were performed for each experiment.
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Figure 5. Phages are more effective than antibiotics in killing
or inhibiting bacteria. Density of ArcticExpress cells treated with
different concentrations of T4 phages and antibiotics (or 40 pl LB
medium as control) was measured every 30 (A) or 15 minutes (B) and
plotted using Excel. The experiment was performed twice.

bacteria = 1 : 4,500) and 107 dilution (phages : bacteria =
1 : 450) lysed essentially all the E. coli cells after a 30 to 60
minutes delay as the OD,, of bacterial cells increased initially
but then dropped to almost zero and the culture became clear
in about 90 minutes. This confirms that a phage can kill >4000
actively growing bacterial cells within 2 hours. Ampicillin
added with a weight equivalent of the 10-2 phage dilution had
no effect on bacterial growth. The ampicillin stock solution was
functional since 0.1 mg/ml of ampicillin (normal lab working
concentration, which is 590,000 times higher than 10-2 phage
equivalent) quickly inhibited cell growth in ~30 minutes. As
expected, 0.1 mg/ml of G418 only mildly slowed cell growth.
The experiment was repeated by measuring the OD, every
15 minutes. Essentially identical results were obtained
(Figure 5B). Thus, the T4 phage is much more effective in
killing G418-resistant bacteria than ampicillin if applied at the
same weight, although each phage is 520,000 times heavier
than one ampicillin molecule. Taken together, our data indicate
that T4 phage is more specific and effective than antibiotics in
killing both antibiotic-sensitive and resistant-bacteria.

DISCUSSION

In this study, we found that the T4 phage is significantly
more effective than antibiotics in fighting bacteria if measured
by their weight, even though a phage is 520,000 times heavier
than an ampicillin molecule and thus much less was used
in terms of molar concentration, which makes phages much
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more potent (Figure 5). This is partly because the phages
continue to infect bacteria and proliferate even after antibiotics
have already been degraded or depleted. Phages are also
more selective than antibiotics since they only target one or
a few specific types of bacteria via cell surface receptors,
not fungal or human cells. This is confirmed because they do
not kill eukaryotic yeast, despite the fact that G418 inhibits
growth of wildtype yeast cells. Moreover, the T4 phage is also
effective against G418-resistant bacterial strain ArcticExpress.
Thus, our data support the hypothesis that phages are more
effective and specific than antibiotics in combating bacteria.

In the future, a study can be conducted using phages and
antibiotics in conjunction to test if both antibiotic-resistant and
phage-resistant bacteria will be eliminated. Moreover, the
ED50 (median effective dose) for phages should be measured
in future studies. Limitations of this study were the sample
size and availabilities of materials. The effect of phages on
bacterial populations in liquid cultures was only done twice.
However, since both trials produced nearly identical results,
an increase in trials may not yield any differences. No YE5S
+ kanamycin plates were available to test if yeast cells are
sensitive to kanamycin. Moreover, we did not have access to
tissue culture cells so that we could not test the effectiveness
and specificity of phages and antibiotics in treating bacterially-
infected human cells.

Phages are crucial to the global ecosystem and human
microbial community by regulating bacterial abundance,
balance, and diversity (31). For example, it was estimated that
there are >10% phages on earth and that one third of marine
surface bacteria are wiped out by phages every day (32). In
a given ecosystem, approximately 80% of bacterial death is
caused by phage infection (31). Phages are enriched >4 times
in our mucus layers compared to the adjacent environment
(15). Billions of phages enter human tissues via our intestines
each day and they may modulate our immune system
(15). Thus, it is possible to harness this powerful control
on bacterial populations by phages and use it to help fight
bacterial infections with minimal side effects. In fact, phages
or phage cocktails have already been shown to be successful
in treating chronic infections (33), antibiotic-resistant bacterial
biofilms (34), and multi-drug resistant bacterium Acinetobacter
baumannii (19). In general, phage cocktails contain a variety
of phages, each with different host targets, which ensure their
effectiveness, minimize the development of phage resistance,
and lower the risk of harming patients’ microbiome (31).
Engineered phages with a broader spectrum and minimal host
immune reactions will thus be more effective and should be
developed urgently. Ideally, phage banks with wildtype and
engineered phages against all known bacterial pathogens
should be established at hospitals. Bacterial pathogens from
patients can be identified within hours by rapid DNA sequencing
using powerful sequencers. Then the corresponding phages
will be administered immediately to cure or save patients from
bacterial infections. Because phages can only reproduce inside
bacteria, the phages will stop proliferating once pathogens are

cleared and may be eliminated by our immune system over
time. Thus, the administered phages should not cause many
side effects.

Our research provides useful insights into the potential of
phage therapy and could help design better treatments for
many diseases caused by antibiotic-resistant bacteria. We
found that one T4 phage can kill >4000 bacterial cells in 2
hours. This result challenges the conclusion from previous
studies that significant numbers of phages (or huge phage-
to-bacterium ratio) are needed to efficiently combat bacteria
such as E. coli (35, 36), which is one of main obstacles for
phage therapy. Actually, phage resistance may develop faster
if the phage concentration is too high, as shown in Figure 4.
Our data also suggest that phages are most effective in killing
actively growing bacteria when the two are mixed together.
Thus, the timing of phage delivery to bacteria is important.
One disadvantage of phage therapy is that endotoxins (more
likely to be released by lysing bacteria) may trigger immune
responses such as fever or toxic shock in some patients.
However, phages have much less overall side effects and thus
higher therapeutic index than antibiotics because they only
infect/target bacteria and archaea but not eukaryotes such as
yeast and humans (33). Phages can be used to treat multiple-
drug resistance bacteria, which cause severe problems for
patients with suppressed or compromised immune systems
and threaten to return humankind to the era before antibiotics
(37, 38). Antibiotics, besides their well-known side effects,
have the disadvantage of killing both pathogenic and beneficial
microflora, which may disrupt the microbial balance and trigger
severe secondary infections and allergic reactions in humans.
In addition, commonly prescribed antibiotics such as Cipro and
Levofloxacin have disabling side effects in some people whose
mitochondria may be sensitive and damaged by the antibiotics,
since mitochondria were evolved from symbiotic bacteria-like
cells (39). However, no evidence shows that phages target
or damage mitochondria since mitochondria have no bacterial
surface receptors targeted by phages. Moreover, while it may
take several years to develop a new antibiotic, phages are
capable of adapting to phage-resistant bacteria within a few
weeks (38). Thus, phage therapy is a fluid form of treating
bacterial infections because it could evolve and be selected
alongside bacteria as a flexible solution to combat resistance.
Thus, many diseases, such as sepsis, could soon have more
treatment options.

Despite the greater effectiveness phage therapies are still
limited by resistant strains of bacteria. This problem could be
addressed if antibiotics and phages are used simultaneously
to kill the resistant strains. Lower doses of antibiotics may be
enough if applied with phages. Indeed, it has been shown that
phages can restore antibiotic sensitivity in multi-drug resistant
Pseudomonas aeruginosa by using its multidrug efflux systems
as receptor-binding site and phages can suppress bacterial
immune system by expressing anti-CRISPR proteins (40, 41).
More efforts and studies should be launched to improve phage
therapy so that we will be able to combat the ever-increasing
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threat of antibiotic resistance.
MATERIALS AND METHODS

Bacterial and Fission Yeast Media and Strains

Standard bacterial and yeast media were used. LB medium
(984 mL ddH,O, 10g Bacto tryptone, 5g Difco yeast extract,
10g NaCl, and 100 yL 10 M NaOH for one liter medium;
plus 15g agar for plates) was used for bacteria. Antibiotics
ampicillin and kanamycin were used at final concentrations of
100 mg/L and 50 mg/L, respectively. YE5S medium (980 mL
ddH, 0, 5g Difco yeast extract, 30g dextrose, and 18g agar for
one liter medium) with or without 100 mg/L G418 (geneticin)
was used for the fission yeast S. pombe. Non-pathogenic
versions of bacterium E. coli (Figure 1A) strains used were:
ArcticExpress RIL (230193, Agilent Technologies), BL21
(69451, Novagen), Top10 (Invitrogen), and DH5a (Invitrogen),
which were generous gifts from the Wu lab at The Ohio State
University.

The T4 phage (Figure 1B) was purchased from Carolina
Biological Supply Company (item # 124335) with a titer of 4 x
10° plaque-forming particles/ml and stored at 4°C before use.
We simply assumed that a plaque-forming particle represented
a phage in this study.

Fission yeast (Figure 1C, the image was taken using a
Nikon microscope) strains used were G418 sensitive strain
wildtype strain JW81 (h- ade6-M210 leu1-32 ura4-D18) and
G418 resistant strain JW7325 (h- kanMX6-Pypt3-tdTomato-
ypt3 ade6-M210 leu1-32 ura4-D18) from the Wu lab collection.

METHODS

Sterile techniques were used throughout the experiments
to avoid contamination. These techniques included sterilizing
the bench with 70% ethanol and turning on a Bunsen burner
when handling cells. E. coli strains of ArcticExpress, DH5aq,
BL21, and Top10 and fission yeast strains JW81 and JW7325
were cultured from -80°C storage. Bacterial cells were grown
on LB plates at 37°C and yeast cells on YE5S plates at 25°C.
The cells were then streaked onto plates with or without
antibiotics using sterile tooth picks to test their sensitivity.

Three experiments were performed to test specificity and
efficiency of the T4 phage in impeding yeast and E. coli cells.
First, E. coli or yeast cells were inoculated into sterile culture
tubes with 4 mL of LB or YES5S liquid medium, and then grown
at 37 (E. coli) or 25°C (yeast) overnight. A 300 pL aliquot of
cells of each strain was placed on each LB or YE5S plate and
spread evenly using sterile glass beads (3 mm in diameter and
approximately 4 beads per plate). The plates were incubated
at 37 or 25°C incubator until a lawn of cells formed. Then
different amounts (5, 15, 25, and 35 pL) of undiluted T4 phages
(4 x 10° phages/mL) were placed onto bacterial or yeast lawns
to observe phage plaque formation after further incubation at
37°C (E. coli) or 36°C (yeast). Second, 300 yL E. coli or yeast
cells grown at exponential phase were mixed with different

concentrations of T4 phages, incubate for ~1 hour, and then
plated evenly on LB or YESS plates using sterile glass beads
and incubated at 37°C (E. coli) or 36°C (yeast). OD,, (optical
density at 600 nm wavelength) of the liquid cultures was: 0.51
for yeast and 0.75 for DH5a and BL21 cells. The T4 phage
stock was serially diluted by adding 10 pL phages to 90 pL of
LB or YE5S liquid medium. Then the process was repeated
with the resulting dilution to get a dilution series of 10!, 107,
103, 10, 10, and 10%. We added 10 pL diluted phages to
300 pL cells and spread cells using glass beads. Yeast plates
were incubated at 25°C and E. coli plates at 37°C. The plates
were scanned using Epson Perfection V350 Photo scanner.
The area with cells was measured using ImageJ (National
Institutes of Health). Third, ArcticExpress cells were grown
in liquid LB medium in sterile flask at 37°C to OD,,, = 0.3.
The culture was divided into 6 flasks with 30 mL in each flask.
T4 phages, ampicillin, and G418 at indicated concentrations
were added to each flask. Cells were grown at 37°C. Samples
were taken every 30 minutes to measure cell density at OD,
using a spectrophotometer (Beckman Coulter DU730). The
experiments were repeated by measuring the OD, every 15
minutes.
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