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Abstract: Prophages are temperate phages integrated into the host bacterial genome. They play an important role in the

adaptation and the pathogenicity of bacteria, especially pathogenic bacteria. In this review, we described the distribution

of prophages in different hosts and different environments, and focused on the significance of prophages. At the single-

cell level, prophages can help the host adapt to harsh external environments by directly carrying virulence genes, encoding

regulatory factors and activating lysogeny. At the population level, prophages can influence the overall evolutionary

direction and ecological function of the host bacterial community. This review will help us understand the important

role of prophages as unique organisms in individual bacteria and microbial populations.

Introduction

In 1915 and 1917, Fredrick Twort and Felix D’Herelle (Alisky
et al., 1998; Twort, 1915) discovered bacteriophage for the first
time in two separate studies. As a virus of bacteria,
bacteriophage can parasitize bacteria and use the energy and
large-molecule synthesis systems of bacteria for
reproduction. Although bacteriophages have been widely
studied, they are still considered as dark matters in the
biosphere. Bacteriophages and bacteria are both highly
abundant and genetically diverse organisms in nature, and
the number of phages far exceeds that of the bacteria,
reaching to 1031 (Argov et al., 2017). Bacteriophage can be
found in many different ecological environments including
water, soil and gastrointestinal ecosystems and is a key factor
affecting the construction of bacterial populations because of
its ubiquitous presence and richness in the environment. The
parasitic relationship between bacteria and phages also
determines their complex co-evolutionary processes.

As an abundant species in nature, bacteriophage
genomes differ in size ranging from 2,3 kp to 316 kp
(Hatfull, 2008). According to their life history, phages can
be divided into two categories: the lytic phages and the
temperate phages, the former of which display only lytic
cycles and can enter their hosts, and then use the system of
hosts to carry on the genetic replication and the synthesis of
their own structure proteins as well as some auxiliary

proteins such as transcriptional repressors, endolysins and
holins. The lytic phages are usually used for phage treatment
because they can lyse cells in a short time. Some phage-
encoded proteins (lysins and holins) are also used for phage
therapy because of their good tissue penetration, low
immunogenicity and low probability of bacterial resistance
(Drulis-Kawa et al., 2012). Unlike the lytic phages, the
temperate phages can undergo either lytic cycles or lysogenic
cycles. The temperate phages in lysogenic cycles are integrated
into the host’s genomes and replicate with the host genomes.
These temperate phages, which have been inserted into the
bacterial genomes, are called prophages. Some phage genes are
also expressed in lysogenic cycles. We summarized some
prophage-encoded proteins and their effects (Tab. 1). They are
mostly related to the maintenance of lysogeny and have
regulatory functions such as preventing the transcription of
genes, morphogenesis and some lytic components related to the
lytic life-cycle of phages. Some proteins are specific virulence
factors and have specific functions, which may be beneficial to
their hosts (Duerkop et al., 2014). Some prophage-encoded
proteins (integrase and excisionase) are used for constructing
some plasmids. Based on the genomic integrity, prophages can
be divided into two categories: the full-length prophages and
the defective prophages. Among them, the full-length prophage
is a kind of prophage whose genome is complete. It has
perfected integration and lysis cassette. The full-length
prophage maintains the lysogenic state in host through
transcriptional repressors (Dodd et al., 2001), which is a
switch that determines when the phage undergoes lytic
cycles or lysogenic cycles. And it can be excised from the
bacterial genome depending on the integrase gene under
appropriate conditions to enter the lytic phage life history
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(Duerkop et al., 2014; Fu et al., 2017). On the contrary, the
defective prophage loses the ability to excise from the host
genome or apparently lacks the necessary gene. It is considered
as an ancient phage fossil kept on the host genome during
evolution. Some studies have confirmed that the defective
prophages and the full-length prophages belong to two different
types of prophages (Rezaei Javan et al., 2019). The former is
not a simple lysogenic residue of the latter. Carrying the full-
length prophages, the bacteria are at risk of being lysed and
killed by phages. Carrying the defective prophages, the bacteria
increase the energy load. From this perspective, it is extremely
risky and unreasonable for bacteria to carry prophages;
however, the prophages were widespread present in many
bacterial genomes in nature, indicating that these prophages
must be beneficial to the survival of the host bacteria.

Bobay et al. (2014) studied the evolution of prophages in
bacterial genomes. They found that there were more than 300
vertically inherited prophages in the enterobacterial genomes,
some of which are very old and may predate the time of
evolutionary isolation between Escherichia coli and
Salmonella enterica. An isolate of Vibrio diazotrophicus,
widely distributed in the ocean, carries a prophage encoding
the zonula occludens toxin (Zot) gene. Scientists have found
that the bacteria originated from sediments 79.5 meters
below the ocean floor, and the corresponding sedimentary
age is estimated between 16,000 and 80,000 years old
(Daniel et al., 2018). These studies all indicate that
prophages have undergone a long-term interaction or co-
evolution with their host bacteria, also indicating that the
prophages or their genes are beneficial to the host bacteria.

Prophages Are Widely Distributed in Different Bacterial
Genomes

Prophages are available in almost all bacterial populations.
Some studies predicted that prophages and prophage-like

elements account for 20% of the entire bacterial genomes
(Pfeifer et al., 2019). As of December 2019, the prophage
information for bacteria of at least 27 genera has been
collected (Tab. 2). There are multiple phage lineages
associated with the plant pathogens. Analysis revealed that
there are more than 5000 prophage-related genes in 37
bacterial genomes and some phage genes are in active
transcription state under certain plant infection conditions
(Varani et al., 2013). The distribution of those prophages
may be related to the pathogenicity of the hosts. Rezaei
Javan et al. (2019) analyzed 70 different Streptococcus
including more than 1,300 genomes. Nearly 800 prophages
were identified. The highly recombined S. pneumoniae
genome contained a highly conserved defective prophage.
The study confirmed its existence for decades, suggesting
that the prophage may provide important biological
functions for bacteria. Two prophages phiRv1 and phiRv2
exist in the genome of the pathogenic bacterium
Mycobacterium tuberculosis H37Rv (Bibb and Hatfull, 2002;
Cole et al., 1998). And some genes of the prophages phiRv1
and phiRv2 were expressed under certain stress (Fan et al.,
2015). The Vibrio genus is ubiquitously distributed in the
ocean, accounting for 0.5–5% of the total bacterial
community. Some studies found that the prophage-like
elements encoding certain properties (such as virulence and
antibiotic resistance, etc.,) are widely distributed in
environmental Vibrio, including non-pathogenic strains
(Daniel et al., 2018). Paul (2008) screened the genomes of
113 marine bacteria and found 64 types of prophage-like
elements. In addition, the comparative genomic analysis of
Shewanella strains isolated from periodically or permanently
cold geographic environments and S. oneidensis isolated
from sediments also revealed the presence of prophage.
Further research found that the excision of the prophage
CP4So in S. oneidensis was related to genetic changes when

TABLE 1

Proteins encoded by prophages

Prophage-encoded
protein

Effect Example References

Exotoxin The main pathogenic factors,
increase the pathogenicity of bacteria

Diphtheria toxin, botulinum toxin (Feiner et al., 2015)

Virulence protein Enhance adhesion, invasion, the
tolerance of host bacteria

Effector protein SopE in the S. typhimurium (Twort, 1915)

Immune evasion
protein

Help bacteria resist and immune evasion Wall teichoic acid (WTA) glycosyltransferase
in Staphylococcus aureus

(Gerlach et al., 2018)

Resistance-gene-
encoded protein

Confer bacterial resistance The resistance to β-lactam antibiotics of S.
aureus

(Davies et al., 2016)

Regulatory protein Regulate the transcription and
expression of genes and morphogenesis
on the bacterial genome

Regulatory sRNAs in E. coli (EHEC) O157 (Duerkop et al., 2014;
Tree et al., 2014)

Integrase protein Excision and integration of prophage
genomes and maintenance of lysogeny

Prophages in E. faecalis (Duerkop et al., 2014; Fu
et al., 2017)

Functional protein For the lytic pathway, replication,
packaging, head/tail morphogenesis,
and lysis functions

Prophages in E. faecalis (Duerkop et al., 2014)
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TABLE 2

Prophages in sequenced bacterial genomes

Genera/Species Prophage and
prophage-like
elements

Classification Environment References

Mycobacterium 33 11 (full-length prophages) In the human body (Fan et al., 2015; Fan et al.,
2014)

Marine bacteria
(113)

64 21 (GTA-like elements) In oceans (Paul, 2008)

Streptococcus
(1306 genomes)

800 415 (full-length prophages)
348 (satellite prophages)

In the human body and some
animals

(Rezaei Javan et al., 2019)

Soft Rot
Pectobacteriaceae

85 37 (full-length prophages)
48 (defective prophages)

In plants (Czajkowski, 2019)

Streptococcus
mutans

35 Cluster A
Cluster B
Cluster C

In the human body (Fu et al., 2017)

Streptococcus suis 12 5groups (Group1-5) In pigs (Tang et al., 2013)

Wolbachia 15 serine recombinase group 1
WO (sr1WO)
serine recombinase group 2
WO (sr2TWO)
serine recombinase group
3WO (sr2WO)

In diverse insects (including filarial
nematode species and arthropod
species)

(Crainey et al., 2017; Kent and
Bordenstein, 2010; Kent et al.,
2011)

Candidatus
Liberibacter
asiaticus

33 Type 1~Type 4 In citrus plants (Dominguez-Mirazo et al.,
2019)

Helicobacter sp 16 Helicobacter phage Cluster A
(9 (full-length prophages))
Helicobacter phage Cluster B
Helicobacter phage Cluster C
Helicobacter phage Cluster D

In the upper
gastrointestinal tract of mammals
and some animals

(Fan et al., 2016)

Moraxella
catarrhalis

163 4 clades (32 full-length
prophages)

In the upper respiratory tracts of
human

(Ariff et al., 2015)

Lactococcus spp 14 three main groups
(the936, c2, and P335
groups)

In the dairy environment (Deveau et al., 2006; Ventura
et al., 2007)

Lawsonia
intracellularis

1 – In some mammalians and ratite
birds

(Vannucci et al., 2013)

Bifidobacterium
spp

71 5 groups (Group1-5) In the mammalian gut and the
digestive tract of birds and social
insects

(Lugli et al., 2016; Mavrich et
al., 2018)

E. coli K-12 11 – In the human body and some
animals

(Mehta et al., 2004)

E.coli O104:H4 15 – In the human body and some
animals

(Ahmed et al., 2012)

E.coli O157:H7
EDL933

18-20 – In the human body and some
animals

(Casjens, 2003)

E.coli O157 VT-2
Sakai

18 – In the human body and some
animals

(Casjens, 2003)

E.coli CFT073 8 – In the human body and some
animals

(Casjens, 2003)

Agrobacterium
tumefaciens C58

2 – In soil (Casjens, 2003)

Bacillus 9 – In soil, water, air and animal
intestines

(Casjens, 2003)

(Continued)
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the temperature of host bacteria dropped (Zeng et al., 2016).
Prophages were also found in other bacterial genomes
(Tab. 1). The above studies showed that prophages were widely
distributed in different environmental genomes and active in
the bacteria. It is speculated that the prophages may encode
some proteins with important functions, which is responsible
for the evolution and pathogenicity of the host bacteria.

It should be pointed out that many bacteria carried more
than one type of prophages and almost all pathogenic bacteria
contained at least one prophage (Paul, 2008). Touchon et al.
(2016) analyzed more than 2,000 bacterial genomes and
revealed that about half of these genomes were lysogenic
(carrying prophages), and each lysogenic bacterium carried
three types of prophages on average. Carrying a variety of
prophages is commonly seen in bacterial pathogens and
their expression can be enhanced when key proteins were
encoded by multiple prophages. The genome of E. coli
O157: H7 RIMD0509952 has identified 18 co-existing

prophages and 6 prophage-like elements. It can enhance the
expression of prophage-encoding genes in this way.
Carrying multiple prophages has a competitive advantage
over a single lysogenic bacterium. The stx prophage in
E. coli has shown a cumulative effect on the expression of
Shiga toxin during infection (Feiner et al., 2015). In
addition, S. enterica contained two functional prophages,
Gifsy-1 and Gifsy-2. These two prophages involved in
defensing against macrophages killing by working together
(Wang and Wood, 2016).

At the Single-Cell Level, Prophages Help Host Bacteria
Adapt to Harsh External Environments

What effect or influence does the prophage have for bacteria?
In fact, many research groups have found that prophages, as
mobile and integrated genetic elements on the bacterial
genome, are closely related to the evolution and adaptation

Table 2 (continued).

Genera/Species Prophage and
prophage-like
elements

Classification Environment References

Brucella melitensis 2 – In many kinds of livestock (Casjens, 2003)

Clostridium 4 – In soil and intestines of human and
animals

(Casjens, 2003)

Listeria
monocytogenes

8 – In nature (Casjens, 2003)

Neisseria
meningitidis

5 – In the human body (Casjens, 2003)

Pseudomonas 6 – In nature (Casjens, 2003)

Ralstonia
solanacearum
GMI1000

8 – In plants (Casjens, 2003)

Salmonella enterica 19 – In the human body and some
animals

(Casjens, 2003)

Shewanella
oneidensis MR –1

3 – In oceans (Casjens, 2003)

Shigella flexneri 2a
301

11 – In the intestines of humans and
primates

(Casjens, 2003)

Staphylococcus
aureus

6 – In nature (Casjens, 2003)

Yersinia pestis 12 – In human body (Casjens, 2003)

Lactobacillus
reuteri (28 L.
reuteri strains)

17 – In the intestinal tract of vertebrates (Oh et al., 2019)

Enterococcus 7 – In mammals and insects (Duerkop et al., 2014)

Vibrios (1874
genome sequences)

5674 – In oceans and marine animals (Daniel et al., 2018)

Plant-Pathogenic
(37 genomes)

308
(5,169 potential
genes of phage
origin)

essential phage genes
(structural genes,
nonstructural genes)
nonessential phage genes
(IS transposases, TA
systems, RM systems,
nonphage genes)

In plants (Varani et al., 2013)

Abbreviation: GTA, gene transfer agent; IS, insertion sequence; TA, toxin-antitoxin; RM, restriction-modification
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to harsh environments of host bacteria. Bacterial genome
sequencing results showed that the pathogenic strains
carried more prophage-related genes than the non-
pathogenic strains. As genetic elements on the bacterial
genome, the effect of prophages is prominent on pathogens
to help bacteria adapt to the hostile environment in the host
cell and improve the intracellular survival (Argov et al.,
2017; Feiner et al., 2015; Obeng et al., 2016; Salmond and
Fineran, 2015). There are three ways that prophages may
help their hosts adapt to harsh external environments (Fig. 1).

Prophages can directly carry virulence genes (Fig. 1A)
These genes were classic virulence factors that help pathogens
infect host cells and escape from the host’s immune system.
They can help bacteria in different ways. Some prophages
can encode Exotoxin. As classic virulence factors, they are
the main pathogenic factors of some bacteria, for example,
diphtheria toxin of Corynebacterium diphtheria, botulinum
toxin of Clostridium botulinum, shiga toxins of E. coli O157:
H7 and cholera toxin of V. cholera (Feiner et al., 2015;
Wang et al., 2010). Some prophage-encoded virulence
proteins can enhance the adhesion and invasion of bacteria
and increase the pathogenicity of bacteria such as S. mitis
strain SF100 and Enterococcus faecalis (Bensing et al., 2001;
Matos et al., 2013), which harbor two proteins PblA and
PblB encoded by prophages. These proteins are believed to
promote the binding of bacteria to host cells and be related
to bacterial adhesion. In the S. typhimurium, the prophage-
encoded effector protein SopE can promote bacterial invasion
(Twort, 1915). The virulence genes carried by some prophages
can help pathogenic bacteria adapt to hostile environments

and increase the survival rate of pathogenic bacteria in the
host cells. Wang et al. (2010) found that some prophages and
their encoded proteins can increase the tolerance of bacteria to
oxidative and acid stresses in E. coli K-12 BW25113. In
serotype S. typhimurium, the prophage SopEφ can increase the
production of inducible nitric oxide synthase (iNOS), thereby
increasing the survival rate in cells under hypoxic conditions
(Obeng et al., 2016). Some prophage virulence proteins can
confer the ability to resist and evade the host’s immune system
on pathogenic bacteria. Shiga toxin (Stx) encoded by
prophages in enterohemorrhagic E. coli (EHEC) can inhibit the
PI3K/Akt/NF-κB signaling pathway in host cells and further
reduce the expression of chemokines CCL20 and IL-8, thus
inhibiting the human intestine natural immune response to
help bacteria escape from the immune system killing (Gobert
et al., 2007). Methicillin-resistant Staphylococcus aureus
(MRSA) contains some prophages that encode an alternative
wall teichoic acid (WTA) glycosyltransferase. This enzyme
modifies WTA and changes its immunogenicity to help MRSA
immune evasion (Gerlach et al., 2018). The biofilm formed by
bacteria show increased resistance to antibiotics and host
immune. Prophages also play a key role in the development
and maturation of biofilms of several pathogens such as
Pseudomonas aeruginosa, S. pneumoniae, Bacillus anthracis
and E. coli (Secor et al., 2015, 2016; Wang et al., 2010). In
addition, some prophages also encode the antimicrobial
resistance (AMR) genes to confer bacterial resistance, helping
increase the bacterial survival in harsh environments (Wang
and Wood, 2016). The prophage TEM123 encodes a metal-β-
lactamase gene that conferred resistance to β-lactam antibiotics
on S. aureus (Davies et al., 2016). Surveillant data from British

FIGURE 1. At the single-cell level, prophages help host bacteria adapt to harsh environments.
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public health authority in 2017 showed that invasive S.
typhimurium in Africa carried specific prophages and
antibiotic resistance genes (Wahl et al., 2019). Recent studies
also found P1-like plasmid prophage pSJ46 carried β-lactamase
(bla) CTX-M-27 resistance gene in S. isolate SJ46 (Gilcrease
and Casjens, 2018; Yang et al., 2017).

Prophages can also encode some regulatory factors (protein or
sRNA, etc.) (Fig. 1B)
They can regulate the expression of key genes on the bacterial
genome to improve the adaptability of bacteria to the external
environment, especially the pathogenicity of pathogenic
bacteria. For example, the prophage P22 of S. typhimurium
can encode a pid protein in a pseudolysogenic state, which
can regulate the expression of dgoR-KAT operon. The
dgoR-KAT operon of S. typhimurium is mainly responsible
for the uptake and metabolism of the carbon source
D-galactonic required for intracellular growth. In this way,
the prophage P22 increased the intracellular survival rate of
S. typhimurium by expressing the regulatory factor pid
(Cenens et al., 2013). 55 phage-encoded regulatory sRNAs
were identified in E. coli (EHEC) O157. Among them, AsxR-
anti-sRNA and AgvB-anti-sRNA were interacted with
bacterial sRNA-FnrS and GcvB respectively, and then
further regulated the expression of target mRNA in bacteria
to increase the competitiveness of E. coli (EHEC) O157 in
the gastrointestinal tract (Tree et al., 2014). The prophages
in B. anthracis can encode a replacement σ factor, which
can induce to produce extracellular polysaccharides and
biofilms, thereby improving the survival rate of bacteria in
harsh environments (Tree et al., 2014). In C. difficile, the
prophage phiCDHM1 encoded AgrB, Agrc and AgrD,
which are involved in the quorum sensing of bacteria and
thus affect the expression of bacterial genes (Sekulovic and
Fortier, 2015). Prophages carried by some marine bacteria
contained cI repressor, which can interact with the operon
of pckA, a gene encoding phosphoenolpyruvate
carboxykinas. The prophage gene can shut down pckA,
which make the bacteria to grow slowly in a glucose-free
environment and improve the survival of bacteria in adverse
environments (Paul, 2008).

Active lysogeny (Fig. 1C)
The prophage can be used as a phage regulatory switch
(Phage-RS) to control the expression of key genes to help
bacteria adapt to harsh external environments. Prophages
inserting into the virulence gene of bacteria can destroy the
integrity of this gene. The excision and integration of
prophages can be used as a regulatory switch for the
expression of the key gene (Ofir and Sorek, 2018). When
the prophage is inserted into the genome, the key gene
cannot be expressed normally. When the prophage is
accurately excised from the genome, the key gene is restored
and encoded. The expression and secretion of key proteins
can help host bacteria resist the harsh environments.
Prophage ϕ10403S in Listeria monocytogenes genomes acts
as a Phage-RS to control the expression of the gene comK.
When L. monocytogenes infected the mammalian cells, the
prophage ϕ10403S was excised from the genome and comK
was expressed to help L. monocytogenes survive in

phagosomes (Feiner et al., 2015; Rabinovich et al., 2012).
Prophage SpyCIM1 was found as a Phage-RS in the human
pathogen S. pyogenes to control the expression of MutSL, a
bacterial DNA mismatch repair system (MMR). SpyCIM1 is
excised from the host genome and replicated as an episome
during the exponential growth of bacteria, leaving a fully
functional MMR system and resulting in a low mutation
rate. Under certain stress such as nutritional deficiencies or
environmental stress, SpyCIM1 was integrated into the
mutSL operon, increasing the mutation rate by 160 times,
thereby increasing the possibility of bacterial survival
(Feiner et al., 2015). In B. subtilis, a prophage called skin as
Phage-RS controls the expression of the sigK gene. The sigK
gene expresses the σK transcription factor which can
regulate certain genes required in the final stage of mother
cell differentiation like spore polysaccharide biosynthesis,
mother cell metabolism, germination and mother cell lysis.
During the formation of spores in a harsh environment, the
prophage skin was excised and caused the expression of sigK
(Feiner et al., 2015).

At the Population Level, the Prophages Affect the Evolution
and the Ecological Function of Host Bacteria

Prophages influence the evolutionary direction of the host
population
The relationship between prophage and bacterium is
multifaceted. Although the bacteria bear the risk of being
lysed and a certain energy load, they also acquire ecological
and evolutionary advantages from prophages (Fig. 2). The
induction and integration of prophages promote the gene
transmission and contribute to the genetic diversity and
functional adaptation of host bacteria. From the perspective
of the population, high abundance, diversity and turnover
rate of prophages led to the continuous input of new genes
in bacterial genomes. Prophages serve as transfer vectors for
bacteria, mediate horizontal gene transfer and provide
bacteria new functional genes to promote bacterial evolution
(Canchaya et al., 2003; Tang et al., 2019; Varani et al.,
2013). In E. coli, prophage genes account for more than 35%
of the species’ genetic diversity (Bobay et al., 2014). The
representative strains of S. typhimurium LT2, ATCC14028
and SL1344 all contain two types of prophages: Gifty-1 and
Gifty-2, which carry virulence genes. Most prophage-related
genes can be efficiently transferred between Salmonella
strains of the same or different serotypes to drive the
evolution of Salmonella (Figueroa-Bossi et al., 2001). Tang
et al. (2019) found that prophages can change the arsenic
speciation and increase the soil ecotoxicity by transducing
arsenic resistance genes of bacteria in soil (Tang et al.,
2019). In addition, the integration and random insertion
into the host genomes of prophages may cause gene
mutations, which may be beneficial to adapt the host to the
new environment because it can accelerate the evolution
process of bacterial population (Argov et al., 2017). A recent
study found that the P. aeruginosa population which was
co-cultured with the temperate phage ϕ4 adapted faster to
simulate lung environment than the bacterial population not
co-cultured, suggesting that the presence of prophage drove
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rapid evolution process (Obeng et al., 2016). In Xylella and
Xanthomonas, prophage is related to genome
rearrangements and bacterial differentiation (Varani et al.,
2013). It is worth noting that some prophages can still
maintain the ability to lyse bacteria (Argov et al., 2017).
Under stress conditions, prophages are transformed into
lytic phages such as antibiotics, ultraviolet (UV) light or
reactive oxygen species (Duerkop et al., 2014). Although a
single bacterium bears the risk of being lysed, the released
progeny phages can infect and kill susceptible bacteria,
thereby increasing the survival capability of bacterial
population (Wang et al., 2010).

Prophages affect ecological function of host population
The complex interaction between bacteria and prophages is
critical to the ecological function of the microbial community
and global biogeochemical cycles (Howard-Varona et al.,
2017). For example, in the marine environment, the phage is
the most numerous and diverse organism, and the
transformation of lysogenic and nonlysogenic strains exerts
important effects on the structure of marine microbial
communities. In addition, prophages harbor a class of genes
which are auxiliary metabolic genes (AMGs). After integration
into the host bacterial genome through prophages, they can
affect the biogeochemical cycle such as carbon, nitrogen and
sulfur cycling at the level of bacterial population (Argov et al.,
2017). The prophage in marine bacteria SUP05 encodes
sulfur reduction-related DsrC, which may regulate important
electron transfer reactions and play a role in the sulfur cycling

(Warwick-Dugdale et al., 2019). In other marine bacteria
Anabena spp. and Nostoc spp genomes, prophages can
interrupt nitrogen-fixing genes (nifD, fdxN and hupL) during
N-limitation, thereby affecting the nitrogen cycling (Warwick-
Dugdale et al., 2019).

Concluding Remarks

In general, phages, as natural enemies of bacteria, have been
widely domesticated by their host bacteria with obvious
benefits to bacteria. Prophages are integrated into bacterial
genomes and used by bacteria in various ways to resist
harsh environments and help bacteria survive. In this
review, we outlined prophages widely distributed in different
bacterial genomes, and highlighted the role of prophages in
the adaptation of host to the environment. At the single-cell
level, prophages can help host bacteria adapt to harsh
external environments in a number of ways. At the
population level, prophages can influence the overall
evolutionary direction and ecological function of bacterial
communities. At present, people’s attention and research on
prophages are continuing. The role of prophages and their
genes in the physiological growth of bacteria, especially in
the pathogenicity of pathogenic bacteria, is still worthy of
further study. In short, the arms race between bacteria
and phages or prophages will continue. The dynamic
changes between them will promote biological evolution
and increase species diversity in nature, and the complex
interaction between bacteria and phages or prophages
allows them to co-exist stably.

FIGURE 2. At the population level, prophages influence the evolutionary direction of the host populations.
(1) Temperate phages can mediate horizontal gene transfer of bacteria through transduction. (2) Prophages can accelerate host evolution
through insertion and transposition which generate novel mutations and rearrangements. (3) Temperate phages can create infectious
phage particles under stress which go on to kill susceptible competitors in the process of self-sustaining infection while these
lysogens are immune.

PROPHAGES DOMESTICATED BY BACTERIA 163



Funding Statement: This study was funded by the National
Natural Science Foundation (31600148) and the Shandong
Excellent Young Scientist Award Fund (BS2014YY031).

Conflicts of Interest: The authors declare that they have no
conflicts of interest to report regarding the present study.

References

Ahmed SA, Awosika J, Baldwin C, Bishop-Lilly KA, Biswas B,
Broomall S, Chain PS, Chertkov O, Chokoshvili O, Coyne
S, Davenport K, Detter JC, Dorman W, Erkkila TH, Folster
JP, Frey KG, George M, Gleasner C, Henry M, Hill KK,
Hubbard K, Insalaco J, Johnson S, Kitzmiller A, Krepps M,
Lo CC, Luu T, McNew LA, Minogue T, Munk CA,
Osborne B, Patel M, Reitenga KG, Rosenzweig CN, Shea A,
Shen X, Strockbine N, Tarr C, Teshima H, van Gieson E,
Verratti K, Wolcott M, Xie G, Sozhamannan S, Gibbons
HS, Threat Characterization Consortium (2012). Genomic
comparison of Escherichia coli O104: H4 isolates from 2009
and 2011 reveals plasmid, and prophage heterogeneity,
including shiga toxin encoding phage stx2. PLoS One 7:
e48228. DOI 10.1371/journal.pone.0048228.

Alisky J, Iczkowski K, Rapoport A, Troitsky N (1998). Bacteriophages
show promise as antimicrobial agents. Journal of Infection 36:
5–15. DOI 10.1016/S0163-4453(98)92874-2.

Argov T, Azulay G, Pasechnek A, Stadnyuk O, Ran-Sapir S, Borovok
I, Sigal N, Herskovits AA (2017). Temperate bacteriophages
as regulators of host behavior. Current Opinion in
Microbiology 38: 81–87. DOI 10.1016/j.mib.2017.05.002.

Ariff A, Wise MJ, Kahler CM, Tay CY, Peters F, Perkins TT, Chang
BJ (2015). Novel Moraxella catarrhalis prophages display
hyperconserved non-structural genes despite their genomic
diversity. BMC Genomics 16: 860. DOI 10.1186/s12864-
015-2104-1.

Bensing BA, Siboo IR, Sullam PM (2001). Proteins PblA and PblB of
Streptococcus mitis, which promote binding to human platelets,
are encoded within a lysogenic bacteriophage. Infection &
Immunity 69: 6186–6192. DOI 10.1128/IAI.69.10.6186-6192.2001.

Bibb LA, Hatfull GF (2002). Integration and excision of the
Mycobacterium tuberculosis prophage-like element, PhiRv1.
Molecular Microbiology 45: 1515–1526. DOI 10.1046/
j.1365-2958.2002.03130.x.

Bobay LM, Touchon M, Rocha EPC (2014). Pervasive domestication
of defective prophages by bacteria. Proceedings of the
National Academy of Sciences 111: 12127–12132. DOI
10.1073/pnas.1405336111.

Canchaya C, Fournous G, Chibani-Chennoufi S, Dillmann ML,
Brüssow H (2003). Phage as agents of lateral gene transfer.
Current Opinion in Microbiology 6: 417–424. DOI 10.1016/
S1369-5274(03)00086-9.

Casjens S (2003). Prophages and bacterial genomics: what have we
learned so far? Molecular Microbiology 49: 277–300. DOI
10.1046/j.1365-2958.2003.03580.x.

Cenens W, Mebrhatu MT, Makumi A, Ceyssens PJ, Lavigne R, Van
Houdt R, Taddei F, Aertsen A, Casadesús J (2013). Expression
of a novel P22 ORFan gene reveals the phage carrier state in
Salmonella typhimurium. Bacteriophage 9: e1003269.

Cole ST, Brosch R, Parkhill J, Garnier T, Churcher C, Harris D,
Gordon SV, Eiglmeier K, Gas S, Barry CE, Tekaia F,
Badcock K, Basham D, Brown D, Chillingworth T, Connor
R, Davies R, Devlin K, Feltwell T, Gentles S, Hamlin N,
Holroyd S, Hornsby T, Jagels K, Krogh A, McLean J,

Moule S, Murphy L, Oliver K, Osborne J, Quail MA,
Rajandream MA, Rogers J, Rutter S, Seeger K, Skelton J,
Squares R, Squares S, Sulston JE, Taylor K, Whitehead S,
Barrell BG (1998). Deciphering the biology of
Mycobacterium tuberculosis from the complete genome
sequence. Nature 393: 537–544. DOI 10.1038/31159.

Crainey JL, Hurst J, Lamberton PHL, Cheke RA, Griffin CE, Wilson
MD, de Araújo CPM, Basáñez MG, Post RJ (2017). The
genomic architecture of novel Simulium damnosum
Wolbachia prophage sequence elements and implications
for onchocerciasis epidemiology. Frontiers in Microbiology
8: 852. DOI 10.3389/fmicb.2017.00852.

Czajkowski R (2019). May the phage be with you? Prophage-like
elements in the genomes of soft rot pectobacteriaceae:
Pectobacterium spp. and Dickeya spp. Frontiers in
Microbiology 10: 138. DOI 10.3389/fmicb.2019.00138.

Daniel C, Kathryn K, Fatima H, Panos K, Nanna Rr FPM, Mathias M
(2018). Widespread distribution of prophage-encoded
virulence factors in marine Vibrio communities. Scientific
Reports 8: 2380. DOI 10.1038/s41598-018-28965-y.

Davies EV, Winstanley C, Fothergill JL, James CE (2016). The role of
temperate bacteriophages in bacterial infection. FEMS
Microbiology Letters 363: fnw015. DOI 10.1093/femsle/fnw015.

Deveau H, Labrie SJ, Chopin MC, Moineau S (2006). Biodiversity and
classification of lactococcal phages. Applied and Environmental
Microbiology 72: 4338–4346. DOI 10.1128/AEM.02517-05.

Dodd IB, Perkins AJ, Tsemitsidis D, Egan JB (2001). Octamerization
of λ CI repressor is needed for effective repression of PRM
and efficient switching from lysogeny. Genes &
Development 15: 3013–3022. DOI 10.1101/gad.937301.

Dominguez-MirazoM, Jin R,Weitz JS (2019). Functional and comparative
genomic analysis of integrated prophage-like sequences in
Candidatus Liberibacter asiaticus. mSphere 4: e00409-19.

Drulis-Kawa Z, Majkowska-Skrobek G, Maciejewska B, Delattre AS,
Lavigne R (2012). Learning from bacteriophages-advantages
and limitations of phage and phage-encoded protein
applications. Current Protein and Peptide Science 13: 699–
722. DOI 10.2174/138920312804871193.

Duerkop BA, Palmer KL, Horsburgh MJ (2014). Enterococcal
bacteriophages and genome defense. Enterococci: From
Commensals to Leading Causes of Drug Resistant Infection.
Boston: Massachusetts Eye and Ear Infirmary.

Fan X, Alla AAEA, Xie J (2015). Distribution and function of
prophage phiRv1 and phiRv2 among Mycobacterium
tuberculosis complex. Journal of Biomolecular Structure &
Dynamics 34: 1–6.

Fan X, Li Y, Rong H, Qiang L, He W (2016). Comparative analysis of
prophage-like elements in Helicobacter sp. genomes. Peerj 4:
e2012. DOI 10.7717/peerj.2012.

Fan X, Xie L, Li W, Xie J (2014). Prophage-like elements present in
Mycobacterium genomes. BMC Genomics 15: 243. DOI
10.1186/1471-2164-15-243.

Feiner R, Argov T, Rabinovich L, Sigal N, Borovok I, Herskovits AA
(2015). A new perspective on lysogeny: prophages as active
regulatory switches of bacteria. Nature Reviews
Microbiology 13: 641–650. DOI 10.1038/nrmicro3527.

Figueroa-Bossi N, Uzzau S, Maloriol D, Bossi L (2001). Variable
assortment of prophages provides a transferable repertoire of
pathogenic determinants in Salmonella. Molecular Microbiology
39: 260–271. DOI 10.1046/j.1365-2958.2001.02234.x.

164 ZICHEN LIU et al.

http://dx.doi.org/10.1371/journal.pone.0048228
http://dx.doi.org/10.1016/S0163-4453(98)92874-2
http://dx.doi.org/10.1016/j.mib.2017.05.002
http://dx.doi.org/10.1186/s12864-015-2104-1
http://dx.doi.org/10.1186/s12864-015-2104-1
http://dx.doi.org/10.1128/IAI.69.10.6186-6192.2001
http://dx.doi.org/10.1046/j.1365-2958.2002.03130.x
http://dx.doi.org/10.1046/j.1365-2958.2002.03130.x
http://dx.doi.org/10.1073/pnas.1405336111
http://dx.doi.org/10.1016/S1369-5274(03)00086-9
http://dx.doi.org/10.1016/S1369-5274(03)00086-9
http://dx.doi.org/10.1046/j.1365-2958.2003.03580.x
http://dx.doi.org/10.1038/31159
http://dx.doi.org/10.3389/fmicb.2017.00852
http://dx.doi.org/10.3389/fmicb.2019.00138
http://dx.doi.org/10.1038/s41598-018-28965-y
http://dx.doi.org/10.1093/femsle/fnw015
http://dx.doi.org/10.1128/AEM.02517-05
http://dx.doi.org/10.1101/gad.937301
http://dx.doi.org/10.2174/138920312804871193
http://dx.doi.org/10.7717/peerj.2012
http://dx.doi.org/10.1186/1471-2164-15-243
http://dx.doi.org/10.1038/nrmicro3527
http://dx.doi.org/10.1046/j.1365-2958.2001.02234.x


Fu T, Fan X, Long Q, Deng W, Song J, Huang E (2017). Comparative
analysis of prophages in Streptococcus mutans genomes. PeerJ
5: e4057. DOI 10.7717/peerj.4057.

Gerlach D, Guo Y, De Castro C, Kim SH, Schlatterer K, Xu FF,
Pereira C, Seeberger PH, Ali S, Codée J, Sirisarn W, Schulte
B, Wolz C, Larsen J, Molinaro A, Lee BL, Xia G, Stehle T,
Peschel A (2018). Methicillin-resistant Staphylococcus
aureus alters cell wall glycosylation to evade immunity.
Nature 563: 705–709. DOI 10.1038/s41586-018-0730-x.

Gilcrease EB, Casjens SR (2018). The genome sequence of Escherichia
coli tailed phage D6 and the diversity of Enterobacteriales
circular plasmid prophages. Virology 515: 203–214. DOI
10.1016/j.virol.2017.12.019.

Gobert AP, Vareille M, Glasser AL, Hindré T, de Sablet T, Martin C
(2007). Shiga toxin produced by enterohemorrhagic
Escherichia coli inhibits PI3K/NF-κB signaling pathway in
globotriaosylceramide-3-negative human intestinal
epithelial cells. Journal of Immunology 178: 8168–8174.
DOI 10.4049/jimmunol.178.12.8168.

Hatfull GF (2008). Bacteriophage genomics. Current Opinion in
Microbiology 11: 447–453. DOI 10.1016/j.mib.2008.09.004.

Howard-Varona C, Hargreaves KR, Abedon ST, Sullivan MB (2017).
Lysogeny in nature: mechanisms, impact and ecology of
temperate phages. ISME Journal 11: 1511–1520. DOI
10.1038/ismej.2017.16.

Kent BN, Bordenstein SR (2010). Phage WO of Wolbachia: lambda
of the endosymbiont world. Trends in Microbiology 18:
173–181. DOI 10.1016/j.tim.2009.12.011.

Kent BN, Funkhouser LJ, Setia S, Bordenstein SR, Cordaux R (2011).
Evolutionary genomics of a temperate bacteriophage in an
obligate intracellular bacteria (Wolbachia). PLoS One 6:
e24984. DOI 10.1371/journal.pone.0024984.

Lugli GA, Milani C, Turroni F, Tremblay D, Ferrario C, Mancabelli L,
Duranti S, Ward DV, Ossiprandi MC, Moineau S, van
Sinderen D, Ventura M (2016). Prophages of the genus
Bifidobacterium as modulating agents of the infant gut
microbiota. Environmental Microbiology 18: 2196–2213.
DOI 10.1111/1462-2920.13154.

Matos RC, Lapaque N, Rigottier-Gois L, Debarbieux L, Meylheuc T,
Gonzalez-Zorn B, Repoila F, MdF Lopes, Serror P, Hughes D
(2013). Enterococcus faecalis prophage dynamics and
contributions to pathogenic traits. PLoS Genetics 9:
e1003539. DOI 10.1371/journal.pgen.1003539.

Mavrich TN, Casey E, Oliveira J, Bottacini F, James K, Franz CM,
Lugli GA, Neve H, Ventura M, Hatfull GF (2018).
Characterization and induction of prophages in human
gut-associated Bifidobacterium hosts. Scientific Reports 8:
1–17. DOI 10.1038/s41598-018-31181-3.

Mehta P, Casjens S, Krishnaswamy S (2004). Analysis of the
lambdoid prophage element e14 in theE. coliK-12 genome.
BMc Microbiology 4: 4. DOI 10.1186/1471-2180-4-4.

Obeng N, Pratama AA, Elsas JDV (2016). The significance of
mutualistic phages for bacterial ecology and evolution. Trends
in Microbiology 24: 440–449. DOI 10.1016/j.tim.2015.12.009.

Ofir G, Sorek R (2018). Contemporary phage biology: from classic
models to new insights. Cell 172: 1260–1270. DOI 10.1016/
j.cell.2017.10.045.

Oh JH, Lin XB, Zhang S, Tollenaar SL, OzcamM,Dunphy C,Walter J, van
Pijkeren JP (2019). Prophages in Lactobacillus reuteri are associated
with fitness trade-offs but can increase competitiveness in the
gut ecosystem. Applied and Environmental Microbiology 86:
e01922-19. DOI 10.1128/AEM.01922-19.

Paul JH (2008). Prophages in marine bacteria: dangerous molecular
time bombs or the key to survival in the seas? ISme Journal
2: 579–589. DOI 10.1038/ismej.2008.35.

Pfeifer E, Michniewski S, Gatgens C (2019). Generation of a
prophage-free variant of the fast-growing bacterium Vibrio
natriegens. Applied and Environmental Microbiology 85:
e00853-19. DOI 10.1128/AEM.00853-19.

Rabinovich L, Sigal N, Borovok I, Nir-Paz R, Herskovits AA (2012).
Prophage excision activates listeria competence genes that
promote phagosomal escape and virulence. Cell 150: 792–
802. DOI 10.1016/j.cell.2012.06.036.

Rezaei Javan R, Ramos-Sevillano E, Akter A, Brown J, Brueggemann
AB (2019). Prophages and satellite prophages are widespread
in Streptococcus and may play a role in pneumococcal
pathogenesis. Nature Communications 10: 4852. DOI
10.1038/s41467-019-12825-y.

Salmond GPC, Fineran PC (2015). A century of the phage: past,
present and future. Nature Reviews Microbiology 13: 777–
786. DOI 10.1038/nrmicro3564.

Secor PR, Michaels LA, Smigiel KS, Rohani MG, Parks WC (2016).
Filamentous bacteriophage produced by Pseudomonas
aeruginosa alters the inflammatory response and promotes
noninvasive infection in vivo. Infection & Immunity 85:
IAI.00648–IAI.00616.

Secor PR, Sweere JM, Michaels LA, Malkovskiy AV, Lazzareschi D,
Katznelson E, Rajadas J, Birnbaum ME, Arrigoni A, Braun
KR (2015). Filamentous bacteriophage promote biofilm
assembly and function. Cell Host & Microbe 18: 549–559.
DOI 10.1016/j.chom.2015.10.013.

Sekulovic O, Fortier LC (2015). Global transcriptional response of
Clostridium difficile carrying the φCD38-2 prophage.
Applied and Environmental Microbiology 81: 1364–1374.
DOI 10.1128/AEM.03656-14.

Tang F, Bossers A, Harders F, Lu C, Smith H (2013). Comparative
genomic analysis of twelve Streptococcus suis (pro)phages.
Genomics 101: 336–344. DOI 10.1016/j.ygeno.2013.04.005.

Tang X, Yu P, Tang L, Zhou M, Fan C, Lu Y, Mathieu J, Xiong W,
Alvarez PJ (2019). Bacteriophages from arsenic-resistant
bacteria transduced resistance genes, which changed arsenic
speciation and increased soil toxicity. Environmental Science &
Technology Letters 6: 675–680. DOI 10.1021/acs.estlett.9b00600.

Touchon M, Bernheim A, Rocha EP (2016). Genetic and life-history
traits associated with the distribution of prophages in bacteria.
ISME Journal 10: 2744–2754. DOI 10.1038/ismej.2016.47.

Tree JJ, Granneman S, McAteer SP, Tollervey D, Gally DL (2014).
Identification of bacteriophage-encoded anti-sRNAs in
pathogenic Escherichia coli. Molecular Cell 55: 199–213.
DOI 10.1016/j.molcel.2014.05.006.

Twort FW (1915). An investigation on the nature of ultramicroscopic
viruses. Lancet 2: 1241–1243. DOI 10.1016/S0140-6736(01)
20383-3.

Vannucci FA, Kelley MR, Gebhart CJ (2013). Comparative genome
sequencing identifies a prophage-associated genomic island
linked to host adaptation of Lawsonia intracellularis infections.
Veterinary Research 44: 49. DOI 10.1186/1297-9716-44-49.

Varani AM, Monteiro-Vitorello CB, Nakaya HI, Van Sluys MA
(2013). The role of prophage in plant-pathogenic bacteria.
Annual Review of Phytopathology 51: 429–451. DOI
10.1146/annurev-phyto-081211-173010.

Ventura MZ, Zomer A, Canchaya C, O’Connell-Motherway M,
Kuipers O, Turroni F, Ribbera A, Foroni E, Buist G,
Wegmann U, Shearman C, Gasson MJ, Fitzgerald GF,

PROPHAGES DOMESTICATED BY BACTERIA 165

http://dx.doi.org/10.7717/peerj.4057
http://dx.doi.org/10.1038/s41586-018-0730-x
http://dx.doi.org/10.1016/j.virol.2017.12.019
http://dx.doi.org/10.4049/jimmunol.178.12.8168
http://dx.doi.org/10.1016/j.mib.2008.09.004
http://dx.doi.org/10.1038/ismej.2017.16
http://dx.doi.org/10.1016/j.tim.2009.12.011
http://dx.doi.org/10.1371/journal.pone.0024984
http://dx.doi.org/10.1111/1462-2920.13154
http://dx.doi.org/10.1371/journal.pgen.1003539
http://dx.doi.org/10.1038/s41598-018-31181-3
http://dx.doi.org/10.1186/1471-2180-4-4
http://dx.doi.org/10.1016/j.tim.2015.12.009
http://dx.doi.org/10.1016/j.cell.2017.10.045
http://dx.doi.org/10.1016/j.cell.2017.10.045
http://dx.doi.org/10.1128/AEM.01922-19
http://dx.doi.org/10.1038/ismej.2008.35
http://dx.doi.org/10.1128/AEM.00853-19
http://dx.doi.org/10.1016/j.cell.2012.06.036
http://dx.doi.org/10.1038/s41467-019-12825-y
http://dx.doi.org/10.1038/nrmicro3564
http://dx.doi.org/10.1016/j.chom.2015.10.013
http://dx.doi.org/10.1128/AEM.03656-14
http://dx.doi.org/10.1016/j.ygeno.2013.04.005
http://dx.doi.org/10.1021/acs.estlett.9b00600
http://dx.doi.org/10.1038/ismej.2016.47
http://dx.doi.org/10.1016/j.molcel.2014.05.006
http://dx.doi.org/10.1016/S0140-6736(01)20383-3
http://dx.doi.org/10.1016/S0140-6736(01)20383-3
http://dx.doi.org/10.1186/1297-9716-44-49
http://dx.doi.org/10.1146/annurev-phyto-081211-173010


Kok J, van Sinderen Dentura MZ, Canchaya C (2007).
Comparative analyses of prophage-like elements present in
two lactococcus lactis strains. Appl Environ Microbiol 73:
7771–7780. DOI 10.1128/AEM.01273-07.

Wahl A, Battesti A, Ansaldi M (2019). Prophages in Salmonella enterica:
a driving force in reshaping the genome and physiology of their
bacterial host? Molecular Microbiology 111: 303–316.

Wang X, Kim Y, Ma Q, Hong SH, Pokusaeva K, Sturino JM, Wood
TK (2010). Cryptic prophages help bacteria cope with
adverse environments. Nature Communications 1: 147. DOI
10.1038/ncomms1146.

Wang X, Wood TK (2016). Cryptic prophages as targets for drug
development. Drug Resistance Updates 27: 30–38. DOI
10.1016/j.drup.2016.06.001.

Warwick-Dugdale J, Buchholz HH, Allen MJ, Temperton B (2019).
Host-hijacking and planktonic piracy: how phages
command the microbial high seas. Virology Journal 16: 15.
DOI 10.1186/s12985-019-1120-1.

Yang L, Li W, Jiang GZ, Zhang WH, Ding HZ, Liu YH, Zeng ZL,
Jiang HX (2017). Characterization of a P1-like
bacteriophage carrying CTX-M-27 in Salmonella spp.
resistant to third generation cephalosporins isolated from
pork in China. Scientific Reports 7: 40710. DOI 10.1038/
srep40710.

Zeng Z, Liu X, Yao J, Guo Y, Li B, Li Y, Jiao N, Wang X (2016). Cold
adaptation regulated by cryptic prophage excision in
Shewanella oneidensis. ISME Journal 10: 2787–2800. DOI
10.1038/ismej.2016.85.

166 ZICHEN LIU et al.

http://dx.doi.org/10.1128/AEM.01273-07
http://dx.doi.org/10.1038/ncomms1146
http://dx.doi.org/10.1016/j.drup.2016.06.001
http://dx.doi.org/10.1186/s12985-019-1120-1
http://dx.doi.org/10.1038/srep40710
http://dx.doi.org/10.1038/srep40710
http://dx.doi.org/10.1038/ismej.2016.85

	Prophages domesticated by bacteria promote the adaptability of bacterial cells
	Introduction
	Prophages Are Widely Distributed in Different Bacterial Genomes
	At the Single-Cell Level, Prophages Help Host Bacteria Adapt to Harsh External Environments
	At the Population Level, the Prophages Affect the Evolution and the Ecological Function of Host Bacteria
	Concluding Remarks
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


