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Abstract: Antibiotic resistance is becoming the biggest threat to global health. At the same time,
phage therapy is witnessing a return of interest. The therapeutic use of bacteriophages that infect
and kill bacteria is a suitable strategy to combat antibiotic resistance. Furthermore, bacteriophages
are increasingly used in combination with standard antibiotics against drug-resistant pathogens.
Interestingly, we found that the engineered mycobacteriophage phAE159 and natural phage D29
cannot infect the Mycobacterium tuberculosis in the presence of kanamycin, hygromycin or streptomycin,
but the phage infection was not affected in the presence of spectinomycin. Based on a series of studies
and structural analysis of the above four aminoglycoside antibiotics, it could be speculated that the
amino sugar group of aminoglycoside might selectively inhibit mycobacteriophage DNA replication.
Our discovery that broad-spectrum antibiotics inhibit phage infection is of great value. This study
will provide guidance for people to combine phage and antibiotics to treat M. tuberculosis.
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Bacterial infection refers to the invasion of a host’s tissue by pathogenic bacteria. Generally, antibiotics are
the preferred antibacterial agents [1]. However, bacteria can evolve resistance to antibiotics resulting
from antibiotics abuse and natural evolution. More seriously, bacteria are developing resistance to
antibiotics in an increasingly fast manner compared with the slow development of antibiotics over
the past few decades [2]. Some pathogens have even become superbugs, and there are no effective
antibiotics to fight against them [3]. Therefore, there is an urgent need to develop alternative therapies
against bacterial pathogens. Among the many emerging antibacterial strategies, phage therapy is
considered a very promising solution. Bacteriophages (phages) are the viruses of bacteria, which were
discovered over 100 years ago [4]. They are extremely widespread in nature, with an estimated
number of approximate 103!, far more than other microorganisms [5,6]. Since then, phages have been
employed clinically to treat bacterial infections as a natural antimicrobial [7,8]. Phage therapy has been
proven to be efficacious in at least one modern efficacy (phase I/II) clinical trial [9], and there are some
successful cases of applying phages to the treatment of human drug-resistant bacterial infections [10-14].
Bacteriophages provide an alternative useful antibacterial approach and have gradually been used
in combination with standard antibiotics against the drug resistance of pathogenic bacteria, which is
mainly based on the phage—antibiotic synergy (PAS) effect [15]. The phage—antibiotic synergy effect
refers to the phenomenon that the sub-lethal concentrations of certain antibiotics can significantly
stimulate the propagation of lytic bacteriophages in the host bacteria, leading to accelerated cleavage of
host cells and rapid diffusion of progeny phages [15], and the co-treatments of antibiotics and phages
can achieve better therapeutic effects compared with single treatments. The problem to be solved in
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particular is whether antibiotic treatment has an antagonistic effect on the activity of phage infection,
especially in the treatment of antibiotic concentrations greater than or equal to MIC (Minimal Inhibitory
Concentration) for targeting bacteria that are clinically sensitive to antibiotics [16]. An important
question arises: Do antibiotics impact the pharmacodynamics of phage therapy?

Tuberculosis (TB) is a chronic infectious disease caused by Mycobacterium tuberculosis, with around
10 million people falling ill with TB each year. Tuberculosis accounts for the highest mortality from
any infectious diseases worldwide, even surpassing HIV/AIDs, causing 1.5 million deaths in 2018 [17].
Drug-resistant bacteria occur frequently due to the abuse of antibiotics, which seriously threaten public
health and social safety. Tuberculosis is the world’s leading cause of death from infectious diseases,
and the drug-resistant form of the disease is a major risk to global health security. In 2016, there were
an estimated 10.4 million new tuberculosis cases globally, and 600,000 new cases of resistance to
rifampicin, the most powerful first-line drug [18]. New treatment methods are urgently needed because
existing anti-tuberculosis drugs can no longer meet the need for the treatment of drug-resistant TB [19].
Our primary goal is to use the endogenous CRISPR-Cas system to eliminate Mycobacterium tuberculosis
by engineering mycobacteriophage. In order to avoid the contamination of microbes in an infection
test, we used a Mycobacterium tuberculosis strain that carries a plasmid with a kanamycin-resistance
gene and added kanamycin to the culture. Interestingly, we found that the addition of kanamycin in
the culture greatly reduced the ability of the engineered mycobacteriophage to infect the host strain.
Then, we examined the ability of kanamycin to inhibit the infection of other mycobacteriophages,
including the TM4-derived phasmid phAE159 [20] and phage D29. Similar to previous results, the two
phages were able to form plaques on the plates of M. smegmatis mc?155 in the absence of kanamycin.
In the presence of the above antibiotics, the replication of the two mycobacteriophages was inhibited by
103 folds or more (Figure 1a). We determined the inhibitory concentration of kanamycin to phage D29
to be 50 ug/mL, and this concentration did not affect the growth of M. smegmatis mc?155 (Figure S1).
Furthermore, we verified the inhibitory effect of kanamycin on the infection test of M. tuberculosis
H37Ra and M. bovis BCG by phage D29 (Figure S2). This demonstrates that kanamycin can suppress
the infection ability of the mycobacteriophage phAE159 and D29.

To determine whether other bacteriophages can also be suppressed by kanamycin, we examined
the ability of kanamycin to protect Escherichia coli from lysis by the well-characterized dsDNA
phages T7 and A. The plaque and growth curve assays indicated that kanamycin did not affect
the E. coli phage infection (Figure 1b), suggesting that this inhibitory effect might be specific to
mycobacteriophages. In addition, we investigated the effect of another antibiotic hygromycin
commonly used in the study of Mycobacterium, which is also an aminoglycoside antibiotic. The results
indicated that the hygromycin was able to effectively inhibit mycobacteriophages phAE159 and D29
(Figure 1c). Subsequently, we examined the ability of kanamycin to suppress M. smegmatis lysis by
the mycobacteriophage vector phAE159 through electroporation. The plaques were observed in the
absence but not in the presence of kanamycin (Figure 1d).

In order to determine whether the antibiotic directly acts on the phages, such as by destroying the
phages, M. smegmatis mc?155 was pre-incubated with mycobacteriophage phAE159 with or without
kanamycin and then plated on 7H10 with or without kanamycin. For each treatment, the plate was
observed to be full of M. smegmatis after 2-day growth regardless of the addition of kanamycin during
pre-incubation, and as long as the kanamycin was present in the solid medium in plates, the bacteria
were not lysed by the phage and grew well (Figure 1le). This means that kanamycin may not be able to
directly act on mycobacterial phage, but it can exert its inhibitory effect after the phage enters the host.
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Figure 1. Aminoglycoside antibiotics inhibit the DNA replication of mycobacteriophages. (a) The
replication of the two mycobacteriophages phAE159 and D29 were inhibited by kanamycin on
the lawns of M. smegmatis mc?155. (b) Kanamycin did not affect the infection of Escherichia coli
phages T7 and A. (c) Hygromycin was able to inhibit the infection of mycobacteriophages phAE159
and D29. (d) Kanamycin inhibited the formation of plaques by electrotransformation of phAE159
vector. (e) Pre-incubation with kanamycin did not affect the infection of mycobacteriophage phAE159.
(f) M. smegmatis mc>155 harboring the recombinant plasmid tolerated streptomycin and spectinomycin
well. (g) The propagation of mycobacteriophage D29 was significantly inhibited in the presence of
streptomycin but had no effect in the presence of spectinomycin. (h) TEM analysis of the adsorption
capacity of mycobacteriophage in the presence of streptomycin. (i) Quantitative PCR analysis of phage
DNA proliferation during the infection process. (j) Aminoglycosides were speculated to be able to
block the DNA replication during the life cycle of phage (adapted from Figure 3a in [21]).

The two antibiotics we used earlier were aminoglycosides. Therefore, we further examined whether
this inhibitory effect was applicable to other aminoglycoside antibiotics. First, we constructed a plasmid
pSTR1 carrying aadA (encoding aminoglycoside adenylyltransferase) gene to confer M. smegmatis
mc?155 resistance to streptomycin and spectinomycin. The antibiotic sensitivity test showed that
M. smegmatis mc?155 harboring the recombinant plasmid tolerated streptomycin and spectinomycin
well, while the WT did not grow in the presence of either of these two antibiotics (Figure 1f).
Next, propagation assays were performed to explore the effect of these two antibiotics on the
mycobacteriophage infection. The results indicated that the propagation of phage on the plate was
significantly inhibited in the presence of streptomycin, but it was not inhibited in the presence of
spectinomycin (Figure 1g).

In order to explore the mechanism more intuitively, transmission electron microscope (TEM)
analysis was performed to determine whether the adsorption capacity of mycobacteriophage was
normal in the presence of antibiotics. Before microscopic observation, we mixed phage D29 and
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M. smegmatis mc?155 for 15 min with or without streptomycin. The addition of streptomycin was
found to have no effect on the phage morphology, indicating that streptomycin could not directly
act on the phage. In addition, streptomycin did not inhibit the adsorption of mycobacteriophage to
the cell surface of Mycobacterium, which was consistent with the control group (Figure 1h). After the
bacteriophage was adsorbed to the surface of the bacteria, the injection and cyclization of its genome
DNA were a very rapid process. Based on these, we speculated that the inhibitory effect of antibiotics on
phage infection might occur after viral genome injection. Afterward, we used absolute quantification
PCR to detect the content of phage DNA during the infection process. Bacteria were cultured in the
presence of streptomycin, with mycobacteriophages added at a high multiplicity of infection (MOI),
and the contents of phage DNA in culture and supernatant were detected every hour. In the absence of
streptomycin, phage DNA was increased exponentially after one-hour co-culture, whereas the phage
DNA was not increased in the presence of streptomycin. The same change trend in the content of
phage DNA was also observed in the host cells, indicating that streptomycin inhibited the infection
ability of mycobacteriophage by blocking phage DNA replication (Figure 1i).

The life cycle of a phage starts with the adsorption and injection of the genome onto/into the
host cell. After DNA injection, the phage genome is circularized, and then the DNA is replicated and
assembled; finally, the host cell is lysed, and the progeny phages are released. In summary, in this
study, morphology observation through TEM indicated that the aminoglycoside antibiotics did not
prevent the phage from adsorbing onto the host cell. The experiment results of electroporation and
pre-incubation of mycobacteriophage phAE159 and M. smegmatis mc*155 with or without kanamycin
showed that the inhibition of kanamycin on phage infection occurred after the phage injected DNA into
the host cell. Moreover, we observed that the mycobacteriophage DNA did not proliferate in host cells
in the presence of streptomycin. Taken together, our experiment results indicated that aminoglycosides
were able to block phage DNA replication and allowed the bacteria to survive (Figure 1j).

Although the antibiotics used in our study belong to aminoglycosides because they all contain
amincyclic alcohols, spectinomycin differs from the three other antibiotics in that it does not contain an
amino sugar group (Figure S3). Based on the above observations and results, we speculate that the
possible mechanism might lie in that amino sugar group of aminoglycoside which might selectively
inhibit mycobacteriophage DNA replication. Therefore, further exploration of their action mechanisms
will expand our knowledge of bacterial anti-phage defense systems [21] and the battle between bacteria
and phage foes [22]. For the treatment of resistant bacteria infection, phage therapy has become a backup
option. Among them, phage combined with antibiotics is a commonly used strategy. Whether some
antibiotics have an antagonistic effect on phages is worth investigating. In addition, it should be
particularly noted that streptomycin is a first-line drug for tuberculosis, and our discovery might
shake the previous understanding of the synergy between phage therapy and antibiotic therapy [16].
This study will provide guidance for people to combine phage and antibiotics to treat M. tuberculosis.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6382/9/10/714/s1:
Figure S1: Effects of different concentrations of kanamycin on the infection of M. smegmatis mc?155 by phage D29;
Figure S2: Kanamycin inhibits the infection of M. tuberculosis H37Ra and M. bovis BCG by phage D29; Figure S3:
The structures of the four aminoglycoside antibiotics used in this study.
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