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Purpose: Phage is a new choice for the treatment of multi-drug-resistant bacteria, and phage resistance is also an issue of concern.
SWU1 is a mycobacteriophage, and the mechanism of its resistance remain poorly understood.
Methods: The mutant strains which were stably resistant to SWU1 were screened by transposon mutation library. The stage of phage
resistance was observed by transmission electron microscope (TEM). The insertion site of transposon was identified by thermal
asymmetric interlaced PCR (TAIL-PCR). The possible relationship between insertion site and phage resistance was verified by gene
knockout technique. The fatty acid composition of bacterial cell wall was analyzed by Gas Chromatography-Mass Spectrometer (GC-
MS). Through the amplification and sequencing of target genes and gene complement techniques to find the mechanism of SWU1
resistance.
Results: The transposon mutant M12 which was stably resistant to mycobacteriophage SWU1 was successfully screened. It was
confirmed that resistance occurred in the adsorption stage of bacteriophage. It was verified that the insertion site of the transposon was
located in the MSMEG_3705 gene, but after knocking out the gene in the wild type M. smegmatis mc2 155, the resistance of the
knockout strain to SWU1 was not observed. Through the amplification and sequencing of the target gene MSMEG_0392, it was found
that there was an adenine insertion mutation at position 817. After complementing MSMEG_0392 in M12, it was found that M12
returned to sensitivity to SWU1.
Conclusion: We confirmed that the resistance of M12 to SWU1 was related to the functional inactivation of MSMEG_0392 and this
phenomenon may be caused by the change of cell wall of M. smegmatis.
Keywords: phage resistance M. smegmatis, mycobacteriophage, SWU1, insertion mutation

Introduction
Mycobacteria have been classified into various types based on evolution and different genomic distributions, this mainly
includes Mycobacterium tuberculosis complex (MTBC), Mycobacterium leprae and various environmental mycobacteria,
also known as non-tuberculosis mycobacteria (NTM), they have varying degrees of pathogenicity and virulence in the
clinic1 and can cause different degrees of infection in patients. Mycobacterium smegmatis is a fast-growing bacterium
that is generally not pathogenic in the clinic, its genome has high homology with Mycobacterium tuberculosis, and it is
an ideal model strain to study mycobacterial infection. The cell wall of Mycobacterium consists of a variety of biological
macromolecules, including peptidoglycans, arabinogalactans, mycobacterium acids, lipids, etc., form a hydrophobic
barrier for safety,2–4 among which Lipids play an important role in the pathogenicity and virulence of Mycobacterium.5,6

Bacteriophages are viruses that infect bacterial hosts and are the most abundant microorganisms in the biosphere.
Bacteriophage is a potential tool in the treatment of bacterial infection, rapid detection of pathogens, bacterial typing,
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control of bacterial contamination in food, treatment of environmental pollution, control of pathogen transmission and
molecular biology research.7–14 It has been reported that bacteriophages are used to treat Mycobacterium infections, for
example, in 2019, the United States researchers clinically improved one case of cystic fibrosis with disseminated
mycobacterial infection by intravenous injection of three mycobacterial bacteriophages.15 In addition, bacteriophages
also have been reported for the treatment of Carbapenem-Resistant Klebsiella pneumoniae,16–19 multidrug-resistant
Acinetobacter baumannii,20 pan-drug resistant Pseudomonas aeruginosa et al.21 But we cannot be too blindly optimistic,
because we have to face the reality that bacteria are resistant to bacteriophages.22–25

Currently, phage resistance has been found in a variety of bacteria, with varying mechanisms of resistance, which
may occur during each process of phage invasion of the host.26,27 Among them, most of the literatures reported that it
occurs in the adsorption stage. For example, Klebsiella pneumoniae was recently reported to affect phage adsorption
through multiple evolutions, casing phage resistance to occur.22 Multiple components of the bacterial cell wall can serve
as receptors for the adsorption of bacteriophages, such as Glycopeptidolipids (GPLs). GPLs is a major glycolipid present
in the cell wall of various Mycobacterium. It plays an important role in bacterial drug resistance and host-pathogen
interaction, and also in phage resistance of Mycobacteria.28 Glycosyltransferases are widely found in mycobacterial cells.
These enzymes transfer glycosyl onto a range of substrates and participate in the synthesis of GPLs.29–31

SWU1 is a virus that infects mycobacterial hosts.32 In this study, we found that a M. smegmatis Tn5 transposon
mutant strain M12 was resistant to SWU1, and further explored the possible mechanism of phage resistance of M.
smegmatis.

Materials and Methods
Culture Conditions of Strains and Phages
Mycobacteriophage SWU1 was isolated from soil from Sichuan Province.32 M. smegmatis mc2 155 was cultured in
Middlebrook 7H9 medium with 0.05% Tween 80. All the cultures were grown at 37°C. Phage SWU1 was grown as
described previously.32 The primers used for this test are shown in Table 1

Screening of SWU1 Resistant Mutant Strain
Using Tn5 transposon, we constructed a mutant library containing about 300 transposon mutants.33 For the screening of
the library clones, the mutants in the library were inoculated individually into a 96-well plate containing 200ul 7H9 liquid
medium (without Tween80) and 20μg/mL Kanamycin. After incubation for 48 h, the fresh culture was inoculated into the
new 96-well plate with the same culture medium according to the ratio of 1: 100 (cells volume: medium volume), and
cultured again for 48 hours. Then the 5μL mutant suspension was dropped into a plate containing 1×1010 PFU/mL SWU1
bacteriophage, and nine mutants were tested on each plate. After screening the mutants that may be resistant to SWU1,
we further verified the resistance performance. The method is as follows: the dilution range of SWU1 bacteriophage was
from 0 to 10−5, and 5μL of the diluted phages was dripped into the 7H9 Agar plate containing M. smegmatis mc2 155 and
transposon mutants, respectively. Plaque formation was observed after the plate was placed in a 37 °C incubator and
cultured for 24 hours.

Electroporation of SWU1 Genome into M12 and M. Smegmatis mc2 155
M12 and M. smegmatis mc2 155 were cultured to logarithmic growth phase to prepare competent cells. The 5μL SWU1
genome (total 50ng) was added to 400μL M12 and M. smegmatis mc2 155 competent cells, mixed well and kept in an ice
bath for 30 min. After that, the mixture was transferred into a precooled electric cuvette, and 2500V was used for
electroconversion. Subsequently, samples were placed on ice for 10 min, 1mL 7H9 medium was added and revived
overnight in 110 rpm shaker at 37 °C. Resuspended bacteria were added to 4mL 7H9 medium (containing 0.35%
agarose) at 40–50°C, mixed, and poured into 7H9 solid plates. The plate was cultured in an incubator at 37 °C for 48
hours.
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Analysis of Bacteriophage Adsorption by TEM
M. smegmatis mc2 155 and M12 were cultured to logarithmic growth phase, then the cultures were collected and adjusted
to an OD600 of 1.0. Five hundred-microliter of the adjusted samples were taken into EP tube, add SWU1, make the
multiplicity of infection (MOI) 0.1 and incubated for 30min at 37°C. 20μL of the incubated sample was dropped onto the
copper grid, pipetted repeatedly to make it adhere to the copper grid, filter paper was used to absorb excess liquid from
the sides, dried and then observed by FEI TECNAI10 transmission electron microscope for the adsorption of SWU1 to
both strains.

Identification of Transposon Insertion Sites by TAIL-PCR
A modified TAIL-PCR was used to identify the insertion site of Tn5 transposon.34 The brief steps as follows: primers are
designed to create binding sites on the target sequence, and nested PCR is used to improve the specificity of the
amplification products. After that, two rounds of high temperature and one round of low temperature alternating super
PCR cycle were used to increase the concentration of specific products, thus reducing the proportion of non-specific
products. Then the diluted second round PCR amplification products were used as the template of the third round PCR
reaction. Through such three rounds of PCR, the specific sequence of transposon insertion site was obtained, and then the

Table 1 Primers Used in This Study

Name Primer Sequence Function

LAD-1 5ʹACGATGGACTCCAGAGCGGCCGC(G/C/A)N(G/C/A)NNNGGAA-3’ Identification of transposon insertion sites

SP-1 5’-TGATGCTCGATGAGTTTTTCTAATCAGAAT-3’ Identification of transposon insertion sites

SP-2 5ʹACGATGGACTCCAGAGTCCGGCCTGGTTAATTGGTTGTAACACTGGCAGAGC-
3’

Identification of transposon insertion sites

SP-3 5’-ATCAGATCACGCATCTTCCCGACAACGCAGA-3’ Identification of transposon insertion sites

AC 5’-ACGATGGACTCCAGAG-3’ Identification of transposon insertion sites

3705-1 5’-AGGGATCCATGTCAGCACCACAGG-3’ Verification of the transposon insertion
sites

3705-2 5’-GCGATCGATTCAGCGAGCCTCTTC-3’ Verification of the transposon insertion
sites

KOP1 5’-AAGCTTGCGTGGTCGAACTGTT-3’ MSMEG_3705 upstream 600bp
amplification

KOP2 5’-CCTCGCCGCGAGCGCAGAACAGATCTCAGCGTCTCCTCGTCGGGAT-3’ MSMEG_3705 upstream 600bp
amplification

KOP3 5’-AGATCTGTTCTGCGCTCGCGGCGAGG-3’ MSMEG_3705 downstream 600bp
amplification

KOP4 5’-AAGCTTGCGCCCGCACCAGGCCT-3’ MSMEG_3705 downstream 600bp
amplification

KOCP1 5’-AAGGCCGTACGCGCATT-3’ Confirmation of MSMEG_3705
replacement with dif sequence

KOCP2 5’-TACGTGGCAGCCACCTCA-3’ Confirmation of MSMEG_3705
replacement with dif sequence

0392P1 5’-CCGGATCCATGTTCAGCCTCCACG-3’ Used to amplify MSMEG_0392 gene

0392P2 5’- CCGAATTCTCACATCGCCGCTTGGC-3’ Used to amplify MSMEG_0392 gene
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specific sequence was sequenced and the loci of transposon insertion into the genome of M. smegmatis mc2 155 were
found by comparing the homologous sequences in NCBI database. After that, we designed specific primers for the genes
on the BLAST alignment, and verified the insertion site of the transposon by PCR and sequencing.

Construction of MSMEG_3705 Knock-Out Strain
MSMEG_3705 were knocked out based on homologous recombination technology.35 Experimental procedures refer to
our published article.36 The brief steps as follows: Two pairs of primers (KOP1/KOP2 and KOP3/KOP4) were used to
amplify the upstream and downstream 600bp of MSMEG_3705 respectively. The amplified fragment was treated and
linked with hygromycin resistance gene fragment, and then transformed into DH5α to recover the plasmid. Recombinant
DNA was transferred into wild-type M. smegmatis, and the positive clones were screened with medium containing 50
mg/mL hygromycin. The MSMEG_3705 knock-out strain without hygromycin resistance gene fragment was obtained by
continuous culture. Finally, knock-out strains were verified by specific primers (KOCP1/KOCP2.

Detection of Sensitivity of Knock-Out Strain to SWU1
The knockout strain was cultured to the logarithmic phase while enriched for SWU1. The sensitivity of M12 to SWU1
was detected by Direct Spot Test method.37 The steps as follows: resuspended bacteria were added to 4mL 7H9 medium
(containing 0.35% agarose) at 40–50°C, mixed, and poured into 7H9 solid plates. SWU1 was diluted in a 10-fold
concentration gradient, and 5μL of different concentration dilutions were dropped into the upper layer of double-layer
7H9 plate, respectively, after drying, put it into an incubator at 37°C for 24 hours.

Fatty Acids Extraction and GS/MS
The wild-type strain and M12 were inoculated in 7H9 liquid medium and cultured in 37°C with constant shaking (200
rpm) to logarithmic growth phase. The cells were collected by centrifugation and washed twice with PBS buffer.
Saponification reaction: add 1.0mL reagent I (45g NaOH, 150mL methanol, 150mL distilled water) to the collected
100mg bacteria precipitation, seal the tube, shake it slightly in the boiling water bath for 5–10 s, let it boil for 5min,
shake it violently for 5–10s, and then put it back into the boiling water bath to boil for 25 min. Methylation: add 2mL
reagent II (325mL hydrochloric acid, 6.0N Standardized Solution and 275mL methanol) to the cooled tube and vortex
gently, heating at 80C for 10 min. Extraction: add 1.25mL reagent III (200mL hexane, 200mL methyl tert-butyl ether) to
the cooled tube, invert gently for 10min, and remove the water phase (bottom layer of the test tube). Product cleaning:
place approximately 3mL reagent IV (10.8 g NaOH is dissolved in 900mL water) was added to the organic phase of the
test tube and turned over evenly for 5min. The organic phase was transferred to a new tube. After dehydration and
concentration, methyl hexadecanoate was used as internal standard and 10μL sample was used for the Agilent
890A_5975C GC_MS detection.

Amplification, Sequencing and Comparison of MSMEG_0392
Two pairs of primers (0392P1 and 0392P2) were designed using Primer Premier 6 to amplify the MSMEG_0392
sequences from M12 and M. smegmatis mc2 155 genome. The amplified products were sent to Beijing Genomics
Institution (BGI) for sequencing, and the results were compared by BLAST.

Construction of M12_pNIT_MSMEG_0392_Myc Complementary Strain
MSMEG_0392 gene was amplified by 0392P1 and 0392P2 primers from wild-type M. smegmatis mc2 155. The amplified
products and pNIT_Myc were digested with BamH I and EcoR I, respectively, and then ligated with T4 DNA ligase to
form pNIT_MSMEG_0392_Myc recombinant plasmid. The recombinant plasmid was transferred into M12 competent
cells by electroporation to construct M12_pNIT_MSMEG_0392_Myc complementary strain, and M12_pNIT_Myc was
used as control.
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Results
Resistance of M12 to SWU1
We screened the mutants from the M. smegmatis mc2 155 transposon library,33 and the results of the first round of
screening showed that six strains (M321, M346, M305, M310, M12 and M317) preliminary resistance to SWU1.
Subsequently, we carried out a number of experiments to validate six strains again by using Direct Spot Test method,
and the results confirmed that only M12 was stably resist to SWU1 (Figure 1).

Resistance of M12 to SWU1 Occurs in the Stage of Adsorption
To determine at which stage the resistance of M12 to SWU1 occurred, we transferred the SWU1 genome into M12 and
M. smegmatis mc2 155 competent cells respectively. The results showed that clear plaque could be seen on the plates of
M. smegmatis mc2 155 and M12 strain (Figure 2). This suggests that the mutation present in M12 does not affect the
replication, transcription, assembly and release of SWU1. The resistance of M12 to SWU1 likely occurs in the adsorption
or injection of phage SWU1. Then, we observed the adsorption of SWU1 on M. smegmatis by TEM. The results of TEM
showed that compared with the wild-type strain, fewer phages accumulated around the M12 mutant strain (Figure 3).
This indicates that the mutation of M12 may lead to the weakening of phage adsorption capacity.

Figure 1 Sensitivity of wild-type Mycobacterium smegmatis mc2 155 and M12 to phage SWU1. (A) wild-type M. smegmatis mc2 155 strain can form obvious plaque for SWU1.
(B) M12 mutant strain cannot form plaque.

Figure 2 Detection of M12 resistance to SWU1. (A) As a blank control. (B) M12, and (C) M. smegmatis mc2 155 does not affect the replication of SWU1. Red arrows
indicate plaques of phages.
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The Cell Wall of M12 Mutant Was Changed
The resistance of M12 to SWU1 occurs at the adsorption stage, which makes us speculate that the cell wall of M12
mutant strain might change. Subsequently, we observed that the colony of M12 (Figure 4A) was smooth, shiny and neat
compared with wild-type M. smegmatis mc2 155, while the surface of colony of wild-type M. smegmatis mc2 155 was
rough, wrinkled and irregular (Figure 4B). This confirms our speculation that M12 resistance to phages may be
associated with changes occurring in the mycobacterial cell wall. Next, we further analyzed the wild-type M. smegmatis

Figure 3 M12 mutant strain affects SWU1 adsorption to mycobacteria. (A and B) Wild-type M. smegmatis mc2 155 can adsorb SWU1 normally. (C and D) The adsorption
capacity of M12 to SWU1 was significantly lower than that of M. smegmatis mc2 155. Red arrows indicate the location of phage presence.

Figure 4 The cell wall of M12 mutant was changed. Single colony phenotype of (A) M12 mutant and (B) wild-type M. smegmatis mc2 155 strains. (C/D) The fatty acid
analysis results of (C) M12 mutant strains and (D) wild-type M. smegmatis mc2 155. Red boxs indicate a significant change in the abundance of components of the content.
(E) Changes of fatty acid content in cell wall of M12 mutant compared with Mycobacterium smegmatis MC2 155.
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mc2 155 and M12 mutant strains cell wall composition changes. Using methyl nonadecanoate as the internal standard, we
analyzed the fatty acid changes in different strains by gas chromatography-mass spectrometry (GC-MS). The results
showed that there was no significant difference in the type of fatty acids in the cell wall of M12 mutant strain (Figure 4C)
and wild-type M. smegmatis mc2 155 (Figure 4D), but as point out in the figure, the abundance of some fatty acids
changed significantly. Especially c14:1W5C, M12 content is 58.44 times that of wild-type M. smegmatis mc2 155
(Figure 4E). It is consistent with our previous conclusion that the cell wall components of M12 mutant strains changed,
which led to its resistance to phages.

Transposon Insertion Site is Located in the Gene MSMEG_3705
To determine the specific location of M12 in the M. smegmatis mc2 155 genome, we used the modified TAIL-PCR
method to identify transposon insertion site. By PCR reaction, sequencing, sequence alignment, it was found that the
transposon insertion site was located in M. smegmatis mc2 155 MSMEG_3705 gene, which encodes a selective major
facilitator superfamily efflux pump with multiple roles.36 We further designed specific primers at both ends of the
MSMEG_3705 gene and found that the amplification product using the M12 genome as the template was about 1200bp
larger (the size of Tn5 sequence is 1221bp) than that using the wild-type M. smegmatis mc2 155 genome as the template
(Figure 5A). The amplification products were sent to BGI for sequencing, and the results showed that the Tn5 transposon
was inserted into the 1064bp of the gene MSMEG_3705 (Figure 5B).

M12 Resistance to SWU1 Did Not Correlate with the Inactivation of MSMEG_3705
To determine whether the phenotype of phage resistance of M12 is caused by the loss of the function of MSMEG_3705,
we constructed the knock-out strain of MSMEG_3705 by homologous recombination. After the knock-out strain was
successfully constructed, we tested the sensitivity of the M. smegmatis mc2 155 ∆MSMEG_3705, M12 and wild-type M.
smegmatis mc2 155 to SWU1. The result is not that like the mutant strain, the ∆MSMEG_3705 strain was sensitive to
SWU1 (Figure 6). This implies that transposon insertion mutations may affect the functional exercise of other genes.

Figure 5 Transposon insertion site is located in the gene MSMEG_3705. (A) PCR amplification of MSMEG_3705 gene by specific primers. Lane 1: Marker DL8000. Lane 2/3:
MSMEG_3705 amplification product using M12 as template. Lane 4/5: MSMEG_3705 amplification using M. smegmatis mc2 155 as template. Lane 6: Marker DL2000. (B)
Schematic diagram of insertion of Tn5 transposon into M. smegmatis mc2 155. The asterisk indicates the transposon Tn5 insertion site.

Figure 6 Sensitivity detection of different strains to SWU1. (A) M. smegmatis mc2 155 and (B) M. smegmatis mc2155 ∆MSMEG_3705 was sensitive to SWU1. (C) M12
mutant strain cannot form plaque.
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MSMEG_0392 Insertion Mutation Causes M12 Resistance to SWU1
It has been reported that MSMEG_0392 encodes a glycosyltransferase, which can affect the synthesis of M. smegmatis
cell wall glycopeptidolipids38 and plays a key role in M. smegmatis resistance to phage I339 and phage Weirdo19ES.40

Therefore, we designed primers to amplify MSMEG_0392 and sent the amplified product to BGI for sequencing. The
results showed that MSMEG_0392 gene amplified fragment using M12 genome as a template had an Adenine insertion
mutation at position 817 (Figure 7). Therefore, we have reason to speculate that MSMEG_0392 plays a key role in M12
resistance to SWU1. Then, we complemented the MSMEG_0392 gene into M12 mutant strain genome, and the further
experimental results showed that the complementary strain was sensitive to SWU1 (Figure 8). These results demon-
strated that MSMEG_0392 gene play an important role in M12 resistance to SWU1.

Figure 7 Sequence comparison of MSMEG_0392 products amplified from M12 and M. smegmatis mc2 155 as templates.

Figure 8 The sensitivity of M12_pNIT_MSMEG_0392 to SWU1 was detected by Direct Spot Test. (A) M. smegmatis mc2 155 and (B) M12_pNIT_MSMEG_0392 can form
obvious plaque for SWU1. (C) M12 mutant strain and (D) M12_pNIT_Myc cannot form plaque.
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Discussion
Phage infection of the host can be divided into different stages, such as adsorption, DNA injection, replication,
transcription and translation, assembly of progeny phage and host cleavage, release of mature phage.41 Host interfere
with any steps in the phage lysis cycle can lead to the production of phage resistance phenotype. Current research results
show that the host can resistance bacteriophage infection through at least five mechanisms.42 It includes adsorption
inhibition (including change the conformation of the receptor, loss or camouflage),43,44 DNA injection inhibition
(superinfection exclusion system),45 restriction modification system,46 CRISPR mechanism,47 abortion infection mechan-
ism et al.48 Among them, adsorption inhibition is the most common mechanism of host resistance to bacteriophages. A
large number of articles have confirmed that the phage receptors are located in the cell wall or cell membrane of bacteria.
Changes in bacterial cell wall or cell membrane components not only alter the morphology of single colony, but also
cause a phenotype of phage resistance. The sooth type of M. abscess makes it impossible to be effectively killed by
phages.49

Glycosyltransferases are widely found in mycobacterial cells, and these enzymes transfer glycosyl onto a range of
substrates and participate in the synthesis of GPLs. In addition, it also plays an important role in bacterial drug resistance
and host-pathogen interaction and is involved in the phage resistance of Mycobacteria. We confirmed that there is an
insertion mutation of adenine at position 817 of MSMEG_0392 (1515 bp, encoding glycosyltransferase from 504 amino
acids), which results in frame shift mutations, thus affecting the synthesis of GPLs in Mycobacterium smegmatis cell
walls, resulted in the appearance of resistance phenotype of M. smegmatis to SWU1. Similarly, MSMEG_0392 as
glycosyltransferase also plays an important role in I3 phage resistance, but the functions of phage I339 and SWU132

phage are not exactly the same, which seems to tell us that the change of MSMEG_0392 or important components of
Mycobacterium cell wall will directly affect phage resistance, and MSMEG_0392 may be an important target of phage
therapy. Of course, we do not know whether there are other factors causing the resistance phenotype of M12 to phage
SWU1. Further genome-wide wild sequencing may find some other valuable factors. As far as we know, this is the first
time to elucidate the mechanism of resistance of M. smegmatis to mycobacteriophage SWU1, this will provide us with a
better understanding of the use of phages as therapeutic tools.

Conclusion
In this study, we screened the M12 mutant which was stably resistant to SWU1 from a transposon mutant library and
confirmed that the transposon insertion mutation is located in the MSMEG_3705 gene, but we did not find any evidence
that phage resistance was directly related to the inactivation of the MSMEG_3705. Through a literature survey,
MSMEG_0392 was found to play a key role in M. smegmatis resistance to bacteriophage, so we examined the gene
sequence of MSMEG_0392 in M12. It was found that this gene had an insertion of adenine at position 817, which
resulted in MSMEG_0392 unable to function as a glycosyltransferase, and affected the biosynthesis of GPLs, thus
affecting the adsorption of SWU1 to M. smegmatis, causing M12 resistance to SWU1phage. This suggests that the
adenine site at position 817 of MSMEG_0392 is a key site, able to affect its functional role, and responsible for the
occurrence of resistance to phage.
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