
Prokaryotes – bacteria and archaea – are the most

important component of most natural ecosystems of the

Earth throughout the entire history of the biosphere. It is

prokaryotic life forms that prepared our planet for the life

of eukaryotes, and they continue to support life on Earth

by their involvement in various biogeochemical cycles [1].

In eukaryotic organisms, the cells of symbiotic bacteria

are necessary for numerous processes, including nutrition

and protection of a host organism [2-5]. All the currently

known groups of prokaryotes have viruses – bacterio-

phages and archaeal viruses capable of specifically infect-

ing their cells [6]. Viral infection leads to profound

changes in different aspects of life of microorganisms,

including their physiology, ecology, and the population

dynamics of microbial communities. It is precisely bacte-

riophages that are the natural regulators of bacterial

quantity and intra- and interspecies diversity, acting as

selective bactericidal agents redistributing resources

between various bacterial populations. This is especially

important in aquatic ecosystems, where the availability of

dissolved organic matter limits the growth of most het-

erotrophic bacteria [7-9]. Phage lysis has an effect also on

spatial cell distribution, e.g. by influencing the properties

and sedimentation of bacterial aggregates [10]. Viral

infection is also a factor of natural selection, which main-

tains the high diversity of surface structures and intracel-

lular antiviral systems of bacteria and archaea [11-13].

The bacteriophages and viruses of archaea also directly

influence the evolution of genomes of their hosts (tem-

perate phages capable of integration into the genome of

infected cells and direct transfer of genetic information,

as well as transducing virulent phages and transposable

phages) [14]. Undoubtedly, the quantitatively dominating

group of prokaryotic viruses is the so-called tailed phages

(order Caudovirales). This group includes up to 95% of

the currently characterized isolates of prokaryotic viruses

[15].

One of the key aspects of bacteriophage function is

the following: phage particles are capable of highly spe-

cific affinity interaction with certain conservative surface

structures of bacterial cells possessing biochemical and

physiological potential for replication or integration of

the genome of this bacteriophage [16, 17].

The adsorption of phage particles to a bacterium

leads to the activation of molecular mechanisms of infec-

tion (tail contraction, DNA ejection, etc.) in the virion,

and it is exactly the interaction between proteins of the

adsorption apparatus of bacteriophages and receptor

structures of the bacterial cell surface that is necessary for

conformational triggering of phage infection [18-20].

Thus, the specificity of phage virion adsorption, as well as

adsorption kinetics, primarily determines whether this
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host strain will be sensitive to the respective bacteriophage

and how efficiently the population of this strain can be

controlled by the phage population. The latter circum-

stance is especially important not only for modeling eco-

logical dynamics in natural microbial communities but

also for practical applications, among which we should

mention in the first place phage infection control in food

and microbiological industries [21] and phage therapy for

bacterial infections, which is currently considered an

important alternative to antibacterial chemotherapy. In

some cases, phage therapy makes it possible to solve the

problems of treating infections caused by the pathogens

with high resistance to the available antibacterial drugs

[22]. This review considers the peculiar features of bacte-

riophage adsorption to the cells of bacterial hosts and the

accompanying biological effects.

NATURE OF PHAGE RECEPTORS

OF BACTERIAL CELLS

The diversity of bacteriophage receptors is deter-

mined by the surface layer structure of host cells.

Examples of receptors for different bacteriophages can be

found in the table. In eubacteria, the two predominant

types of cell wall structure are Gram-positive and Gram-

negative (Gr+, Gr–) [23].

Mycobacteria, e.g. the tuberculosis pathogen

Mycobacterium tuberculosis, have a peculiar cell wall

structure. These microorganisms belong to the branch of

Gr+ bacteria but have additional cell wall layers with

some properties similar to those of the outer membrane

[24]. In mycoplasmas, the cell wall is absent, and their

phages apparently recognize as receptors the molecules

localized directly on the cytoplasmic membrane surface.

Phage receptors in Gram-negative bacteria.

Lipopolysaccharides. Phage receptors have been best stud-

ied in Gram-negative bacteria. The surface of Gram-neg-

ative cells is formed by the outer membrane (OM) of the

cell envelope.

The inner leaflet of the OM is composed mainly of

phospholipids that are analogous to the cytoplasmic

membrane (CPM) phospholipids, while the outer leaflet

contains mainly lipopolysaccharides (LPSs), i.e.

lipid–polysaccharide conjugates (Fig. 1).

The LPS molecule consists of the highly polar phos-

pholipid A (the most conservative part), the core

oligosaccharide dividing it into the inner and outer cores,

and the O-antigen [25].

Lipid A is a vitally important component of the OM

[26]. Mutants of most species of Gram-negative bacteria

that are incapable of its synthesis are unviable (except for

some mutants of Haemophilus influenzae). The presence

of at least some part of the inner core-PS (one or two Kdo

(keto-deoxyoctulosonate) residues in Escherichia coli) is

also necessary for vitality. O-polysaccharide (OPS, O-

antigen), on the contrary, is not necessary for cell viable

under laboratory conditions, notwithstanding that poly-

saccharide residues substantially increase the

hydrophilicity of the outer surface of bacteria. Mutants

incapable of OPS synthesis are called R (rough) mutants

because they often have less regularly shaped colonies and

rather dry biomass consistency, in contrast to S (smooth)

strains synthesizing normal OPS. The structures of OPS

units in many organisms are extremely varied. Therefore,

about 200 O-serotypes are distinguished in Escherichia

coli species pool, probably due to the selection of bacteria

by the immune system (for pathogenic strains) and bacte-

riophages. However, only five variants of the core-OS

structure are known [27]. The O-antigens of Gram-nega-

tive bacteria are often recognized by phages as primary

receptors [28]. The OPS often effectively masks the

underlying structures so that phages first must bind to the

O-antigen and, in some cases, enzymatically degrade this

structure to provide access to secondary receptors. The

LPS core can also be a bacteriophage receptor; in addi-

tion, it can be used as both primary and secondary recep-

tor. Some phages, e.g. the Salmonella enterica P22 phage,

can use LPS as both primary and secondary receptors [29,

30].

Fig. 1. Structure of lipopolysaccharide molecules (© CC BY-SA

3.0 image).
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Secondary

receptor

FhuA (requires

TonB)

LPS core

FhuA

BtuB

LamB

LPS?

OmpA,

OmpC

NfrA

unknown

(OmpA and ?)

unknown

(OmpA and ?)

?

?

?

OmpW

?

?

?

?

Host

E. coli

E. coli, Shigella

E. coli

E. coli

E. coli

E. coli

Shigella flexneri

E. coli

E. coli 4s

E. coli 4s

Campylobacter jejuni

NCTC12658

Campylobacter jejuni

NCTC12658

Campylobacter jejuni

Vibrio cholerae

O1 El Tor

Yersinia similis O9

and other Yersinia

Salmonella enterica,

Shigella, E. coli K-12

Salmonella

Vibrio cholerae

O1 El Tor

Bacterio-

phage

T1

T4

T5

BF23

λ

P22

Sf6

N4

G7C

Alt63

CP81 and

related

phages

CP220 and

related

phages

NCTC12673

VP5

phiR1-37

SSU5

S16

VP4

Refe-

rence

[167]

[151]

[168]

[168]

[90]

[169]

[108,

170]

[101]

[103]

our

unpub-

lished

data

[44]

[44]

[171]

[172]

[173]

[174]

[175]

[172]

Examples of some bacteriophage receptors

Note

it is possible to obtain mutants 

of both a host not needing the

energy transduced by TonB and 

a phage not depending 

on the FhuA protein

inner membrane phospholipids

can be a tertiary receptor; the

phage interacts with mucin of

the mucus via the Hoc protein

reversible and irreversible

adsorption; depends on LPS

2,4 OmpA loops

low representation of receptor;

interaction via noncontractile

tail protein (gp65)

LPS acetylation is necessary;

receptor-binding protein of the

phage − enzyme deacetylase

the relative of G7C; depoly-

merase activity of receptor-

binding protein instead of

deacetylase activity abolishes

the acute dependence on

acetylation

phage F341 (CP81-like) can

infect a host mutant without

the exopolysaccharide, being

adsorbed to flagella

motility is necessary

Primary receptor

?

OmpC

LPS O-antigen (polyman-

nose) − optionally

LPS?

OmpC

LPS O-antigen

LPS

?

LPS O-antigen O22-like

LPS O-antigen

exopolysaccharide; 

modification of the

MeOPN type is important

for some phages

motile flagellum

glycosylated flagellin

?

LPS O-antigen

LPS external core

OmpC

LPS O-antigen

Genus/

group

T1-like

T4-like

T5-like

T5-like

lambdoids

(λ-like)

lambdoids

(P22-like)

?

N4-like

N4-like

N4-like

?

?

?

?

T4-like

Family

S

M

S

S

S

P

P

P

P

P

M

M

?

?

S

M
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Secondary

receptor

?

BtuB

BtuB

?

?

Hep/Glc-

Kdo/Ko

regions of

LPS core

pili portal

LPS (?)

TolC

CS7

colonization

factor (pilus)

BtuB

FhuA

BtuB

45 kDa Omp

Host

Burkholderia mallei,

B. pseudomallei

Salmonella enterica

serovar Typhimurium

S. enterica serovar

Typhimurium

S. enterica serovar

Typhimurium

S. enterica serovar

Typhimurium

Yersinia pestis,

Y. pseudotuberculosis

Caulobacter

crescentus

Mesorhizobium loti

S. enterica serovar

Typhimurium

enterotoxigenic E.

coli (ETEC)

V. cholerae O1 El Tor

S. enterica, E. coli

E. coli (?)

S. enterica serovar

Enteritidis

Salmonella derby

Bacterio-

phage

phiX216

SPC35

SPN10H

(and 6 other

isolates)

SPN2T (and

10 other 

isolates)

SPN1S (and

6 other 

isolates)

phiA1122

phiCb13 and

phiCbK

Mlo1

ST27, ST29,

ST35 (and

probably 14

more unchar-

acterized

phages)

IMM-01

VP3

EPS7

37 isolates of

lambdoid

phages from

feces

H8

OJ367

Refe-

rence

[176]

[177]

[47]

[47]

[47]

[178]

[97]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

Table (Contd.)

Note

there are indications that in B.

pseudomallei phiX216 uses

another primary receptor

glycosylation of O-antigen

blocks phage adsorption, but

the presence of BtuB is suffi-

cient in the absence of O-antigen

fibrillar structures located on

the phage head interact with

the motile flagellum; the virion

is "screwed" on the flagellum

and transported to the cell

pole, where it interacts with

pilus portal

purified LPS inactivates the

phage so that LPS can be a part

of secondary receptor

there are indications that other

proteins of the AcrAB-TolC

efflux pump are needed for the

phage to use the TolC protein

for penetration into a cell

phage sensitivity requires the

presence of thioredoxin

Primary receptor

LPS O-antigen

of B. mallei

LPS O-antigen

LPS?

flagellum

LPS

?

flagellum

LPS

?

?

LPS core

?

?

?

?

Genus/

group

P2-like

T5-like

T5-like

?

?

T7-like

?

?

unknown

?

T7-like

T5-like

lambdoids

T5-like

?

Family

M

S

S

S

P

P

S

S

?

S

P

S

?

S

?
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Capsular polysaccharides, exopolysaccharides, and

other polysaccharide molecules. Many Gram-negative as

well as Gram-positive bacteria produce a polysaccharide

material that forms a morphologically structured layer

above the cell wall surface – a capsule, or a layer less

tightly bound to the cells – exopolysaccharides (that can

act as the principal component of the biofilm matrix).

Capsular and exopolysaccharides usually have longer car-

bohydrate chains than OPS. They can be bound to outer

membrane lipids but often lose direct covalent bonding to

the cell. The organization of the fine structure of bacteri-

al capsules is still unknown. The structures of the repeat-

ing elements of capsular PS (K-antigen) are also highly

variable, though usually less so than OPS structures.

Some E. coli strains produce polysialic acid (K-antigen)

and chondroitin-like polysaccharides mimicking the

polysaccharides of mammalian cells; in addition, colanic

acid production frequently occurs in bacteria [31, 32]. In

Klebsiella pneumoniae, there are more than 80 types of K-

antigen, which is one of the key factors of pathogenicity

of this dangerous infectious agent in hospitals. Capsular

polysaccharides very efficiently screen the cell surface

from bacteriophages, but they can be used as a primary

receptor [33].

In addition to OPS, K-antigen, and exo-PS, some

bacteria produce additional types of polysaccharides as,

e.g. enterobacterial common antigen (ECA). This poly-

saccharide is conservative in different representatives of

Enterobacteriaceae but confined to this family [34, 35].

The ECA chain length is usually comparable to that of

OPS or is slightly less. This polysaccharide can be

anchored in the outer membrane due to covalent bonding

with a phospholipid, but sometimes it can be attached to

the core-PS of PLS instead of O-antigen. Some strains

also have a cyclic form of ECA. There are still no data on

the possibility of using ECA as a phage receptor.

Porins and other proteins of the outer membrane. The

outer membrane of Gram-negative bacteria is highly per-

meable to water, ions, and most low molecular weight

compounds due to the presence of a great number of inte-

gral membrane proteins – porins. In contrast to the CPM

proteins enriched in transmembrane α-helical structures,

the OM porins are constructed mainly of β-structural ele-

ments forming a barrel, with the central cavity permeable

to certain low molecular weight substances [36] (Fig. 2).

The loop-shaped regions of the secondary structure

of porins, which connect transmembrane segments on the

outer side of the membrane, can be phage receptors [36,

37].

Porins can be both primary and secondary receptors.

In some cases, the proteins of specific transport sys-

tems can be bound to CPM through periplasmic pro-

teins – energy carriers. For some phages, the energy

delivered in this way is necessary for successful internal-

ization of viral DNA; in other cases, one outer membrane

protein acting as a receptor is enough. It is interesting that

Secondary

receptor

type IV pili

TolC ?

OmpC

?

OmpF and

LPS core

?

?

?

YueB

?

Host

Pseudomonas

aeruginosa

E. coli

S. enterica var.

Typhimurium

V. cholerae O1 El Tor

E. coli

C. crescentus

Bacillus anthracis

Lactobacillus

helveticus

Bacillus subtilis

Lysteria

monocytogenes

Bacterio-

phage

DMS3 

TLS

Gifsy1,

Gifsy2

K139

K20

phiCr30

AP50

CNRZ

832-B1

SPP1

A118, P35

Refe-

rence

[187]

[188]

[189]

[190]

[191]

[58]

[57]

[192]

[55,

193]

[51]

Table (Contd.)

Note

YueB − component of type 7

T7SS secretion system

Primary receptor

?

TolC ?

?

LPS O-antigen

OmpF and LPS core

RsaA 130K protein

of S-layer

Sap protein of S-layer

SlpH protein of S-layer

glycosylated poly(Gro-P)

teichoic acids of the cell wall

serovar-specific teichoic

acids of the cell wall

Genus/

group

?

T-even

?

Kappa

T-even

?

?

?

SPP1

Family

S

M

?

?

M

S

Tect.

M

S

S

Note: Symbol “?” means that corresponding receptor or characteristic of a bacteriophage is unknown or absent from publications.
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not only the well-represented porins such as OmpA syn-

thesized in E. coli in amounts up to 105 copies per cell

[38] are used as receptors but also rare proteins such as

NfrA (phage N4 receptor), the amount of which is about

5 copies per cell [39]. Representation of the proteins on

the cell surface makes a tangible contribution to the

adsorption kinetics of bacteriophage particles but, theo-

retically, only one receptor molecule is sufficient for suc-

cessful infection.

Lipoproteins occur infrequently on the surface of

most Gram-negative bacteria due to their natural

hydrophobicity, being localized mainly on the periplas-

mic side of OM and CPM; however, they are present in

considerable amounts in some spirochetes. Nevertheless,

some amphipathic lipoproteins are exposed on the sur-

face even in enterobacteria; thus, 4 out of 92 known outer

membrane lipoproteins can be exposed to extracellular

space in E. coli [40]. There are also numerous decoration

proteins of the outer membrane surface, sometimes

referred to as surface lipoproteins [41], which can be

involved in the binding of various extracellular ligands

and are probably significant for the pathogenesis of infec-

tions caused by Gr– bacteria. Theoretically, lipoproteins

can also be used by bacteriophages as receptors, but there

are no convincing data on such systems.

It is reported that some surface adhesins of bacteria,

in particular Ag43 in E. coli, stimulate phage adsorption

in the presence of bile salts (natural amphiphilic surfac-

tants) inhibiting this process [42], but there are still no

data on specific recognition of such structures by phages.

Pili, flagella, and other protuberances on OM surface.

Pili and flagella are quite often used as bacteriophage

receptors. However, flagellar filaments per se and tubular

structures of the pili in most cases are used as primary

receptors. Many phages use the rotation of flagella for

transporting phage particles to the cell surface [43-48]. The

portal structures of the pili can be secondary receptors.

Receptors of phages of Gram-positive bacteria. The

cell wall of Gr+ bacteria consists of multilayered peptido-

glycan enveloping teichoic acid molecules [49]. Teichoic

acids of the cell wall make up to 50% of the total wall

mass. Teichoic acids can covalently bind to CPM lipids

(lipoteichoic acids), as well as form covalent and nonco-

valent bonds with peptidoglycan [50]. Teichoic acids are

very often used as bacteriophage receptors [16, 51-56].

Like Gr– bacteria, the function of phage receptors can be

performed by capsular and other surface polysaccharides,

as well as the surface proteins of Gram-positive cells. The

S-layer – a paracrystalline layer of protein subunits cov-

ering the cell surface – is a structure typical of many

strains of both Gr+ and Gr– bacteria. Though the repre-

sentativeness of S-layer subunits on the surface is very

high (the order of 105 subunits for a large cell such as B.

anthracis), there are very few data on the use of this struc-

ture by bacteriophages (see table). It has been shown that

the S-layer is a receptor for at least B. anthracis phage

AP50 (tectivirus) [57], Caulobacter crescentus siphovirus

phiCr30 [58], and Lactobacillus helveticus myovirus

CNRZ 832-B1 [59] (see table). It seems that S-layer-spe-

cific phages often escape the attention of researchers,

because many strains lose this structure after being culti-

vated for a long time under laboratory conditions and,

therefore, the occurrence of such viruses in nature may be

higher.

Mycobacterial phage receptors. The phage receptors

of mycobacteria have been studied very poorly. Though

mycobacteria belong to the phylogenetic branch of Gr+

organisms, the structure of their cell wall is substantially

different from other Gr+ microbes (Fig. 3).

The bulk of the M. tuberculosis cell wall consists of

covalently bound peptidoglycan, arabinogalactan, and

mycolic acid, which form the so-called mycolyl–arabino-

galactan–peptidoglycan complex (mAGP). In addition to

mAGP, the cell wall comprises several variants of different

free, not covalently bound lipids, including glycolipids,

peptidoglycolipids, sulfolipids, phenol glucolipids, etc.

Mycolic acid molecules covalently bound to arabino-

galactan and free lipid molecules form a lipid bilayer on

Fig. 2. Examples of porin structures in the Escherichia coli outer membrane that are used as receptors by bacteriophages (© CC BY-SA 3.0

image).

Extracellular medium

Outer membrane

Periplasm
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the cell surface, being virtually a cell outer membrane

(mycobacterial outer membrane). This membrane also

includes proteins with structural organization similar to

that of porins of Gram-negative bacteria [60].

Mycobacterial cells are often surrounded by capsules

over the outer membrane.

The entire cell wall is transpierced by molecules of

lipoarabinomannan – a lipopolysaccharide anchored in

the outer leaflet of the plasma membrane.

According to the available data, the phage receptors

of mycobacteria are more often the lipid compounds of

the cell wall. The Mycobacterium smegmatis phage I3 uses

as receptors molecules of glycopeptolipid – a tetrapeptide

covalently bound to the lipid moieties and a methyl-

rhamnose residue [61]. However, receptors have not yet

been identified for the overwhelming majority of

mycobacteriophages.

RECEPTOR-BINDING PROTEINS

OF BACTERIOPHAGES

The adsorption apparatus of phages includes pro-

teins called adhesins or receptor-binding proteins

(RBPs), as well as other virion components receiving sig-

nals from RBP binding and responding to them by certain

conformational rearrangements. It also includes addi-

tional components involved in modulation of the func-

tion of the adsorption apparatus in some viruses. In tailed

phages, the entire phage tail, together with some capsid

proteins involved in DNA penetration through cell sur-

face structures and probably able to interact with certain

receptor structures on bacterial surface (decoration pro-

teins), can be considered as adsorption apparatus in the

broad sense of this term.

Phage adhesins and their locations. In most cases,

both primary and secondary receptors are recognized by

phage tail adhesins. In the long-tailed phages of Gram-

negative bacteria, the adhesins are mostly fibrillar. The

basis of phage fibers is always one or several trimeric pro-

teins with polypeptide chains arranged parallel to each

other and forming a helical structure.

Such proteins usually have one or several β-helical

elements [62-66], see also [67] and the references given in

that report.

The N-terminal domains of the fibers are used for

attachment to the virion or, in the case of composite

fibers, to more proximal elements. The C-terminal

domains are oriented away from the virion and can form

receptor-binding centers or attach a separate receptor-

binding protein that may have different degree of

oligomerization (most often monomer).

The siphoviruses of Gram-negative hosts usually

have an axial (central) tail fiber used for the recognition of

secondary receptor [19]. This fiber is usually formed by a

single protein. In the λ phage, it is a product of the J gene.

At the C-terminus of this fiber there is a domain recog-

nizing the maltose transporter protein LamB [68]. In the

T5 phage, the central fiber formed by the pb4 protein at

the C-terminus carries a monomer of the receptor-bind-

ing protein pb5 [69].

The lateral tail fibers of siphoviruses are usually

needed for recognition of primary receptors, and their

binding is not necessary for interaction with secondary

receptor. Therefore, after long-term cultivation of bacte-

riophage in laboratory strains, lateral fibers are often lost

due to the selection of phage lines with inactivated fiber

genes, because cells can be infected directly through the

interaction between the axial fiber and the respective

receptor. Thus, in many laboratory strains of the λ phage,

lateral fibers are not formed because of mutation in the stf

gene [70]. In the siphoviruses of E. coli, the targets of lat-

eral fibers are usually LPS O-polysaccharides. The

adsorption constant on the strains, which produce OPS

recognized by the fibers, is much higher compared to R-

mutants [71]. Moreover, on many strains OPSs fully

screen the surface receptors of OM, making infection

impossible without the involvement of lateral fibers.

In myoviruses, e.g. in T-even phages, long tail fibers

(LTFs) attached to the baseplate also perform the func-

tion of primary receptor recognition.

Podoviruses can also have fibrillar adhesins like, e.g.

the T7 phage; however, tailspike proteins are more wide-

spread. Structurally, the spikes of bacteriophages are usu-

ally parallel homotrimers but, in contrast to fibers, are

constructed mainly of globular domains (Fig. 4). Quite

often, tail spikes have an enzymatic activity allowing

them to penetrate through the polysaccharide layers of

cell envelope.

Until recently, adhesins shaped as tail spikes were

considered an exceptional attribute of podoviruses, but

Fig. 3. Envelope structure of M. tuberculosis: 1) external lipids; 2)

mycolic acids; 3) polysaccharide (arabinogalactan); 4) peptido-

glycan; 5) plasma membrane; 6) lipoarabinomannan (LAM);

7) phosphatidylinositol mannoside (© CC BY-SA 3.0 image).
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now bacteriophages of other families carrying such pro-

teins have been found. Thus, the enterobacterial myovirus

Vi-I and the related phages (Det7, CBA120, etc.) have

branched-chain adhesins as fibers carrying several differ-

ent types of spikes. On electron microphotographs, such

adhesins look like a palm with fingers spread apart.

In the T5-like coliphages DT57C and DT571/2, the

LTFs have a branched structure: the shorter protein LtfB is

attached to the long fibrillar protein LtfA. Each of these

proteins carries a receptor-binding center specifically

interacting with a certain type of O-antigen. As a result,

the phage initiates the hosts with two types of O-antigen.

In the DT57C and DT571/2 phages, LtfA proteins recog-

nize E. coli O22 and E. coli O87, respectively, while LtfB

proteins are identical and recognize the O81 serotype [72].

Most other phages also seem to use branched

adhesins to extend the range of phage hosts recognizing

different receptors. However, it is likely that in some cases

such structures are necessary to increase the number of

binding centers for enhancing the affinity of a phage to a

cell surface due to the effect of avidity.

Branched-chain adhesins have also been found in

podoviruses, e.g. in K1-5, phiEco32, and G7C coliphages

([73, 74], P. Leiman, personal communication).

However, in G7C both proteins forming a branched

adhesin are necessary for cell infection because they rec-

ognize the primary and secondary receptors.

At the terminals of six-tail fibers of the BPP1 phage

of the whooping cough pathogen Bordetella pertussis,

there are two interconnected trimers of receptor-binding

protein Mtd, which make the distal part of the fiber look

like a flattened blade [75]. This phage has an original sys-

tem for enhancing the variability of adhesin by the retro-

homing mechanism.

The variants described here do not exhaust the struc-

tural diversity of adhesions even of the phages of Gr–

bacteria.

Many various morphologies of protuberances of the

baseplates in different phages that also seem capable of

performing the functions of adhesins have been described

using data of electron and cryoelectron microscopy.

Classical fibrillar adhesins are less typical for the

phages of Gr+ hosts (except for myoviruses). In most

cases, they carry receptor-binding proteins similar to tail

spikes in organization. Some siphoviruses of Gr+ bacteria

have something like a baseplate with 6 to 18 trimers of

receptor-binding proteins [76, 77] rather similar to tail

spikes.

In Lactobacillus J-1 phage and many other lac-

tophages, the classical receptor-binding proteins are

absent, and their functions are performed by “additional”

polysaccharide-binding domains present in the Dit pro-

tein forming the lower ring of the basal structure of the

tail [78].

Nevertheless, some phages of Clostridium difficile

siphoviruses were shown to carry the genes of fibrillar

adhesins involved in cell surface recognition (M. R. J.

Clokie, Leicester University, personal communication).

Fig. 4. Structures of the receptor-binding protein (RBP) of lactophage p2, the C-terminal fragment of the proximal half of LTF of the T4

phage containing β-helix elements, the RBP of the G7C phage gp63.1 possessing an acetyl esterase activity, the modifying O-antigen of E.

coli, and the tailspike protein of the Salmonella P22 phage having enzymatic activity of O-antigen depolymerase (the enzymatic domain also

has β-helical structure).
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RECEPTION OF BACTERIOPHAGES

ON HOST CELLS – GENERAL ISSUES

Specific adsorption of bacteriophages is a major

function of a virion, i.e. recognition of a host cell suitable

for virus replication and delivery of viral nucleic acid into

this cell. From a chemical standpoint, bacteriophage

adsorption is a specific, usually noncovalent binding of

phage receptor-binding proteins (viral adhesins) with

certain molecules on the bacterial cell surface, which are

called phage receptors.

The molecular recognition of a receptor by adhesin

occurs because of sufficiently exact steric correspondence

between the receptor-binding center of the phage adhesin

and a certain part of the receptor molecule [79, 80]. Thus,

not the whole receptor molecule is directly involved in the

recognition by phage adhesin, but a comparatively small

region sterically corresponding to the receptor-binding

center of the viral protein (by analogy to the recognition by

antibodies of separate epitopes on the surface of large anti-

gen molecules). Primary recognition seems to be followed

by induced correspondence of adhesin and receptor struc-

tures, which leads to a conformational signal activating

phage infection and the subsequent molecular rearrange-

ments in the virion finally resulting in cell infection.

For example, the Oad (pb5) adhesin protein of T5

phage is bound to a short region of about seven bp in one

of the loops of the FhuA protein, a siderophore trans-

porter of the E. coli outer membrane [81]. It approxi-

mately corresponds to the size of a typical epitope recog-

nized by antibodies, makes it recognizes with a high

degree of specificity (theoretically, 1/207). The bacterio-

phages recognizing the polysaccharides of bacterial cell

surface usually recognize the sequences of 2-3 monosac-

charide residues due to the presence of lectin domains in

their adhesins [82, 83]. The high degree of molecular

match between adhesin and receptor achieves rather tight

binding due to electrostatic, hydrogen bonding, and dis-

persion interactions. Transient covalent binding is possi-

ble in the case of processive adhesins having their own

enzymatic activities and chemically modifying the recep-

tor (glycosidases, peptidases, etc.) [84-86]. The specifici-

ty of molecular recognition of receptors substantially lim-

its the range of hosts infected by a given bacteriophage,

simultaneously being a guarantee that the phage DNA

will be delivered to cells capable of supporting the propa-

gation of the virus. Because direct recognition involves

only a small region of the surface receptor molecule, the

adsorption specificity of phages may be rather narrow –

within a group of bacterial strains with similar surface

structures. The more conservative is the structure recog-

nized by a certain bacteriophage, the broader is its

adsorption specificity, which however can be limited by

masking the respective receptor by other structures or the

presence in the cells of resistance mechanisms blocking

the stages of infection after the adsorption.

The interaction between the phage and the cell sur-

face can usually be divided into two phases: reversible and

irreversible adsorption [17, 87, 88]. Reversible adsorption

provides primary cell recognition, which sometimes is

less specific compared to irreversible adsorption. At this

stage, phage particle dissociation from the cell surface is

possible with preservation of the viability of the viral par-

ticle. The transition to irreversible adsorption usually

requires additional binding of a phage protein to some

secondary receptor, either using the same RBP or anoth-

er versus that employed for reversible binding. Secondary

receptor recognition is followed by rearrangements in the

virion structure, which are necessary to create a channel

for phage genome delivery through the cell envelope and

for nucleic acid ejection. The mechanisms of interaction

between tailed phages and cell receptors will be consid-

ered below.

ADSORPTION KINETICS

Bacteriophage adsorption can be assessed by meas-

uring a decrease in the biological titer of the bacterio-

phage in solution due to its adsorption on introduced

cells. To determine such dependence, the phage is mixed

with the cells at a great excess of the latter (low multiplic-

ity of infection). Then the infected cells are removed by

centrifugation at different intervals or killed with chloro-

form, and the remaining free bacteriophage particles are

titrated by inoculation on plates [89]. A typical bacterio-

phage adsorption curve is presented in Fig. 5.

In the first approximation, phage adsorption shows

second-order kinetics [16, 87], i.e. the reaction rate

depends on the first-degree concentrations of adsorbent

and adsorbate (in this case, phages and bacteria):

–dP/dt = K[B][P],

Fig. 5. Time dependence of the concentration of free G7C bacte-

riophage particles. The concentration of host cells is about

107 PFU/ml.
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where K (ml/min) is the adsorption constant depending

only on temperature (as well as on the physiological state

of the cells and the medium composition), [B] and [P] are

the current bacterial and cell concentrations at time t.

From this differential equation, it follows that under con-

ditions of great excess of bacterial cells, when their con-

centration does not vary during the experiment, 

K = B × t × ln(P0/P),

where B is the concentration of bacterial cells, t is the

time (min) from the start of the experiment, P0 is the ini-

tial phage concentration at time t = 0, and P is the free

phage concentration at time t. The characteristic K values

for phages are usually of the order of 10–9 ml/min. Higher

constants, up to 10–8 ml/min or slightly more, are typical

of the viruses using molecules with very high representa-

tiveness on the cell surface as receptors, e.g. polysaccha-

rides, so that almost any random collision of a phage par-

ticle and a cell leads to successful infection [17]. The low

values of adsorption constant (about 10–11 ml/min) are

typical of filamentous phages adsorbed at the ends of sex

pili of bacterial cells, as well as some other phages using

lowly represented receptors or having a low affinity to

phage receptors (e.g. due to a mutation-induced change

in the latter) [90].

Many significant consequences derive from the

adsorption isotherm equation presented above. At suffi-

ciently low concentrations of phages and host bacteria, the

time spent on the infection of a certain portion of cells

necessary for the predetermined increase in phage popula-

tion can be considerably greater than the latent period per

se. Consequently, increasing the phage population in the

experiment will be observed only upon reaching a certain

critical density of a host population. For example, if we

record phage growth at a 2-fold increase in the PFU num-

ber between two consecutive measurements made, e.g.

once per hour, for successful registration of phage growth

it is necessary that no less than 1/n of all phage particles

would be adsorbed during the time (1 – t), where t is the

length of the latent period (h) and n is the phage yield per

infected cell. It is not difficult to calculate that, with a typ-

ical value of adsorption constant of 10–9 ml/min, the

latent period of 20 min and the phage yield of 100 particles

per cell, the required density of bacterial population will

be about 3·105 cells/ml. It accounts for the apparent

threshold concentrations of bacteria observed in experi-

ments that are necessary for the beginning of phage growth

[91, 92]. Analogously, if we set a goal to stop the growth of

a bacterial population, no less than 50% of them must be

infected during a bacterial generation. Consequently, the

threshold phage concentration for a generation time of

20 min will be about 1.8·107 particles per ml. The results of

these calculations are very constructive, as it is well known

that even a single phage particle in a test tube with a grow-

ing culture containing millions of cells can cause massive

bacterial lysis. However, this contradiction is merely

apparent: under such experimental conditions, phages are

neither destroyed nor carried beyond the system; there-

fore, their concentration rapidly increases. In practice,

upon addition of a small number of phage to a culture,

bacterial growth continues for some time, until the viral

concentration exceeds the threshold value. The terms

“multiplication threshold” and “inundation threshold”

were proposed to denote the threshold cell concentration

required for the apparent growth and threshold concentra-

tion of a phage, respectively [93].

From these calculations, it also follows that the fre-

quently used value of multiplicity of infection (the num-

ber of phages per cell) makes sense only under conditions

of high phage and cell concentrations. Indeed, if the

absolute concentrations are low, even at a formally high

ratio of the number of viral particles to the cell number in

the system, the effective multiplicity of infection within a

given time can be extremely low.

It should also be noted that it is extremely important

to consider the threshold concentrations of phages and

bacteria when using phage infection as a tool of biological

control of microbial populations, including phage thera-

py for bacterial infections [93, 94], the application of

phage preparations for decontamination or preservation

of foods [95, 96], and other similar applications.

CHAIN OF EVENTS DURING PHAGE

INFECTION OF A CELL

The early stages of infection are known in detail only

for few phages of Gram-negative bacteria.

As mentioned above, at rather low concentrations of

bacterial hosts observed in many natural ecosystems, the

frequency of occurrence of phage particles and sensitive

cells can be very low. Therefore, some phages use an

adsorption strategy, when initially there is an interaction

aimed at merely retaining the virion close to the host cell.

In contrast to the classical interaction with primary

receptors, which is described below, these interactions

seem to have no direct functional relation to the final host

recognition and initiation of the infection.

Though most receptor-binding proteins are associat-

ed with phage tails (in podoviruses, they usually form a

ring around the tail, which is attached directly to the

phage neck), in some cases adsorption can also involve

capsid proteins. Thus, the Caulobacter crescentus

siphovirus phiCb13 has filamentous protuberances of the

head decoration protein localized at the vertices of its

icosahedral capsid. These filaments interact with flagellin

from the flagella of the motile cells of C. crescentus and

wind around the flagellar filament in such a way that,

because of rotation of the flagellum, the phage particle

descends to the cell surface like a nut moving around the

thread of a bolt [97].
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Near the cell pole, the phage recognizes a secondary

receptor (the portal structure of the pilus) due to the

“common” adhesins located at the basal structure of its

tail. It should be noted that in many other phages using

flagellum rotation the respective adhesins are located on

the basal structure of the tail.

The decoration protein Hoc occupying the centers

of hexamers of the T4 phage capsid protein was also

shown capable of binding polysaccharide ligands.

However, it turned out that they were not the receptors on

the bacterial surface but the polysaccharide mucin – a

component of crypt cell production in the intestines [98].

This supposedly leads to the concentration of phage par-

ticles in the parietal layer of the intestines, where the con-

tent of metabolically active hosts (E. coli) is much higher.

It is interesting that the Hoc protein is one of the phage

proteins containing immunoglobulin-like domains [99,

100]. Such domains have been found in many phages and

are always located exposed to the external medium. For

example, such domains have been found on many head

decoration proteins like in the T4 and T5 phages, on tail

tube proteins in the λ and T5 phages, on the ends of col-

lar strands of “whiskers” in the RB43 phage, and on other

proteins of virions. The Ig-like domains are often highly

variable with respect to their sequences even in closely

related phages, suggesting them to be instruments of

adaptation to specific habitat conditions. Before discov-

ery of the binding of the Hoc protein to mucin, the func-

tion of these domains was unknown. Now there are

grounds to suggest that at least some of them can recog-

nize biomolecules, increasing the concentration of

phages near potential hosts.

In a more typical case, however, reversible and irre-

versible adsorption is performed by adhesins associated

with the phage tail, being stages of the cell infection

process. As consistent with the two-stage pattern of

adsorption, the recognitions of primary and secondary

receptors in most bacteriophages are differentiated. In

some bacteriophages, the recognition of primary and sec-

ondary receptors is functionally dissociated: the primary

receptor binding seems to be necessary only for phage fix-

ation on the cell surface, which increases the probability

of successful cell infection at each collision. This binding

is not functionally necessary for the secondary receptor

recognition and infection, so that, in the absence of cell

surface structures masking the secondary receptor, the

infection can occur directly, without the involvement of

adhesins recognizing the primary receptor.

For example, the N4 phage can directly bind to its

protein receptor NfrA via protein pg65, forming a kind of

sheath around the short tail of this podovirus [101]. This

noncontractile sheath acts as a receptor recognizing the

NfrA porin [39]. Interestingly, in most other N4-like

phages this function is performed by spike proteins [74,

102]. However, many such phages use another strategy

(see below).

The T5-like viruses can also infect bacterial strains

lacking surface O-polysaccharide due to direct recogni-

tion of the outer membrane porin proteins by the phage

adhesin Oad (pb5) [81]. However, even with such strate-

gy, the primary receptor recognition by the classical

adhesins bound to the phage tail often play a key role in

providing a contact between the respective RBP and the

secondary receptor. Thus, during infection by T5-like

coliphages DT57C and DT571/2 of E. coli strains lacking

O-antigen, the lateral tail fibers (LTFs) are not involved,

and phage mutants lacking this structure infect the cells at

the same rate as the wild-type viruses. However, O-anti-

gens of many serotypes provide 100% screening of the ter-

minal receptor (BtuB), which results in complete resist-

ance of cells carrying these antigens to the given phages.

However, specific recognition of O-antigen by the recep-

tor-binding domains of LTFs provides effective infection

of the respective strains [72] (Fig. 6).

In other cases, the primary receptor binding is nec-

essary for infection. Mutation-induced inactivation of the

primary receptor imparts resistance to the bacterial strain.

In this case, it is indicated that the phage is dependent on

the primary receptor [18, 103].

This phenomenon is observed mainly in myoviruses,

where the binding to the primary receptor causes a con-

formational signal for rearrangement of the baseplate and

for tail contraction [64, 104, 105]. In addition, such rela-

tionships have been described for podoviruses, including

those possessing enzymatically active adhesins [18, 73,

104, 106, 107].

It is interesting that adsorption strategies can strong-

ly vary within a group of related viruses. In the N4-like

phage G7C and many other related phages (in contrast to

the N4 phage described above), secondary receptor bind-

ing is impossible without preliminary recognition of the

primary receptor, i.e. the success of phage infection

depends on the presence of both types of receptors in a

cell [74, 103]. The available data indirectly show that the

binding of RBP of such podoviruses to the primary recep-

tor generates a conformational signal that puts the tail

apparatus into a certain “triggered” state, when it can

interact with the secondary receptor. In the G7C phage,

binding to the primary receptor (O-antigen) is a neces-

sary stage of infection [103]. However, during infection

the enzymatically active RBP of the phage deacetylates

O-polysaccharide (OPS) by removing only one acetyl

group per six residues of the repeating element of OPS.

For reasons not quite understood, this reaction allows

phage penetration to unidentified secondary receptors

and successful infection of the cells. At the same time, in

a strain where O-acetylation of the O-antigen is inhibited

by mutation in the acetylase gene wclK, it is resistant to

the G7C phage [103] and does not interact with the

recombinant RBP (pg63.1) of the virus [74]. The strains

that have completely lost the O-antigen are also com-

pletely resistant to the phage. According to indirect data,
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Prokhorov et al. [74] supposed that deacetylation is a pro-

cessive reaction providing transport of the virion to the

membrane surface and its activation. The latter circum-

stance manifests itself as follows: the phage can be inacti-

vated by LPS preparation but only if the preparation has

been obtained by harsh phenol extraction. The LPS

obtained by proteinase K treatment does not activate the

phage. However, preparations of outer membrane vesicles

(without any aggressive procedures used for its isolation)

inactivate the phage very efficiently. Based on these

results, the following model was proposed: the interaction

of G7C phage pg63.1 provides penetration of the phage

tail to an unidentified secondary receptor (supposedly

one of the outer membrane proteins); simultaneously,

there is a conformational change in the phage tail appara-

tus, which is necessary for the final receptor recognition.

Long-term contact with concentrated LPS preparations

can initiate DNA release without contact with the sec-

ondary receptor. These data are consistent with the results

of cryoelectron reconstruction of the G7C phage (S.

Nazarov, EPFL, Switzerland, personal communication).

The pg63.1-lacking bacteriophage particles were obtained

in [74] by infecting a nonpermissive host with the respec-

tive amber mutant. In these particles, in contrast to the

wild-type phage, there is a morphological change (open-

ing) of the distal end of the tubular tail. The conforma-

tional signal from the binding of gp63.1 to the O-antigen

is transmitted via the second RBP protein of the gp66

phage, through which gp63.1 is attached to the virion

(Fig. 7).

It is very interesting that the pg66 domain where

gp63.1 is attached according to data of bioinformatics

a b

Fig. 6. a) Morphology of DT571/2 phage particles (DT57C phage morphology is identical). b) Model of LTF organization and their interac-

tion with O-antigens. A branched fibril consists of the trimers of LtfA and LtfB proteins. The receptor-recognizing regions of LtfA of the

DT571/2 and DT57C phages bind to O-antigens of type O87 and O22, respectively. LtfB proteins with similar specificity allow both phages to

infect a host with O81-type O-antigen. With modifications from [72].

Fig. 7. Scheme of organization of branched-chain adhesins of

G7C phage that are formed by gp66 and gp63.1 (according to

[64]).
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analysis is similar to the gp10 domain of the T4 bacterio-

phage [64], which performs an analogous role in this

phage, providing the attachment of short- and (via the

adaptor protein gp9) long-tail fibers (LTFs). This protein

passes the signal of LTF binding to the receptors on to the

internal proteins of the baseplate, which leads to its

rearrangement and tail contraction.

Like G7C phage, the Sf6 phage infection of

Salmonella cells is accompanied by particle activation

with the primary receptor. It has been shown that its

receptors are LPSs, as well as OmpA and OmpC proteins

[108]. However, inactivation of the phage by protein

receptor preparations is effective only in the presence of

LPS.

In cases when the bacterial cell surface is protected

with a sufficiently thick exopolysaccharide layer, phage

adsorption to the surface is preceded by EPS recognition

by phage proteins and enzymatic degradation of the

exopolysaccharide [86]. It seems that bacteriophages have

no alternative solutions for overcoming very thick cap-

sules or intercellular matrix of biofilms. For penetration

through capsules, they apparently use processive hydroly-

sis, when the breaking of additional polymer bonds or

molecules occurs without dissociation of the virus. This

results in directed movement of a particle into the poly-

saccharide layer. The K1 phage infecting the K1-capsular

strains of E. coli due to consecutive work of its six enzy-

matically active tail spikes drills a “well” in the capsule,

which is easily discernible on electron microphotographs

(Fig. 8). After reaching the cell surface, the phage binds

to the next receptor.

It should be noted that capsules in many cases are

the primary receptor necessary for infection. For the

above-mentioned K1 phage [109, 110], as well as many

phages of the hypermucoid strains of Klebsiella, success-

ful infection requires the presence of a certain type of

capsular polysaccharide [111, 112].

In the absence of bacterial strains devoid of massive

capsules due to the respective phages, infection begins

directly with interaction with the primary receptor locat-

ed close to the cell surface. However, in this case the sur-

face polysaccharides (e.g. O-antigen) are also often

exposed to enzymatic hydrolysis by phage proteins. This

strategy is more typical of podoviruses, though enzymati-

cally active adhesins have been found in some representa-

tives of the Myoviridae family [86, 113].

The primary adsorption of many phages occurs

mainly near the poles of rod-like cells, probably due to

nonuniform arrangement of protein receptors on the bac-

terial surface [114]. After adsorption, there is a lateral

shift of some phages along the cell surface due to dissoci-

ation and reassociation of adhesins with neighboring

receptor molecules. This behavior is typical of phages that

recognize the receptors highly represented on the surface.

Because of the shift, phages often migrate to the circum-

polar regions of cells. The lateral shifts of T7 phage were

reconstructed according to the data of cryoelectron

tomography of phage particles infecting E. coli minicells

[115]. This process resembles a dance, when the phage

alternately binds to the receptor (core-OS) via one and

then another of its six fibers until the final recognition of

unknown secondary receptor and DNA ejection take

place. The λ phage directly recognizing the secondary

receptor – the maltose transporter LamB – during the

infection of laboratory E. coli strains that also moves

along the cell surface, apparently migrating from one

LamB molecule to another until irreversible binding

occurs [68].

The scenario of events occurring after the binding of

secondary receptor is sufficiently clear only for myovirus-

es. The binding of baseplate adhesins (as a rule, fibrillar)

with receptors on cell surface is accompanied by

rearrangement of the baseplate [20, 104] and contraction

of the tail sheath. As a result, the internal tube of the tail

is submerged into the cell wall and reaches the surface of

the plasma membrane. The phages of Gram-negative

microorganisms have a protein or a protein complex at

the tube end that looks like a rigid needle, where there

may be peptidoglycan-hydrolase domains at its bottom.

For example, in the T4 phage this device (cell puncturing

device [64]) consists of a pg5 trimer having a lysozyme

domain and forming a rigid trimeric β-helix (needle) at

the C-end and a pg5.4 monomer forming a needlepoint.

The phages of Gram-positive bacteria also have pep-

tidoglycan hydrolases associated with the knob of the

baseplate, which forms a tip of the tube during tail con-

traction. Detailed description of the mechanism of base-

Fig. 8. Penetration of K-specific coliphages to the cell surface due

to processive hydrolysis of K-polysaccharide by enzymatically

active tail spikes (according to [73]).
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plate rearrangement and the molecular events underlying

tail contraction can be found in other works [20, 64].

There are at least two strategies of interaction

between myoviruses and cell receptors. The T4 phage and

numerous related viruses [116, 117] have two sets of fib-

rillar adhesins: six long-tail fibers (LTFs) attached to the

corners of the baseplate and six short-tail fibers (STF)

stacked under the baseplate. LTF binding is a signal for

the beginning of baseplate rearrangement, which is

accompanied by the unfolding of short-tail fibers tightly

fixing the baseplate on cell surface [20, 64, 104] and pre-

venting repulsion of the phage during tail contraction.

Thus, the T4-like phage recognizes the two types of

receptors. LTFs of the T4 phage, e.g. they bind to the

OmpC protein, while STFs interact with LPSs [118]. In

the P1 phage, short-tail fibers are absent and, therefore,

the virus is retained near the cell surface due to the bind-

ing of several LTFs with the core polysaccharide of LPS of

the host, which is a signal for the beginning of tail con-

traction. Interestingly, in this phage the baseplate is

repulsed from the cell surface to approximately 53 nm at

the beginning of contraction to 90 nm in the phages with

completely contracted tail. This 37-nm distance seems to

appear due to elastic straightening of LTFs composed of

the angled halves (like in T4). As a result, though the long

(220 nm) sheath of the P1 phage tail is contracted by

125 nm, penetration of the tail tube into the cell wall is

limited to about 30 nm, which approximately corre-

sponds to the distance to the CPM surface [105].

It seems that myoviruses infecting hosts with a mas-

sive capsule use a more complex strategy. Recognition of

the capsular polysaccharide and its degradation by enzy-

matically active adhesins may be a necessary stage of

infection [112] but, at the same time, rearrangement of

the baseplate and tail contraction probably occur as a

result of interaction with the receptor located directly on

the cell surface. The details of this strategy have not yet

been determined.

In the podoviruses of Gram-negative hosts, DNA

ejection is preceded by the ejection of internal capsid pro-

teins forming a channel through the periplasmic space.

Usually, among these proteins there are molecules with

peptidoglycan-hydrolase domains that form a hole in the

murein layer of the cell envelope. The existence of such

channel has been shown experimentally for the T7 phage

[115]. It is formed by the pg14, pg15, and pg16 proteins,

which localize in the capsid interior before the infection

and form an inner body [119]. Other podoviruses also

seem to have internal proteins providing the

transperiplasmic transport of genomic DNA. In the P22

phage, ejection of internal proteins also precedes DNA

ejection, suggesting that they also function to create a

transperiplasmic channel [120]. One or several such pro-

teins must have peptidoglycan-hydrolase activity [121] to

overcome the rigid layer of the cell envelope. In N4-like

phages, the ejected protein is an RNA polymerase provid-

ing the transcription of immediate early genes [39]. About

six copies of this protein are delivered to a cell. A single-

subunit virion RNA polymerase (vRNAP) is a very large

protein comprising more than 3000 a.a. At present, it is

the largest polypeptide known to be transported via trans-

membrane systems in prokaryotes. It is notable that a

protein fragment of about 1000 a.a. size is sufficient for

the polymerase activity of vRNAP [122]. It would be rea-

sonable to assume that vRNAP, simultaneously with the

enzymatic function, can act as a structure protein of the

transperiplasmic channel.

The fine structure of the channel of podoviruses is

still unknown, though it is supposed to be similar to the

channel formed by a pilot protein of phiX174 phage

belonging to the Microviridae family. This protein forms

a ten-stranded α-helical structure (coiled-coil) within

which there is a channel of sufficient size to ensure the

passage of a DNA molecule [123]. At both ends, the

polypeptide chains have transmembrane domains that

anchor the protein in the outer and inner membranes of a

host cell.

The mechanisms of penetration of podoviruses of

Gram-positive hosts into cells have been poorly studied.

In the Bacillus subtilis ϕ29 phage, the gp9 protein forming

the lower thickened part of the short tubular tail has

hydrophobic loops located inside the tail channel, close

to its distal end. At the instant of infection, the loops turn

and come out, submerging with their hydrophobic α-

helices into the cytoplasmic membrane of the cell [124].

The phage probably needs for infection the presence of

pores in the massive cell envelope, through which its tail

can reach the membrane surface. It has been suggested

that analogous membrane-associated loops can be

involved in the interaction between the ends of tail tubes

of many myoviruses, e.g. T4, and the cytoplasmic mem-

branes of cells [124].

Siphoviruses are also supposed to have a channel

formed by the ejected proteins. The tape-measure protein

(TMP) located in the tail channel plays a key role in this

process [18]. Many TMPs have peptidoglycan-hydrolase

activity and can cause membrane fusion. In the T5 phage,

the interaction between pb5 adhesin located at the end of

the axial fiber of the tail and the receptor (porin FhuA) is

followed by deformation of the axial fiber (pb4) and its

submergence into the membrane near the receptor mole-

cule. Then the TMP (pb2) protein is released and sub-

merged into the membrane. The channel that appears

crosses the periplasmic space of the cell. The murein layer

is overcome by the enzymatic activity of the pb2 protein

[69].

The available data show that TMPs of some phages

can interact with periplasmic proteins of the host for suc-

cessful infection (i.e. there is in fact an additional

periplasmic receptor) [125].

After channel formation, the genomic DNA of the

phage is transported into the cell.
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The mechanisms providing DNA ejection from the

head of bacteriophage into the cell are not quite clear.

The beginning of ejection seems to be a merely physico-

chemical process. The release of DNA from T4 phage

particles can be induced in vitro. The process is very rapid:

168 kb of genomic DNA are released through the tail

channel in several tens of seconds. In vivo, internalization

of the T4 phage DNA takes several minutes and depends

on the cell membrane potential [126]. One of the energy

sources that provide DNA transport from the capsid to

the cytoplasm is DNA pressure caused by the very high

packing density of the charged polymeric molecule.

Probably, it is precisely this force that is responsible for

the beginning of DNA release from the capsid. However,

it could be expected that DNA transport would slow as

the head is emptied, which in fact does not happen. An

additional energy source could be an osmotic gradient

appearing due to consumption of a certain amount of

water for rehydration of the decompacted DNA, as well as

due to the movement of counter-ions compensating for

DNA charge. It is supposed that the penetration of some

part of a DNA molecule into a bacterial cell results in

appearance of an additional osmotic gradient, along

which a certain amount of water penetrates the cell after

DNA. Water molecules can diffuse both through the

membrane and through the phage capsid wall. The water

penetrating the capsid displaces DNA and is possibly

transported together with DNA along the tail channel,

thereby completing the entry of the whole DNA molecule

into the cytoplasm (Fig. 9).

The physicochemical mechanisms have a sufficient

potential for phage DNA transport and seem to ensure

this process in most phages (e.g. phages T4 and λ).

However, some viruses still use a two-stage strategy of

genome internalization. After the entry of the first several

portions of DNA, the process is suspended. Then there is

transcription of the early or pre-early genes located on

the genome segment that has penetrated the cell. The

products of these genes ensure the “hijacking” of cellular

metabolism by the phage. For example, the T7 phage has

genes of inhibitors of the restriction-modification systems

of host cells at the left end of its genome, and the T5

phage causes cellular DNA degradation even before the

internalization of the phage genome is completed. The

full penetration of DNA requires the activity of phage

proteins expressed from the “leader” segment of the

genome and depends on cellular metabolic energy. In the

T7 phage, the engine that pushes DNA into the cell is T7-

RNA polymerase. Therefore, the genes of this virus have

the same orientation (against the direction of DNA

entry). In the N4 phage, transcription of the early genes

by their own RNA polymerase penetrating the cell

together with DNA can also contribute to the transport of

the genome, but the involvement of other mechanisms is

needed to complete this process. The details and potential

diversity of the mechanisms of active DNA transport by

early phage proteins are yet unknown. However, it should

be noted that in many phages with such mechanism of

genome internalization it is possible to obtain mutants

introducing the whole DNA at once (which often leads to

a decrease in the survival rate of phages during the infec-

tion) [126], so that active DNA transport in these viruses

is an adaptive attainment rather than a way of compensat-

ing for energy deficiency of the physicochemical mecha-

nisms of genome penetration.

ADAPTATION OF BACTERIAL CELLS

TO EFFECTS OF BACTERIOPHAGES

One of the strategies used by bacteria to modulate

bacteriophage adsorption to their cells is the blocking of

receptors via structural or conformational changes in the

receptor molecules. For example, Staphylococcus aureus

produces protein A anchored in the outer membrane that

can specifically bind to the Fc domain of class G

immunoglobulins [127]. It has been shown that phage

adsorption is improved under a reduced level of protein A

expression by the cells, indicating that this protein masks

phage receptors [128]. The T5 bacteriophage infecting E.

coli produces lipoprotein Llp capable of blocking the

phage receptor – the ferrichrome iron transport protein

FhuA. The Llp protein is expressed in the very beginning

of the bacteriophage life cycle, providing the possibility to

prevent superinfection of the cells and impeding the inac-

tivation of bacteriophage progeny through the binding to

cellular debris after phage release [129]. Some bacteria

can carry plasmids containing the genes of proteins that

can mask or alter the conformation of phage receptors,

e.g. the F plasmid-encoded transporter protein TraT
Fig. 9. Model of phage DNA penetration into a cell (according to

[126]).

DNA counter-ions
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incorporated into the outer membrane can mask the

OmpT receptor necessary for the infection by a wide

range of T-even bacteriophages of E. coli [130].

Phase variation is another mechanism altering cell

surface structures in some bacteria, e.g. Bordetella spp. It

is necessary for successful colonization of different nich-

es by these bacteria [131]. The production of various tox-

ins and adhesion and virulence factors by these cells is

controlled by the two-component BvgAS system. The

cells in the Bvg+ state express colonization and virulence

factors including secretion systems and proteins acting as

phage receptors (e.g. transporter protein Prn) [132]. The

cells in the Bvg– state do not express this protein, and the

efficiency of phage inoculation onto such cells decreases

by approximately a million times [133]. Despite the

absence of the primary phage receptor, phage infection

occurs though at very low efficiency – indicating that the

Bordetella phages (e.g. BPP-1) have a mechanism for

overcoming the absence of a primary receptor on the cell

surface.

The synthesis of structured extracellular biopolymers

in some bacteria can enhance the survival rate of bacteria

in different ecological niches, protecting them from unfa-

vorable physicochemical factors and simultaneously cre-

ating a physical barrier between the phage and the bacte-

rial surface receptor [134-138]. In addition to capsular

polysaccharides, we also mention polyalginates produced

by some species of the genus Pseudomonas [136] and

hyaluronates produced by some pathogenic streptococci

[139]. It is interesting that the genomes of many species of

streptococci contain prophages encoding hyaluronidase,

the enzyme capable of degrading not only the surface

hyaluronate of bacterial cells but also the hyaluronate of

connective tissues in an organism affected by the

pathogen, which contributes to its deeper colonization by

pathogenic microbes [140]. The hyaluronic layer on the

bacterial surface prevents the infection of the cells by

most virulent phages but allows the temperate phages of

streptococci, which express amounts of hyaluronidase

higher by several orders of magnitude, to overcome the

physical barrier [141, 142].

Free biomolecules and their complexes normally

present in environments with high density of microbial

life can interact with receptors, masking or attenuating

them. For example, microcin J25 produced by some E.

coli cells under starvation can specifically bind to the

already known iron transporter protein FhuA, which is

simultaneously used as a receptor by many coliphages,

and to prevent phage infection. This microcin is used by

cells as a starvation signal and inhibits the growth of phy-

logenetically related bacterial strains, simultaneously pre-

venting phage-induced cell death due to competitive

inhibition of phage adsorption [143].

All these systems of bacterial adaptation to the pres-

ence of phages in the environment are notable for the fact

that the maintenance of their active state requires sub-

stantial amounts of energy and metabolites. Also, the

physical barrier around the cells impedes mass exchange

between the bacterium and the environment. In this con-

text, phase variations seem to be the maximally effective

mechanism of transient resistance of bacteria to bacterio-

phages, allowing simultaneous solution of other problems

of bacterial biology.

ADAPTATIONS OF ADSORPTION

APPARATUSES OF BACTERIOPHAGES

Phage adsorption specificity is one of the most signif-

icant factors determining the range of hosts of these virus-

es. Therefore, most ecological adaptations of phages in

natural microbial communities occur due to microevolu-

tionary changes in the adsorption apparatus. However, in

some cases it is necessary to provide preferential infection

of cells in a physiological state or phase of the life cycle

that would be most suitable for viral replication. Some

phages may have for this purpose simple molecular sensors

of environmental conditions for changing the activity of

the adsorption apparatus. These mechanisms are referred

to as phenotypic adaptations. It should be noted that the

presence of specialized mechanisms of phenotypic adap-

tation of the adsorption apparatus is a rather exotic prop-

erty inherent in only a few phages, Therefore, the

microevolutionary processes based on random and/or

programmed variability of the genes of receptor-binding

proteins play a key role in adaptation of the adsorption

apparatus of phages to the current ecological situation.

Variability of phage adhesins. Like other bacterio-

phage genes, the genes of receptor-binding proteins are

exposed to natural mutations. Point amino-acid substitu-

tions sometimes can drastically change the affinity for

receptors. In some cases, the formation of new specifici-

ty with respective changes in phage host range can be

observed even in evolving microcosms under laboratory

conditions. For example, the joint cultivation of a λ viru-

lent mutant and E. coli resulted in the selection of resist-

ant bacteria, and then phage variants recognizing the new

receptor. Instead of the LamB protein responsible for

maltose transport, some genetic lines of the phage

became capable of recognizing the porin OmpF [144,

145]. To this end, it is necessary to accumulate several

point mutations. Analogously, the T4-like phage PP01

infecting E. coli O157:H7, which recognizes the porin

OmpC with its LTF, was adapted to recognize an uniden-

tified alternative primary receptor, providing the phage

the ability to grow on strains lacking the OmpC protein

[146]. For such alteration of the specificity, 2-3 (in differ-

ent clones) amino acid substitutions in the receptor-bind-

ing protein pg38 were sufficient. Such examples have

been described for a great number of other phages.

In addition to point substitutions, recombination

events (a modular evolution mechanism) make a consid-
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erable contribution to variability of receptor-binding pro-

teins [147]. Due to the common structural design of the

main types of phage adhesins, the genes of these proteins

can recombine with the formation of functional chimeric

molecules. The fibrillar proteins of phages usually contain

considerable amounts of β-helices. In the case of typical

trimeric fibers, the β-helical structure is a triangular

prism, each face being formed by a β-layer of one of the

three polypeptide chains. This prism is twisted relative to

its longitudinal axis [148]. The α-helical coiled-coil

structures are rare in phage fibers (except for collar fila-

ments of T-even bacteriophages) [149]. Thus, since fibril-

lar structures are composed of repeating protein motifs

arranged similarly in different proteins, many recombina-

tion events take place among them. The general structur-

al design as a parallel homotrimer implies that the tertiary

and quaternary contacts of amino acid residues in such

proteins are limited by the closely spaced amino acids in

the sequences of the same protein chain or by amino acids

in the analogous positions of the neighboring chains.

Therefore, the formed chimeric structures retain nearly

all the tertiary and quaternary interactions during recom-

binations and are often quite functional. Analogous rea-

soning is applicable to spike proteins, where recombina-

tions can rather freely occur at the sites separating globu-

lar domains. As a result, most sequences of phage

adhesins have a mosaic origin (are natural chimeric pro-

teins), as is easily revealed by comparing them with the

data bases, e.g. using the blastP algorithm (Fig. 10).

The described recombinations often lead to changes

in the host range of the phage. For example, the structure

of the distal part of the distal half of LTF in a classical

object of molecular biology, phage T4, is untypical of

most T-even phages. In the T2 and T6 (and many other)

phages, the C-terminal part of pg37 forming the last two

thirds of the distal half of the LTF is meant for the inter-

action with pg38, which really carries the receptor-recog-

nizing regions, while the C-terminal fragment of the 37

gene and the 38 gene in T4 are replaced by the analogous

fiber region of the λ-like phages and the chaperon neces-

sary for successful folding of this protein, respectively

[150, 151]. As a result, pg38 (the chaperon acquired by

modular transfer) in T4 is not a component of the viral

particle, and the receptor-recognizing region is located

directly at the C-end of pg37. The high level of similarity

between the nucleotide sequences of the T4 phage and the

T2 and T6 phages demonstrates that replacement of this

module occurred in the very recent evolutionary past. By

analogy, a variety of recombination events within pg37

between different T4-like phages have been described,

which also resulted in the transfer of alternative allele

variants of the 38 gene, obviously accompanied by a

change in adsorption specificity [151-153]. It has not yet

been properly investigated how significant the contribu-

tion of such recombination events to the current mutual

adaptation of phage and bacterial populations in real nat-

ural communities in time intervals comparable with the

natural cycles of these communities is (in most cases,

from days to several years). According to some data, it can

true for the coliphages in intestinal ecosystems. For

example, in a small group of N4-like phage isolates from

the feces of horses held in the same stable for seven years,

Fig. 10. Results of protein sequence analysis of the lateral fiber of LtfA of the DT57C phage (AJA41628.1) using BlastP software at

ncbi.nlm.nih.gov. The sequence length is 1076 a.a. Black and gray lines show the similarity between certain parts of this sequence and other

proteins (mainly bacteriophage proteins). Different shades of gray correspond to different degrees of similarity between the sequences

(score). For details, see the above-mentioned site.

Key for alignment scores
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we found numerous substitutions of receptor-recognizing

regions of tailspike proteins, including substitution of the

enzymatically active domain (O-antigen deacetylase and

depolymerase) ([154] and our unpublished data). It seems

that the contribution of divergence due to accumulation

of mutations and modular mechanisms can vary signifi-

cantly depending on availability of the pool of the respec-

tive genes for bacteriophages, which in turn depends on

the biological diversity of the bacteria and phages in a

community, as well as on the peculiarities of ecological

interactions within it.

The variability of phage adhesins can be determined

not only by the stochastic processes of mutation or ran-

dom recombinations. Some viruses have specially pro-

grammed mechanisms for enhancing the variability of

receptor-recognizing proteins. The Mu phage, which is a

temperate transposable phage of E. coli, has an inverted

genomic segment, the so-called G-segment (Fig. 11).

The G-segment encodes two alternative variants of the C-

terminal domain of the gene of the receptor-recognizing

fiber: Sv and S′v (an ortholog of the stf gene of lateral

fibers of the λ phage), as well as two variants of chaperone

U (an ortholog of the tfa gene of the λ phage): U and U′,

respectively.

The inverted segment is flanked by recognition sites

of the site-specific recombinase Gin. The mutual

arrangement of the transcribed gene S and the G-segment

is such that its inversion is accompanied by substitution of

a certain version of the C-terminal segment as well as the

corresponding variant of the U chaperone into the active

gene copy. Since site-specific recombination is an accu-

rate process, there is no reading frame failure. As a result,

the Mu phage population always contains a small portion

of particles carrying adhesin for recognizing the alterna-

tive host range. At position G+, with the Sv+U variant in

the active locus, the phage can infect E. coli K12 and

Salmonella arizonae, while in the G– orientation the

phage can grow on the strains Citrobacter freundi, Shigella

sonnei, Erwinia, and Enterobacter [155, 156]. Such mod-

ules, the so-called shufflons (from “shuffle”), occur in

other phages too, though not always associated with

phage variations of the host range. Shufflons are also

found in bacteria, where they control phase variations of

different characteristics, e.g. the type of antigen of the fla-

gella (flagellin) [157].

The Bordetella pertussis BPP1, BMP1, and BIP1

phages increase the variability of adhesin by using the

mechanism of reverse retrohoming, where high frequen-

cy of errors during reverse transcription is used as a gen-

erator of variability (Fig. 12).

The genome of this virus contains the active mtd

locus (from “major tropism determinant”) and, addition-

ally, the TR (template region) locus encoding the C-ter-

Fig. 11. Mechanism of switching of host specificity in the Mu phage due to genomic segment inversion. See text for explanation.

Fig. 12. Improvement of variability of the Mtd adhesin gene of

the BPP1 phage by retrohoming.
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minal segment of Mtd protein. This additional copy of

the gene region is transcribed, and then the phage-encod-

ed reverse transcriptase Brt converts it into cDNA [133]

by the method of recombinant retrohoming (this mecha-

nism is described in a review [158]).

The cDNA copy substitutes with a certain frequency

for the sequence of the C-terminal region of the mtd gene.

This process requires bRT and bAvd proteins [158]. As a

result, because of the high frequency of errors during

reverse transcription in certain nucleotide positions

(some adenine residues), new mtd gene variants are

formed, which determine a different variant of host speci-

ficity. For the most part, these phase variations are neces-

sary for the phage to adapt to infection of a host in a

human organism or in the environment, because the

main phage receptor – pertactin (Prn) – is expressed only

in an organism under the control of the two-component

BvgAS system, and in the external medium the phage

must switch over to other receptors.

Such systems have been denoted as DGR (diversity

generating retron) elements. They are slightly less wide-

spread than shufflons [158]. Similar DGRs have been

found in some Mu-like prophages of Syntrophobotulus

glycolicus [159]. However, it is interesting that, according

to the data of metagenomics, DRGEs are very widespread

in the phages associated with the human intestinal micro-

biome, where they determine the variability of some pro-

teins, many of them with immunoglobulin-like domains

[160, 161]. As mentioned above, the phage Ig-like

domains are always exposed on the surface and, at least in

T4, they are used for the binding to different molecules,

increasing the probability of meeting with the host cells

(in T4, the hoc protein recognizes mucin of the intestin-

al mucus [98], but it is quite possible that some Ig-like

domains of the phages recognize additional receptors on

bacterial cells).

Phenotypic adaptations of the adsorption apparatuses

of bacteriophages. The changes in the host range or

adsorption rate as a result of structural rearrangements in

the protein complex of the adsorption apparatus not asso-

ciated with mutations in the respective genes are pheno-

typic adaptations. Very few such mechanisms are known,

but it is probable that more detailed investigation of

adsorption modulation events in different phages will

change our ideas about the prevalence rate of this phe-

nomena.

The so-called molecular sensor of the T4 bacterio-

phage and many related viruses is a classical example of

phenotypic adaptation of the virus. T4 is almost not

adsorbed at low pH values and low ionic strength. The

transition can be artificially blocked by adding polyethyl-

ene glycol (6% PEG 6000). In the T2 phage, adsorption

activation requires the presence of the free amino acid

tryptophan.

Though this phenomenon has been studied since the

1970s, the exact mechanism of sensor operation is still

unclear. Until recently, it has been thought that LTFs of a

free phage particle can be in the two alternative states:

“down” and “up”, pressed into the contractile tail sheath

[149]. It was supposed that LTFs are competent for inter-

action with a receptor in the “down” position but inactive

in the “up” position. In the “up” position, the proximal

and distal halves of the fiber contact the proteins of pg18

sheath and phage head, respectively [162]. In addition,

the distal half makes two contacts with fibritin (pg wac) –

the collar and collar fiber protein. The T4 phage particle

includes 12 trimeric fibritin molecules (but not 6 as it was

supposed until recently), composed mainly of α-helical

coiled-coil structure. Six fibritin molecules bend down

and can be seen as collar filaments. They contact LTF in

the region of its bend, binding via its C-terminal regions

to the pg36 protein; other six molecules are bent in the

plane perpendicular to the tail axis and form a collar

interacting with a more distal region of LTF formed by

pg37 [162]. It is still unclear which of these numerous

contacts shows sensitivity to environmental factors. In

some works, the function of sensor element was attributed

to fibritin; however, recent data suggest that it facilitates

the down→up transition rather than controlling LTF

release. New data of cryoelectron microscopy show that

LTFs are in the “up” state in most particles (at least under

the specific conditions of the experiment). This probably

indicates that the sensor model needs to be modified. For

example, what is meant here may be not the physical

up→down transition in free particles, but the higher or

lower stabilization of the “up” position, which prohibits

or permits the turn of the LTF at the moment of infection.

It is interesting that the transition of fibers into the

“down” position only at the time of contact with the cell

surface has been also described for the T7 phage. Until

the moment of adsorption, its fibers are pressed to the

capsid [104]. It may be supposed that the molecular sen-

sor of T-even phages controls not the change in LTF posi-

tion in free particles, but the possibility of their unfolding

after the primary reversible contact with the cell surface.

The mechanism of the Lactococcus lactis siphovirus

p2 is somewhat similar. Its six receptor-binding proteins

(trimers similar to tail spikes) can rotate on the baseplate

by almost 200° in response to increase in the concentra-

tion of Ca2+, passing from the “up” orientation to the

“down” orientation suitable for interaction with the

receptor.

This mechanism probably allows the adsorption

apparatus to be activated near the cell surface, where the

concentration of Ca2+ is higher due to the presence of

negatively charged teichoic acids of the cell wall. It is also

possible that such mechanism provides preferential infec-

tion of cells in milk, whereas in the external environment,

where host bacteria endure unfavorable conditions, the

phage “prefers” to remain free [66, 77].

Two other lactophages, Tp901-1 and Tuc2009, also

have a rather peculiar adsorption apparatus that can adapt
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phenotypically to the infection of cells in the logarithmic

or stationary phase. Their round baseplates carry six

receptor-recognizing complexes called tripods: each of

them included three trimers of proper RBP (BppL)

joined together by proteins BppU and BppA. Thus, the

baseplate carries altogether 18 RBP trimers, which leads

to intensification of adsorption due to the effect of avidi-

ty. In addition to RBP, the interaction with the cell

involves the Tal (tail associated lysine) protein forming a

short and a thick central fiber. This protein was named as

such due to the presence of a domain with peptidoglycan-

hydrolase (peptidase) activity at its C-end, which makes

its way through the thick cell envelope of Lactococcus lac-

tis. However, this domain turned out to be essential only

for the infection of cells in the stationary phase, with their

densely packed peptidoglycan being maximally cross-

linked by peptide bridges. In some particles of the popu-

lation, the Tal protein is autoprocessed due to the activi-

ty of the available peptidase domain. At the same time,

the C-terminal part with the peptidoglycan-hydrolyzing

domain is removed. Surprisingly, the phages with the

shortened Tal protein are adsorbed noticeably faster but

are much less capable of infecting the cells close to the

stationary phase [163].

Probably, along with these highly specific molecular

mechanisms, there are some “hidden” mechanisms of

phenotypic adaptation inherent in a much broader range

of phages. The adsorption curves of most bacteriophages

(see, e.g. Fig. 3 from [154]) demonstrate the following

two phases: a relatively fast one, for which the adsorption

constants are usually calculated, and a slow one, which in

some cases passes into a plateau [16]. In fact, these phas-

es overlap, i.e. in the initial phage population there is a

rapidly adsorbed predominant fraction and a minor frac-

tion with very slow adsorption kinetics. Nevertheless, the

phages from the “slow” or “residual” fraction are viable

and form normal plaques during sample inoculation. For

some phage–host systems, e.g. for the λ and E. coli K-12

phages, it has been shown that the progeny of the “slow”

fraction has the same properties as the initial phage, i.e.

the difference in adsorption rates is not associated with

any gene mutations [164]. It seems to be true for most

phages, though it has been shown that in the T4 phage the

above-described phenomenon is accounted for (at least

partially) by the emergence of specific, frequently occur-

ring mutations in the 37 gene (the distal half of LTF)

[165].

In some phages, the plateau can be much higher than

in the λ phage or the G7C phage and reach tens of per-

cent of unadsorbed particles. In the Alt63 phage closely

related to the G7C phage but different in the variant of

the protein recognizing the primary receptor (O-anti-

gen), the height of the plateau reaches 40-80% but, which

is especially interesting, depends on cell culture density

used in the experiment (the lesser the cell number, the

higher the plateau). The mechanism of such dependence

has not yet been determined. The mechanisms of forma-

tion of the “slow” fraction in other phages, except for T4,

are not clear either. In some cases, it may be accounted

for by the presence of the incomplete set of RBPs because

of aberrations of assembly or damage of particles. In the

case of the λ phage adsorbed to E. coli K-12 through a

single axial fiber, this explanation is obviously unaccept-

able. It has been supposed that the J protein of the axial

fiber of the λ phage may have two different structural con-

formations: the native one attained in the main pathway

of folding and the aberrant one reflecting the local energy

minimum where some molecules are trapped during fold-

ing [164]. Finally, there may be a relatively tight but

reversible binding of adhesins to the blocking molecules,

e.g. receptor fragments.

The adaptive significance of the “residual” fraction

seems to consist in reservation of some part of the phage

population in the event of emergence of conditions

extremely unfavorable for viral replication in the cells.

Therefore, the λ phage can be adsorbed to cells in the sta-

tionary phase, but in this case viral production does not

occur and the phage dies. The “residual” fraction of par-

ticles allows the virus to survive transition of the culture to

the stationary phase under experimental conditions. In a

sense, the phenomenon of “residual fraction” is like the

phenomenon of persister cells, i.e. cells with suppressed

metabolism that occur with a low frequency in many bac-

terial populations [166]. These temporarily “dormant”

cells do not multiply but are tolerant to the effects of most

antibiotics, because the biosynthetic processes impaired

by antibiotics are switched off in them. In contrast to

resistant mutants, the progeny of persister cells has the

same antibiotic sensitivity as the initial strain.

The event of adsorption is the climax of existence of

a free viral particle, when the free energy reserve inherent

in the structure of the virion during morphogenesis is

realized. In bacteriophages, adsorption specificity seems

to be the determining factor that limits the available host

range. At first glance, it might seem that the reduction of

this range due to recognition of rather variable structures

is a wrong solution developed under the pressure of some

additional selecting factors. However, if we take into

account that the sizes of receptor-recognizing sites of

phage adhesins comprise only a few carbohydrate or

amino acid residues of the receptor and, at the same time,

the virus is at a sufficiently close distance to the cell for

only 5 ms during the collision between the phage particle

and the cell, with its adsorption apparatus being turned

towards the cell for only 1.6 ms (see review [17]), the effi-

ciency of cell surface recognition, which keeps the

adsorption constants in some phages close to the maxi-

mally possible values (about 10–8 ml/min), causes no

doubts. Despite the great diversity of adsorption appara-

tuses of phages and component proteins, their similar

structural design offers great possibilities for combinator-
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ial variability, inter alia, due to recombinations between

rather distant viral genomes. This allows us to rely on the

development of effective artificial systems for controlling

host specificity in bacteriophages, in the first place rele-

vant for the development of next-generation agents for

phage therapy and other applications.
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