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Abstract: The coevolution between phage and host bacterium is an important force that drives
the evolution of the microbial community, yet the coevolution mechanisms have still not been
well analyzed. Here, by analyzing the interaction between a Bacillus phage vB_BthS_BMBphi and
its host bacterium, the coevolution mechanisms of the first-generation phage-resistant bacterial
mutants and regained-infectivity phage mutants were studied. The phage-resistant bacterial mutants
showed several conserved mutations as a potential reason for acquiring phage resistance, including
the mutation in flagellum synthesis protein FlhA and cell wall polysaccharide synthesis protein
DltC. All the phage-resistant bacterial mutants showed a deleted first transmembrane domain
of the flagellum synthesis protein FlhA. Meanwhile, the regain-infectivity phage mutants all
contained mutations in three baseplate-associated phage tail proteins by one nucleotide, respectively.
A polymorphism analysis of the three mutant nucleotides in the wild-type phage revealed that the
mutations existed before the interaction of the phage and the bacterium, while the wild-type phage
could not infect the phage-resistant bacterial mutants, which might be because the synchronized
mutations of the three nucleotides were essential for regaining infectivity. This study for the first time
revealed that the synergism mutation of three phage baseplate-associated proteins were essential
for the phages’ regained infectivity. Although the phage mutants regained infectivity, their storage
stability was decreased and the infectivity against the phage-resistant bacterial mutants was reduced,
suggesting the phage realized the continuation of the species by way of “dying to survive”.
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1. Introduction

Bacteriophages, the parasites of bacteria, are the most abundant and diverse biological entity in
the natural ecosystem [1]. The same as the relationships of the other parasites and hosts, the phages and
their host bacteria realize coexistence by antagonistic coevolution, which is defined as the reciprocal
evolution of host resistance and parasite infectivity [2–5]. The coevolution between phage and
bacterium is one of the most important forces that drives the evolution of the microbial community and
is also considered as one crucial factor that causes and maintains the biodiversity of microorganisms [2].
In addition to the role of providing an understanding of the ecology and evolution of microbial
populations, study of phage–bacterium coevolution could also increase our knowledge on the role
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of phages in the evolution of bacterial virulence and the use of phages for clinical purpose [6,7].
For the purpose of understanding the reasons and consequences of phage–bacterium coevolution,
the coevolution between bacteria and their lytic viral parasites have been extensively studied on
several phage–host interaction models [4,8,9]. The coevolution with phages may cause many important
phenotypic changes to the host bacteria, including phage resistance, bacterial social behavior, diversity
and niche competition, and the mutation rates in evolution [10–12]. However, the coevolution of the
phage and bacterium have only been analyzed for limited bacterial species, which could not reflect
the diversity of phage–bacteria coevolution. Besides this, previous study on phage–host coevolution
mainly focused on the dynamic and population changes of the phages and their hosts, and few detailed
analyses on the genomic changes of the phage and the host bacterium have been studied.

As a virus that infects and lyses a pathogenic bacterium, the phage is considered as a novel kind
of antimicrobial substance which conquers the appearance of bacterial antibiotic resistance [13,14].
However, because of the coevolution of a phage and their host bacterium, the resistance of the
pathogenic bacteria to phages appeared at a high frequency [15]. Although several approaches
have been applied to deal with the appearance of phage resistance during the clinical use of phage
preparations, such as the use of a phage cocktail that contains different types of phages, these strategies
could not fundamentally solve the problem. Thus, for the purpose of developing efficient phage
therapy, it is urgent to analyze the coevolution mechanism of phages and their host bacteria.

Bacillus thuringiensis is the pathogenic bacterium of insects and is widely used in producing
biological pesticides [16]. B. thuringiensis is closely related with the human pathogenic bacteria Bacillus
anthracis and Bacillus cereus in evolution, and these three species accompany B. weihenstaphanensis,
B. pseudomycoides, and B. cytotoxicus in being classified as the Bacillus cereus group [17]. B. anthracis is
the pathogen of human anthrax, and B. cereus can cause the emesis and diarrhea of humans by the
production of emetic toxin and enterotoxins [18,19]. Previous study on phages infecting B. thuringiensis
revealed that some of the phages could also infect the strains from B. anthracis and B. cereus [20].
Furthermore, although numerous phages infecting Bacillus species strains have been isolated, no study
on the coevolution between Bacillus strains and their phages have been reported.

In this study, the coevolution between the phage vB_BthS_BMBphi and the host bacterial strain
B. thuringiensis BMB171 was analyzed. The phage-resistant bacteria and the regained-infectivity phage
mutants appeared at a high frequency during the co-cultivation of the phage and the host bacterium.
Both the characteristics and the genome of the phage-resistant mutants and the regain infectivity phage
mutants were analyzed. The result shows that the phage-resistant bacterial mutants present diverse
mutations, while the regained-infectivity phages mutants exhibit conserved mutants. It is interesting
to note that the regained-infectivity phage mutants show reduced stability by the mutation of the tail
associated proteins, which is responsible for the ability to regain infectivity. The finding of this study
not only revealed the coevolution mechanism of the phage and the bacterium, but also figures out a
new kind of “dying to survive” strategy for maintaining race continuity.

2. Materials and Methods

2.1. Bacterial Strains and Growth Conditions

The B. thuringiensis strain BMB171 is a widely used acrystalliferous mutant for the construction of
genetic engineering strains to express insecticidal crystal protein [21]. The phage vB_BthS_BMBphi is
a Siphoviridae family phage with a genome size of 49,277 bp (GenBank accession number MH458951)
and was isolated by our lab [22]. The strains were cultivated in Luria–Bertani (LB) broth medium at
30 ◦C with moderate shaking at 180 rpm. The agar with a final concentration of 1.2% and 0.7% were
added into the LB broth to prepare the solid and semisolid medium, respectively. The agar at a final
concentration of 0.3% was added into the LB broth for the preparation of the semisolid medium for
testing the mobility of the bacterial strains. The changes in the mobility of the bacteria were analyzed
with SPSS by using ANOVA (Version 19.0, Chicago, IL, USA).
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2.2. Phage Propagation and Concentration Determination

The phage propagation and efficiency-of-plating (EOP) test were all performed by using the
double-layer overlay method [23]. The storage stability of the phage was also determined by testing
the EOP of the phage suspension after storage for different time periods.

2.3. Screening of Phage-Resistant Bacterial Mutants and Regained-Infectivity Phage Mutants

For the purpose of screening bacterial mutants that are resistant to phages, a single clone of
BMB171 formed on agar plate was inoculated into LB broth and cultivated at 30 ◦C with moderate
shaking at 180 rpm. After cultivation for 12 h, the exponential growth strain BMB171 with a
concentration of 5 × 108 CFU/mL was mixed with the phage vB_BthS_BMBphi at the multiplicity
of infection (MOI) of 1000 and left at 30 ◦C for 30 min for the adsorption and infection of the phage
to the strain. The mixture was then mixed with the melted semisolid agar medium at about 45 ◦C
and poured onto the solid agar plate. After growth at 30 ◦C overnight, the bacterial clones which
formed on the semisolid plate were picked and inoculated onto a semisolid plate that contained
phage vB_BthS_BMBphi with a concentration of 108 PFU/mL. By repeating the cultivation process
on phage-containing plates more than 5 times, the bacterial isolates that could form well growth
clones on the agar plate were thought to be resistant to the phage vB_BthS_BMBphi and named as
phage-resistant bacteria (PRB).

The phage mutants that regained infectivity to the phage-resistant bacterial mutants were isolated
by the co-cultivation of the phage and the phage-resistant bacterial mutants. Generally speaking,
the phage was mixed with the exponential-growth phage-resistant strain (5 × 108 CFU/mL) at the
MOI of 1.0 and added into the LB broth as a ratio of 1%, and subsequently cultivated at 30 ◦C with
moderate shaking at 180 rpm for 24 h. The co-cultivation process was only performed once and no
replicate was carried out. The co-cultivation process could enrich the phage that could infect the
phage-resistant mutants. The cultures were collected by centrifugation at 12,000× g for 10 min and
filtered through a 0.22-µm filter. The infectivity of the phage in the filtered supernatant was tested
by using the phage-resistant bacterial mutants as indicator strains, and the plaques which formed on
the bacterial lawn were picked and purified more than 5 times by the double agar overlay method by
using the phage-resistant bacterial mutants as indicator strains [23]. The infectivity of the phage to the
PRB strains derived from BMB171 were retested three times, and phages continuously infecting the
PRB strains were thought of as regained-infectivity phage mutants of phage vB_BthS_BMBphi.

2.4. Binding Ability Assay of the Phage to Bacteria

The binding ability of the phage to the bacterial strains were tested by testing the EOP of the
phage suspension after the addition of the bacterial cultures. The exponential growth strain with
a concentration of 5 × 108 CFU/mL was mixed with an equal volume of phage suspension with a
concentration of 5 × 107 PFU/mL at 30 ◦C. The sample was collected at an interval of 5 min and
then centrifuged at 12,000× g for 1 min to remove the cells in the mixture, and the phage titers of the
supernatant were determined immediately. The experiment was carried out in triplicate.

2.5. Bacterial and Phage Genomic DNA Purification, Genome Sequencing, and Bioinformatic Analysis

The genomic DNA of the phages and the host bacteria were purified as per the methods previously
described [23,24]. The genomes of the bacteria and phages were sequenced by using Illumina Hiseq
2500 (Illumina, San Diego, CA, USA) and assembled into contigs using software Velvet v1.2.07 [25].
The visualization of the phage genome was performed by using CGview [26]. The mutant sites of the
phage-resistant bacteria and regained-infectivity phages were analyzed by mapping the reads archived
by genome sequencing onto the genome of the phages and bacteria using Geneious version R11 [27].



Viruses 2019, 11, 118 4 of 14

3. Results

3.1. Phage-Resistant Bacterial Mutants and Regained-Infectivity Phage Mutants Appeared at High Frequency

Phage vB_BthS-BMBphi is a Siphoviridae family phage that specifically infects the B. thuringiensis
strain BMB171. The phage exhibits high lytic activity to the strain BMB171 and contains a novel
genome sequence, which only shows low similarity with two B. thuringiensis prophages. During
the co-cultivation of the phage vB_BthS_BMBphi and host strain BMB171, numerous clones were
found on the plate that contained a high concentration of phage vB_BthS_BMBphi (higher than
108 PFU/mL). The ratio of the phage-resistant clones which formed on the plate was about 1.7 × 10−8

of the original added strain numbers. However, when the cultures of BMB171 with a concentration
of 5 × 109 CFU/mL were spread onto the plate containing the phage vB_BthS_BMBphi with a
concentration of 108 PFU/mL, no phage-resistant clones formed on the plate, which is not consistent
with the previously determined ratio of phage-resistant clones (1.7 × 10−8). We supposed that during
the cultivation of the phage and bacterium on the plate, the endolysin produced by the phage infecting
sensitive bacterial strains caused the lysis of phage-resistant strains [28]. The lytic activity assay of
the endolysin PlyBMB encoded by phage vB_BthS_BMBphi against the phage-resistant strain also
confirmed that the phage-resistant bacterial mutants could be lysed by the endolysin (Figure S1).
The clones were picked and the resistance of the picked clones to the phage vB_BthS_BMBphi was
confirmed, and the result showed that only six of the nine picked clones showed persistent resistance
to the phage (Figure 1A), while the other picked strains were pseudo-resistant strains and could be
infected by a high concentration of phage vB_BthS_BMBphi. The six phage-resistant bacterial mutants
(named as PRB-1, PRB-2, PRB-4, PRB-5, PRB-6, and PRB-8) that exhibited stable resistance to the phage
were used for the further isolation of regained-infectivity phage mutants.

After the co-cultivation of the phage vB_BthS_BMBphi and phage-resistant strain PRB-4 for
24 h, the suspension of the culture was used to screen regained-infectivity phage mutants. Initially,
100 plaques formed on the bacterial lawn of strain PRB-4 were picked, and their infectivity to
all six bacterial mutants of BMB171 were analyzed. The results showed that all the 100 picked
phage isolates could infect all the six phage-resistant mutants, (Figure 1B). In the following study,
four regained-infectivity phage mutants (named as vB_BthS_BMBphi-M1 to vB_BthS_BMBphi-M4)
were randomly picked and used for the following study.
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The agar plate with a concentration of 0.3% was used for bacterial mobility analysis. (D) Comparison 
of the bacterial clone size of strain BMB171 and the phage-resistant mutants. For each strain, 30 clones 
were used for the analysis of the clone diameters, and the asterisk indicates a significant difference (P 
 0.05) between the diameter of different bacterial clones.  
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five mutants showed significantly bigger clones (Figure 1C,D). The diameter of the bacterial clone 
also indicates that the bacteria might have an improved replication rate. The infectivity of the 
wildtype phage and phage mutants to the strain BMB171 and strain PRB-4 were also analyzed. Phage 
vB_BthS_BMBphi could only infect the wild type strain BMB171, but not the phage-resistant mutant 
strains PRB-1. The result also showed that the mutant phage vB_BthS-BMBphi-M1 showed higher 
infection ability against the wild-type strain BMB171 than to the mutant strain PRB-4. The infectivity 
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Figure 1. Isolation and characterization of phage-resistant mutants of BMB171 and regained-infectivity
phage mutants of vB_BthS_BMBphi. (A) Phage-resistant mutants of BMB171 isolated in this study.
(B) Infectivity of regained-infectivity phage mutants vB_BthS_BMBphi-M1 to the phage-resistant strains
and BMB171. (C) The mobility of the strains BMB171 and the phage-resistant mutants. The agar plate
with a concentration of 0.3% was used for bacterial mobility analysis. (D) Comparison of the bacterial
clone size of strain BMB171 and the phage-resistant mutants. For each strain, 30 clones were used for
the analysis of the clone diameters, and the asterisk indicates a significant difference (p < 0.05) between
the diameter of different bacterial clones.

3.2. Phage-Resistant Bacterial Mutants Exhibiting Changed Features

According to previous reports, phage-resistant mutants might generate some changes for the
bacterial phenotype, including mobility [29]. In this study, the mobilities of the phage-resistant
mutants were analyzed, and the result showed that the mutants exhibited different mobilities on
the semisolid medium plate. Strains BMB171 and PRB-5 formed small clones on the plate, while the
other five mutants showed significantly bigger clones (Figure 1C,D). The diameter of the bacterial
clone also indicates that the bacteria might have an improved replication rate. The infectivity of the
wildtype phage and phage mutants to the strain BMB171 and strain PRB-4 were also analyzed. Phage
vB_BthS_BMBphi could only infect the wild type strain BMB171, but not the phage-resistant mutant
strains PRB-1. The result also showed that the mutant phage vB_BthS-BMBphi-M1 showed higher
infection ability against the wild-type strain BMB171 than to the mutant strain PRB-4. The infectivity
of phage vB_BthS_BMBphi-M1 to the strain PRB-4 was only 4.67% of that of strain BMB171 (Figure 2).
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The storage stability analysis of phage vB_BthS_BMBphi and vB_BthS_BMBphi-M1 revealed that
the wild-type phage was highly stable, while the mutant phage was unstable and the phage titer
decreased sharply during storage. After storage for 72 h, only 5.2 × 10−5 of the phage remained
infective compared to the initial phage suspension.
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the two phages was tested against the strains BMB171 and PRB-4, respectively, after storage for 24, 48,
and 72 h.

The loss of the binding ability of phages to the host bacteria is one of the most common
reasons for the phage resistance [10]. The binding ability of the phages to the strain BMB171 and
four phage-resistant mutants has been analyzed. The wild-type phage vB_BthS_BMBphi only
showed a binding ability to the wild-type strain BMB171 (Figure 3A), while the mutant phage
vB_BthS_BMBphi-M1 showed a binding ability to all the tested strains (Figure 3B), suggesting the
changes of binding ability might be the reason for the phage resistance and the reason for regaining
infection ability. Although the mutant phage exhibited binding ability to all the tested strains,
they showed different levels of binding ability. The phage vB_BthS_BMBphi-M1 showed the highest
binding ability to the strain BMB171, and subsequently PRB-5, and then the other three mutant strains.
Compared with the other three mutant strains, strains PRB-5 and BMB171 showed lower mobility,
suggesting that the increase of mobility might lead to the decrease of the phage-binding ability, and
subsequently the decrease of infectivity.
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3.3. Phage-Resistant Bacterial Mutants Possessing Diverse Mutation Sites

The genomes of the phage-resistant bacteria were individually sequenced to determine the
mutation sites that caused the phage resistance (Table S1). The result showed that although the
phage-resistant mutants exhibited diverse mutation sites, several of the mutations located in the
functional genes were conserved. In total, 183 nucleotides, including 117 nucleotides located in the
non-coding regions, 14 synonymous mutations, and 52 non-synonymous mutations, were found to be
mutated by single nucleotide polymorphism (SNP) analysis (Table S2). The binding-ability assay of the
phage vB_BthS_BMBphi and the regained-infectivity phage mutants to the phage-resistant bacterial
mutants revealed that the loss of binding ability leads to the loss of infectivity (Figure 3), suggesting the
phage-resistant bacterial mutant might be generated by the mutation of the phage-binding receptor on
the bacterial cell surface. In consideration of the resistance of all these four genome-sequenced bacterial
mutants, the conserved mutations in these bacterial mutants might determine the phage resistance.
Among the 52 non-synonymous mutations, 34 of them are conserved in four of the phage-resistant
bacterial mutants, and only part of these mutations were located in cell wall-associated protein,
including cell wall anchor (BMB171_C0382), arsenic transporter (BMB171_C2830), bacitracin ABC
transporter permease (BMB171_C3335), cell surface protein (BMB171_C4543), and multidrug MFS
transporter (BMB171_C4873). However, none of these proteins were reported to be associated with the
infection of the phages. The bacterial cell wall polysaccharide was thought to be the binding receptor
of a large number of phages [30]. Mutation analysis showed that the gene BMB171_C1214, which was
annotated as D-alanine–D-alanyl carrier protein (DltC) and was responsible for the synthesis of the cell
wall polysaccharides [31], was mutated in all of the four genome-sequenced phage-resistant bacterial
mutants (supplementary Table S1, Supplementary materials). The mutation in PRB-1, PRB-4 and
PRB-5 was the deletion of a guanine thymine nucleotide (T), which caused the truncation of the
protein DltC. However, in strain PRB-5, the mutation was the change from guanine nucleotide (G),
which was non-synonymous and caused the change of residue of Threonine (Thr) to Valine (Val). Thus,
the mutation of DltC might be one potential reason of the archiving of phage resistance.

By mapping the reads archived by the genome sequencing of these four strains onto the genome
of strain BMB171, several new mutations were found (Figure 4A). A comprehensive analysis of the
mutations found by genome mapping revealed that the first transmembrane α-helix domain at the
N-terminal of the bacterial flagellar biosynthesis protein FlhA (BMB171_C1535) was deleted in all the
four phage-resistant bacterial mutants (Figure 4B,C). FlhA is required for the synthesis of flagellum by
exporting flagellum synthesis associated proteins [32]. Flagellum was proven to be the phage-binding
receptor of some phages, and the deletion of FlhA was found to lead to the resistance of the bacterium
to phages [33]. In consideration of the change of phage-binding ability, it is rational to deduce that the
mutation of FlhA might be the reason that caused the phage resistance of BMB171. Although FlhA
is reported to be associated with the mobility of the bacterium, three of the four bacterial mutants
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showed possibly increased mobility and one showed possibly decreased mobility. It was possible that
the changes in the mobility of the bacterial mutants were associated with the mutation of the other
genes, which needs to be further analyzed.Viruses 2018, 10, x FOR PEER REVIEW  8 of 14 
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3.4. Regained-Infectivity Phage Mutants Showing Conserved Mutation Sites

To figure out the mechanism of regaining infectivity, the genomes of all the four picked phage
mutants were sequenced (Table S3). Genomic analysis of the four mutant phage isolates revealed
that they contained conserved mutation sites, including the mutations of one cytidylate nucleotide
(C in short) at the 24,551th nucleotide of the genome to thymidine nucleotide (T in short) and two
guanine nucleotides (G in short) at 26,344 and 29,136 residues to adenine nucleotides (A in short) in the
mutant phage isolates (Figure 5). The residue 24,551 was located in the phage baseplate protein (Gp44),
which was the first phage structure protein in the phage vB_BthS_BMBphi structural gene module.
The other two mutational sites were located in the tail protein (Gp46) and the distal tail protein (Gp47).
The raw reads generated by high-throughput genome sequencing were mapped onto the mutational
nucleotides of the phage genome. The result showed that the nucleotides site 24,551 exhibited little
polymorphism and only few reads (1.48% of all the reads) showed different nucleotide compositions
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as the phage vB_BthS_BMBphi genome. However, the sites of 26,344 and 29,136, which were both G in
the assembled wild-type phage genome, contained a high ratio of A, and were the nucleotides at the
genome of the mutant phage. For the sites 24,551, 26,344, and 29,136 in the phage vB_BthS_BMBphi
genome, 2.47%, 16.07%, and 3.05% of the mapped nucleotides were the same as the nucleotides in the
mutant phage genome, suggesting the individual mutant existed before the screening of the phage
by using a phage-resistant bacterial mutant. Based on the ratio of each nucleotide site, the frequency
of the co-existence of these three mutations was 1.21 × 10−4, indicating that 0.0121% of the phage
virions of phage vB_BthS_BMBphi might infect the phage-resistant bacterial mutants. The infectivity
activity of the phage vB_BthS_BMBphi to the phage-resistant strains PRB-4 was also determined. By
spreading 5 × 1011 PFU phage vB_BthS_BMBphi onto the plate containing 5 × 108 CFU strain PRB-4,
no phage plaque was observed on the plate. The result suggests that the existing of regained-infectivity
phage before the screening process is lower than a frequency of 2 × 10−12, which was significantly
lower than the theoretical frequency of 1.21 × 10−4, suggesting there was no regained infectivity
phage before co-cultivation process or the regained-infectivity phage was propagated during the
co-cultivation process.
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compositions of the three mutant nucleotides in four phage genomes is shown. The nucleotide
composition was obtained by analyzing the raw reads archived by genome sequencing and the sites of
each mutant nucleotides were shown.

Function analysis of the three proteins showed that all of them were associated with the formation
of the phage baseplate. Protein Gp44 was annotated as the phage baseplate protein and was reported to
be the receptor-binding protein in several of the other phages [30,34]. The mutation of Gp44 happened
at residue 419 by the mutation of the hydrophobic amino acid Alanine (Ala) to hydrophilic amino acid
Thr (Figure 6A). The mutation of A419T was located near the terminus of the protein. The change of
the amino acid might influence the hydrophilicity of the protein and subsequently the interaction of
the protein with the other proteins. The gene gp46 was located between the baseplate protein-encoding
gene gp44 and distal tail protein-encoding gene gp47 in the phage genome. Bioinformatic analysis of
Gp46 revealed that the protein was homologous with the phage tail endopeptidase (PDB database
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entry 3GS9), which is required for the efficient infection of the phage and also associated with the
formation of the baseplate [35]. The mutation in the tail protein Gp46 caused the change of residue 450
from Ala to (Valine) Val. Structural modelling of the wild-type protein revealed that the mutant residue
was located in a β-sheet at the surface of the protein (Figure 6B). The protein Gp47 was annotated as a
phage distal tail protein, which formed the hub of the baseplate and contained carbohydrate binding
modules for phage infection [36,37]. The mutation in Gp47 was the change of Proline (Pro) to Leucine
(Leu) at residue 174, which was located in the α-helix region at the C-terminus of the protein and near
the linker region between the N-terminus and C-terminus of the protein. The N-terminus of the distal
tail protein formed a cylinder channel for DNA translocation during the infection [37]. The C-terminus
was located outside the channel to form a hub protrusion that might contain a carbohydrate-binding
module [38]. The mutant residue P174L might change the secondary structure of the protein and
formed a prolonged α-helix, which might influence the conformation of the protein (Figure 6C).
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mutant amino acid residues and the positions of the shown peptides in the proteins are indicated.

4. Discussion

As the most diverse biological entities in the Earth’s ecosystem, the coevolution between phages
and bacteria exhibits high diversity [39,40]. In this study, the coevolution between the phage
vB_BthS_BMBphi and its host strain BMB171 was analyzed. An analysis of the variations in mutant
bacteria and mutant phages revealed that the bacterial strains contained more mutations in different
nucleotides sites and different forms of mutation. Except for the mutation associated with phage
resistance, the mutant bacteria also exhibited diverse changes in other phenotypes, such as the change
of bacterial mobility. Several transporters which were associated with the transport of chemical
substances were also mutated. The CRISPR system is one of the most important mechanisms that
endows the bacteria with resistance to the phages [41]. The genomic analysis of the phage-resistant
bacterial mutants by analyzing the repeats in the bacterial genome showed that there are no repeats
from the phages found in the genome of the bacterial mutants, suggesting the CRISPR is not responsible
for the archiving of resistance. However, the phages showed conserved mutations in a few nucleotides,
and all the mutations in the regained-infectivity phages analyzed in this study were the change of a
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single amino acid residue. Compared to phages, the bacteria contained more copies of homologous
genes with complementary functions, while the phages contained a minimalistic genome structure,
and genes with similar functions only existed in a single copy. The mutation of the critical residue in
the phage protein very possibly caused the lethal mutation of the phage [42], which caused the phage
to realize coevolution by minor mutation.

The change in the phage-binding receptor on the bacterial cell surface is one of the most common
reasons that caused the resistance of bacteria [5,28,43,44]. Several studies revealed that the absorption
of flagellum is the first step for phage infection, and the deletion of flagellum would lead to the
generation of phage resistance [29,45]. However, there is no study on what kind of mutation in
flagellum will cause the phage-resistance of a bacterium. The finding of this study revealed that
the deletion of the first transmembrane domain of flagellum synthesis protein FlhA might cause
the generation of phage resistance. FlhA is a component of the flagellar protein-export apparatus,
with an integral membrane domain encompassing the N-terminal transmembrane domain (FlhATM)
and a cytoplasmic C-terminal domain (FlhAC) [32]. Only a few studies had reported that FlhATM

could interact with the other proteins in the flagella protein export apparatus to form the MS ring
across the bacterial cell membrane for exporting flagellar protein [46], and the detailed function of the
transmembrane domain in FlhA had not been analyzed. The mutations of the residues between the
transmembrane segments could cause the global change of the FlhAC domain, which interacts with
the other proteins of the flagellar export apparatus and influences the formation of the flagellar export
apparatus [47]. The transmembrane domain of FlhA was located in the center of the flagella protein
export apparatus and is unlikely to be contracted by the phage directly [32]. We speculated that the
deletion of the first transmembrane domain of FlhA led to the conformational change of the protein
and, subsequently, the change of the flagellum, which led to the changes of phage sensitivity.

The phage tail proteins were proven to take part in the process of host bacteria adsorption and
were thought to be the key factor that determined the phage specificity [20]. A large number of
regained-infectivity phage mutants showed mutations in phage tail proteins [48], while no study
had reported the synergism mutation of more than one phage tail proteins to be essential for the
phage regaining infectivity. In this study, the synergism mutation of nucleotides from three different
phage tail proteins, including the baseplate protein (Gp44), the tail endopeptidase protein (Gp46) and
the distal tail protein (Gp47), were found to be responsible for the regained infectivity of the phage.
The baseplate protein, the tail endopeptidase protein and the distal protein had all been reported to be
phage receptor-binding proteins during phage infection [34,48]. All three proteins were located near
the baseplate region of the phage particle and were associated with the formation of a phage baseplate
substructure. Genome sequencing revealed that the mutations of these nucleotides were also found in
reads archived by genome sequencing of the wild-type phage. However, the wild type phage can’t
infect the mutant bacterial strains. We inferred that the synergism mutation of these three amino acid
residues changed the baseplate structure of the phage and empowered the mutant phage with the
ability to bind to a new binding receptor on the phage-resistant bacterial mutants or with a higher
ability to bind to the potential binding receptor of the mutated bacterial flagellum.

Although the mutant phage regained its ability to infect the phage-resistant bacterial mutants,
its infectivity and stability were significantly decreased. Bioinformatic analysis of the mutant sites in
mutant phage isolates revealed that the mutations were located on the protein surface region or could
change the secondary structure of these phage baseplate-associated proteins, which were located at the
tip of the phage tail and interacted with the receptor at the host surface during the infection process.
The mutations of these proteins might change the interaction between themselves or between the other
baseplate-associated proteins and reduce the stability of the protein interactions. The reduced protein
interaction would lead to the decrease of the stability of phage virion particles and subsequently cause
the instability of the phage particle. Although this kind of mutation was not suitable for the long-term
persistence of the phage, this kind of mutation could provide the phage with the ability to infect
the emergent phage-resistant host mutants and avoid the deracination of the phage. After they had



Viruses 2019, 11, 118 12 of 14

infected into the host cell, the high mutant frequency of the phage could generate new mutations that
provided the evolved phage with both a high stability and infectivity to phage-resistant host bacterium.
Like a gecko, by using this method of “dying to survive”, the phages perpetuate the continuation
of their species in emergent situations and gain new evolution opportunities that could realize the
long-term persistence of their genetic information.

In summary, this study figures out the possible resistant mechanism and regains the infectivity
mechanism of the bacterium and the phage during the co-evolution process. On one hand, as a widely
used recipient strain for constructing genetic engineering strain, BMB171 is a high possibility to be
hazarded by phages. The phage-resistant bacterial mutants isolated in this study could be used in
the construction of phage-resistant genetic engineering strains for producing biological pesticides.
On the other hand, phage therapy is thought as a promising approach for controlling the pathogenic
bacteria, while the generation of phage resistance during the use of phage might cause the failure of
phage therapy. The understanding of the mechanism of regaining infectivity of phages could provide
guidance for constructing genetic engineering phages with infectivity to phage-resistant bacteria.
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Author Contributions: Y.Y. and M.G. conceived the study idea, Y.Y., Q.P., T.L., Q.Y. and Y.W. designed and carried
out the experiment, Y.Y., Q.P., S.Y. and S.Z. performed the DNA sequencing and bioinformatic analysis, Y.Y. and
M.G. supervised the work, Y.Y. wrote the manuscript. All authors revised and approved the manuscript.

Funding: This study was supported by the National Natural Science Foundation of China (No. 31800157and
31500155), the Start-up Research Foundation of Hainan University (KYQD(ZR)1815), and the Start-up Funding for
Scientific Research from Hainan Normal University (301060181828#).

Conflicts of Interest: The authors declare that there are no conflicts of interest.

References

1. Rohwer, F. Global phage diversity. Cell 2003, 113, 141. [CrossRef]
2. Koskella, B.; Brockhurst, M.A. Bacteria-phage coevolution as a driver of ecological and evolutionary processes

in microbial communities. FEMS Microbiol. Rev. 2014, 38, 916–931. [CrossRef] [PubMed]
3. Betts, A.; Kaltz, O.; Hochberg, M.E. Contrasted coevolutionary dynamics between a bacterial pathogen and

its bacteriophages. Proc. Natl. Acad. Sci. USA 2014, 111, 11109–11114. [CrossRef] [PubMed]
4. Hall, A.R.; Scanlan, P.D.; Morgan, A.D.; Buckling, A. Host-parasite coevolutionary arms races give way to

fluctuating selection. Ecol. Lett. 2011, 14, 635–642. [CrossRef] [PubMed]
5. Laanto, E.; Hoikkala, V.; Ravantti, J.; Sundberg, L.R. Long-term genomic coevolution of host-parasite

interaction in the natural environment. Nat. Commun. 2017, 8, 111. [CrossRef] [PubMed]
6. Levin, B.R.; Bull, J.J. Population and evolutionary dynamics of phage therapy. Nat. Rev. Microbiol. 2004, 2,

166–173. [CrossRef] [PubMed]
7. Scanlan, P.D.; Buckling, A. Co-evolution with lytic phage selects for the mucoid phenotype of Pseudomonas

fluorescens SBW25. ISME J. 2012, 6, 1148–1158. [CrossRef]
8. Lopez-Pascua, L.; Buckling, A. Increasing productivity accelerates host-parasite coevolution. J. Evol. Biol.

2008, 21, 853–860. [CrossRef] [PubMed]
9. Gomez, P.; Ashby, B.; Buckling, A. Population mixing promotes arms race host-parasite coevolution. Proc. R.

Soc. B Biol. Sci. 2015, 282, 20142297. [CrossRef] [PubMed]
10. Labrie, S.J.; Samson, J.E.; Moineau, S. Bacteriophage resistance mechanisms. Nat. Rev. Microbiol. 2010, 8,

317–327. [CrossRef]
11. Vale, P.F.; Little, T.J. CRISPR-mediated phage resistance and the ghost of coevolution past. Proc. R. Soc. B

Biol. Sci. 2010, 277, 2097–2103. [CrossRef]
12. Koskella, B.; Taylor, T.B.; Bates, J.; Buckling, A. Using experimental evolution to explore natural patterns

between bacterial motility and resistance to bacteriophages. ISME J. 2011, 5, 1809–1817. [CrossRef] [PubMed]

http://www.mdpi.com/1999-4915/11/2/118/s1
http://dx.doi.org/10.1016/S0092-8674(03)00276-9
http://dx.doi.org/10.1111/1574-6976.12072
http://www.ncbi.nlm.nih.gov/pubmed/24617569
http://dx.doi.org/10.1073/pnas.1406763111
http://www.ncbi.nlm.nih.gov/pubmed/25024215
http://dx.doi.org/10.1111/j.1461-0248.2011.01624.x
http://www.ncbi.nlm.nih.gov/pubmed/21521436
http://dx.doi.org/10.1038/s41467-017-00158-7
http://www.ncbi.nlm.nih.gov/pubmed/28740072
http://dx.doi.org/10.1038/nrmicro822
http://www.ncbi.nlm.nih.gov/pubmed/15040264
http://dx.doi.org/10.1038/ismej.2011.174
http://dx.doi.org/10.1111/j.1420-9101.2008.01501.x
http://www.ncbi.nlm.nih.gov/pubmed/18284514
http://dx.doi.org/10.1098/rspb.2014.2297
http://www.ncbi.nlm.nih.gov/pubmed/25429018
http://dx.doi.org/10.1038/nrmicro2315
http://dx.doi.org/10.1098/rspb.2010.0055
http://dx.doi.org/10.1038/ismej.2011.47
http://www.ncbi.nlm.nih.gov/pubmed/21509046


Viruses 2019, 11, 118 13 of 14

13. Yen, M.; Cairns, L.S.; Camilli, A. A cocktail of three virulent bacteriophages prevents Vibrio cholerae infection
in animal models. Nat. Commun. 2017, 8, 14187. [CrossRef] [PubMed]

14. Nobrega, F.L.; Costa, A.R.; Kluskens, L.D.; Azeredo, J. Revisiting phage therapy: New applications for old
resources. Trends Microbiol. 2015, 23, 185–191. [CrossRef] [PubMed]

15. Barbosa, C.; Venail, P.; Holguin, A.V.; Vives, M.J. Co-Evolutionary Dynamics of the Bacteria Vibrio sp.
CV1 and Phages V1G, V1P1, and V1P2: Implications for Phage Therapy. Microb. Ecol. 2013, 66, 897–905.
[CrossRef]

16. Schnepf, E.; Crickmore, N.; Van Rie, J.; Lereclus, D.; Baum, J.; Feitelson, J.; Zeigler, D.R.; Dean, D.H. Bacillus
thuringiensis and its pesticidal crystal proteins. Microbiol. Mol. Biol. Rev. 1998, 62, 775–806. [PubMed]

17. 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]

18. Bottone, E.J. Bacillus cereus, a volatile human pathogen. Clin. Microbiol. Rev. 2010, 23, 382–398. [CrossRef]
[PubMed]

19. Koehler, T.M. Bacillus anthracis genetics and virulence gene regulation. Curr. Top. Microbiol. Immunol. 2002,
271, 143–164.

20. Schuch, R.; Fischetti, V.A. Detailed genomic analysis of the Wbeta and gamma phages infecting Bacillus
anthracis: Implications for evolution of environmental fitness and antibiotic resistance. J. Bacteriol. 2006, 188,
3037–3051. [CrossRef]

21. He, J.; Shao, X.; Zheng, H.; Li, M.; Wang, J.; Zhang, Q.; Li, L.; Liu, Z.; Sun, M.; Wang, S.; et al. Complete
genome sequence of Bacillus thuringiensis mutant strain BMB171. J. Bacteriol. 2010, 192, 4074–4075. [CrossRef]
[PubMed]

22. Yuan, Y.; Peng, Q.; Yang, S.; Zhang, S.; Fu, Y.; Wu, Y.; Gao, M. Isolation of A Novel Bacillus thuringiensis Phage
Representing A New Phage Lineage and Characterization of Its Endolysin. Viruses 2018, 10, 611. [CrossRef]

23. Yuan, Y.H.; Peng, Q.; Wu, D.D.; Kou, Z.; Wu, Y.; Liu, P.M.; Gao, M.Y. Effects of Actin-Like Proteins Encoded
by Two Bacillus pumilus Phages on Unstable Lysogeny, Revealed by Genomic Analysis. Appl. Environ. Microb.
2015, 81, 339–350. [CrossRef]

24. Yuan, Y.H.; Gao, M.Y. Genomic analysis of a ginger pathogen Bacillus pumilus providing the understanding
to the pathogenesis and the novel control strategy. Sci. Rep. 2015, 5, 10259. [CrossRef] [PubMed]

25. Zerbino, D.R.; Birney, E. Velvet: Algorithms for de novo short read assembly using de Bruijn graphs. Genome
Res. 2008, 18, 821–829. [CrossRef]

26. Stothard, P.; Wishart, D.S. Circular genome visualization and exploration using CGView. Bioinformatics 2005,
21, 537–539. [CrossRef]

27. Geneious. Available online: https://www.geneious.com/ (accessed on 1 October 2018).
28. Tzipilevich, E.; Habusha, M.; Ben-Yehuda, S. Acquisition of Phage Sensitivity by Bacteria through Exchange

of Phage Receptors. Cell 2017, 168, 186.e12–199.e12. [CrossRef] [PubMed]
29. Zhang, H.; Li, L.; Zhao, Z.; Peng, D.; Zhou, X. Polar flagella rotation in Vibrio parahaemolyticus confers

resistance to bacteriophage infection. Sci. Rep. 2016, 6, 26147. [CrossRef] [PubMed]
30. Lavelle, K.; Murphy, J.; Fitzgerald, B.; Lugli, G.A.; Zomer, A.; Neve, H.; Ventura, M.; Franz, C.M.;

Cambillau, C.; van Sinderen, D.; et al. A decade of Streptococcus thermophilus phage evolution in an Irish
dairy plant. Appl. Environ. Microbiol. 2018. [CrossRef] [PubMed]

31. Beres, S.B.; Richter, E.W.; Nagiec, M.J.; Sumby, P.; Porcella, S.F.; DeLeo, F.R.; Musser, J.M. Molecular genetic
anatomy of inter- and intraserotype variation in the human bacterial pathogen group A Streptococcus.
Proc. Natl. Acad. Sci. USA 2006, 103, 7059–7064. [CrossRef]

32. Terahara, N.; Inoue, Y.; Kodera, N.; Morimoto, Y.V.; Uchihashi, T.; Imada, K.; Ando, T.; Namba, K.;
Minamino, T. Insight into structural remodeling of the FlhA ring responsible for bacterial flagellar type III
protein export. Sci. Adv. 2018, 4, eaao7054. [CrossRef] [PubMed]

33. Lee, H.S.; Choi, S.; Shin, H.; Lee, J.H.; Choi, S.H. Vibrio vulnificus Bacteriophage SSP002 as a Possible
Biocontrol Agent. Appl. Environ. Microb. 2014, 80, 515–524. [CrossRef]

http://dx.doi.org/10.1038/ncomms14187
http://www.ncbi.nlm.nih.gov/pubmed/28146150
http://dx.doi.org/10.1016/j.tim.2015.01.006
http://www.ncbi.nlm.nih.gov/pubmed/25708933
http://dx.doi.org/10.1007/s00248-013-0284-2
http://www.ncbi.nlm.nih.gov/pubmed/9729609
http://dx.doi.org/10.1139/W07-029
http://dx.doi.org/10.1128/CMR.00073-09
http://www.ncbi.nlm.nih.gov/pubmed/20375358
http://dx.doi.org/10.1128/JB.188.8.3037-3051.2006
http://dx.doi.org/10.1128/JB.00562-10
http://www.ncbi.nlm.nih.gov/pubmed/20525827
http://dx.doi.org/10.3390/v10110611
http://dx.doi.org/10.1128/AEM.02889-14
http://dx.doi.org/10.1038/srep10259
http://www.ncbi.nlm.nih.gov/pubmed/25989507
http://dx.doi.org/10.1101/gr.074492.107
http://dx.doi.org/10.1093/bioinformatics/bti054
https://www.geneious.com/
http://dx.doi.org/10.1016/j.cell.2016.12.003
http://www.ncbi.nlm.nih.gov/pubmed/28041851
http://dx.doi.org/10.1038/srep26147
http://www.ncbi.nlm.nih.gov/pubmed/27189325
http://dx.doi.org/10.1128/AEM.02855-17
http://www.ncbi.nlm.nih.gov/pubmed/29523549
http://dx.doi.org/10.1073/pnas.0510279103
http://dx.doi.org/10.1126/sciadv.aao7054
http://www.ncbi.nlm.nih.gov/pubmed/29707633
http://dx.doi.org/10.1128/AEM.02675-13


Viruses 2019, 11, 118 14 of 14

34. Legrand, P.; Collins, B.; Blangy, S.; Murphy, J.; Spinelli, S.; Gutierrez, C.; Richet, N.; Kellenberger, C.;
Desmyter, A.; Mahony, J.; et al. The Atomic Structure of the Phage Tuc2009 Baseplate Tripod Suggests
that Host Recognition Involves Two Different Carbohydrate Binding Modules. mBio 2016, 7, e01781-15.
[CrossRef] [PubMed]

35. Stockdale, S.R.; Mahony, J.; Courtin, P.; Chapot-Chartier, M.P.; van Pijkeren, J.P.; Britton, R.A.; Neve, H.;
Heller, K.J.; Aideh, B.; Vogensen, F.K.; et al. The Lactococcal Phages Tuc2009 and TP901-1 Incorporate Two
Alternate Forms of Their Tail Fiber into Their Virions for Infection Specialization. J. Biol. Chem. 2013, 288,
5581–5590. [CrossRef] [PubMed]

36. Spinelli, S.; Campanacci, V.; Blangy, S.; Moineau, S.; Tegoni, M.; Cambillau, C. Modular structure of the
receptor binding proteins of Lactococcus lactis phages. The RBP structure of the temperate phage TP901-1.
J. Biol. Chem. 2006, 281, 14256–14262. [CrossRef]

37. Veesler, D.; Robin, G.; Lichiere, J.; Auzat, I.; Tavares, P.; Bron, P.; Campanacci, V.; Cambillau, C. Crystal
structure of bacteriophage SPP1 distal tail protein (gp19.1): A baseplate hub paradigm in gram-positive
infecting phages. J. Biol. Chem. 2010, 285, 36666–36673. [CrossRef]

38. Dieterle, M.E.; Bowman, C.; Batthyany, C.; Lanzarotti, E.; Turjanski, A.; Hatfull, G.; Piuri, M. Exposing
the secrets of two well-known Lactobacillus casei phages, J-1 and PL-1, by genomic and structural analysis.
Appl. Environ. Microbiol. 2014, 80, 7107–7121. [CrossRef]

39. Doron, S.; Melamed, S.; Ofir, G.; Leavitt, A.; Lopatina, A.; Keren, M.; Amitai, G.; Sorek, R. Systematic
discovery of antiphage defense systems in the microbial pangenome. Science 2018, 359, eaar4120. [CrossRef]

40. Tenaillon, O.; Rodriguez-Verdugo, A.; Gaut, R.L.; McDonald, P.; Bennett, A.F.; Long, A.D.; Gaut, B.S.
The Molecular Diversity of Adaptive Convergence. Science 2012, 335, 457–461. [CrossRef]

41. Horvath, P.; Barrangou, R. CRISPR/Cas, the immune system of bacteria and archaea. Science 2010, 327,
167–170. [CrossRef]

42. Ghosh, S.; Marintcheva, B.; Takahashi, M.; Richardson, C.C. C-terminal Phenylalanine of Bacteriophage T7
Single-stranded DNA-binding Protein Is Essential for Strand Displacement Synthesis by T7 DNA Polymerase
at a Nick in DNA. J. Biol. Chem. 2009, 284, 30339–30349. [CrossRef] [PubMed]

43. Paterson, S.; Vogwill, T.; Buckling, A.; Benmayor, R.; Spiers, A.J.; Thomson, N.R.; Quail, M.; Smith, F.;
Walker, D.; Libberton, B.; et al. Antagonistic coevolution accelerates molecular evolution. Nature 2010, 464,
275–278. [CrossRef] [PubMed]

44. Scanlan, P.D.; Hall, A.R.; Lopez-Pascua, L.D.; Buckling, A. Genetic basis of infectivity evolution in a
bacteriophage. Mol. Ecol. 2011, 20, 981–989. [CrossRef] [PubMed]

45. Choi, Y.; Shin, H.; Lee, J.H.; Ryu, S. Identification and characterization of a novel flagellum-dependent
Salmonella-infecting bacteriophage, iEPS5. Appl. Environ. Microbiol. 2013, 79, 4829–4837. [CrossRef]

46. Fukumura, T.; Makino, F.; Dietsche, T.; Kinoshita, M.; Kato, T.; Wagner, S.; Namba, K.; Imada, K.; Minamino, T.
Assembly and stoichiometry of the core structure of the bacterial flagellar type III export gate complex.
PLoS Biol. 2017, 15, e2002281. [CrossRef] [PubMed]

47. Erhardt, M.; Wheatley, P.; Kim, E.A.; Hirano, T.; Zhang, Y.; Sarkar, M.K.; Hughes, K.T.; Blair, D.F. Mechanism
of type-III protein secretion: Regulation of FlhA conformation by a functionally critical charged-residue
cluster. Mol. Microbiol. 2017, 104, 234–249. [CrossRef] [PubMed]

48. Dieterle, M.E.; Spinelli, S.; Sadovskaya, I.; Piuri, M.; Cambillau, C. Evolved distal tail carbohydrate binding
modules of Lactobacillus phage J-1: A novel type of anti-receptor widespread among lactic acid bacteria
phages. Mol. Microbiol. 2017, 104, 608–620. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1128/mBio.01781-15
http://www.ncbi.nlm.nih.gov/pubmed/26814179
http://dx.doi.org/10.1074/jbc.M112.444901
http://www.ncbi.nlm.nih.gov/pubmed/23300085
http://dx.doi.org/10.1074/jbc.M600666200
http://dx.doi.org/10.1074/jbc.M110.157529
http://dx.doi.org/10.1128/AEM.02771-14
http://dx.doi.org/10.1126/science.aar4120
http://dx.doi.org/10.1126/science.1212986
http://dx.doi.org/10.1126/science.1179555
http://dx.doi.org/10.1074/jbc.M109.024059
http://www.ncbi.nlm.nih.gov/pubmed/19726688
http://dx.doi.org/10.1038/nature08798
http://www.ncbi.nlm.nih.gov/pubmed/20182425
http://dx.doi.org/10.1111/j.1365-294X.2010.04903.x
http://www.ncbi.nlm.nih.gov/pubmed/21073584
http://dx.doi.org/10.1128/AEM.00706-13
http://dx.doi.org/10.1371/journal.pbio.2002281
http://www.ncbi.nlm.nih.gov/pubmed/28771466
http://dx.doi.org/10.1111/mmi.13623
http://www.ncbi.nlm.nih.gov/pubmed/28106310
http://dx.doi.org/10.1111/mmi.13649
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Bacterial Strains and Growth Conditions 
	Phage Propagation and Concentration Determination 
	Screening of Phage-Resistant Bacterial Mutants and Regained-Infectivity Phage Mutants 
	Binding Ability Assay of the Phage to Bacteria 
	Bacterial and Phage Genomic DNA Purification, Genome Sequencing, and Bioinformatic Analysis 

	Results 
	Phage-Resistant Bacterial Mutants and Regained-Infectivity Phage Mutants Appeared at High Frequency 
	Phage-Resistant Bacterial Mutants Exhibiting Changed Features 
	Phage-Resistant Bacterial Mutants Possessing Diverse Mutation Sites 
	Regained-Infectivity Phage Mutants Showing Conserved Mutation Sites 

	Discussion 
	References

