
Like other viruses, phages depend on their host for the 
production and release of new viral particles. All phages 
encapsulate their genome in the proteinaceous capsid1,2, 
and many phages have a tail attached to the capsid3. 
Phage tails are molecular machines that specifically 
recognize bacterial host cells, penetrate the cell enve-
lope and deliver the phage genome into the cytoplasm. 
All tailed phages have a DNA genome and belong to 
the order of Caudovirales (from ‘cauda’, which is Latin 
for tail). Morphologically, they have traditionally been 
classified further into three families: the Myoviridae, 
Siphoviridae and Podoviridae. Myophages have long, 
contractile tails, siphophages have long, non-contractile 
tails, and podophages have short, non-contractile tails 
(Fig. 1). Members of the Caudovirales can infect a wide 
variety of bacterial hosts, and they are prevalent in many 
environments.

The tail structures are key determinants of the 
host specificity and infection process of the respective 
phages4–6. Many tailed phages use receptor-binding 
proteins (RBPs) at the distal end of their tail to inter-
act with receptors on the bacterial cell surface. Tail 
fibres, tail spikes and tail tips function as RBPs, and 
they specifically recognize host receptors, such as 
lipopolysaccharide (LPS), teichoic acids and porins. 
Initial reversible attachment is followed by irreversible 
adsorption and ejection of the phage genome into the 
host cytoplasm.

The remarkable genetic diversity of both phage RBPs 
and bacterial receptors has made it difficult to study the 
mechanisms underlying their interactions. However, 
recent studies have provided a wealth of structural and 
mechanistic insights at single-molecule and atomic 

levels6,7 and have inspired new or updated models  
of phage adsorption and recognition4.

In this Review, we discuss the structural factors that 
govern the physical interaction of tailed phages with their 
cellular targets, which ultimately determine whether a 
phage will infect a bacterial host. Understanding the 
structural and molecular mechanisms of phage–host 
interactions is crucial for the application of phages in 
medicine and biotechnology (Box 1). In addition, such 
knowledge will also provide deeper mechanistic insight 
into phage ecology and evolution, as well as their role 
in shaping the human microbiome and microbial  
ecology in general8,9.

Phage structure and host recognition
The long-tailed myophages and siphophages and the  
short-tailed podophages (Fig. 1; TaBle 1) not only show 
great structural diversity but also use different mechanisms 
to interact with host cells4–6.

Myoviridae. The T4 and Mu phages infect enterobacteria 
and have long, contractile tails10 (Fig.  1a). The tail 
tube is attached to the capsid and, at the other end, to 
the baseplate complex. It is surrounded by a contractile 
sheath that facilitates puncturing of the bacterial cell 
envelope and delivery of the viral DNA10. The interac-
tion between phage RBPs, that is, tail fibres, tail spikes 
and the central tail spike, and the bacterial surface  
triggers contraction7.

Contractile tails are the most complex structures used 
for the delivery of phage genomes. Host recognition and 
adsorption of T4 are the best characterized examples 
in the Myoviridae family4. The T4 baseplate has both 
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short (gp12) and long (gp34–gp37) tail fibres11 (Fig. 1a).  
The previous binding model assumed that the long tail 
fibres extend when T4 lands on the host surface and that 
the baseplate descends only after binding of all these fibres 
to their receptor12. Recent cryo-electron tomography evi-
dence, however, has contradicted this model and revealed 
that the six long tail fibres alternate between folded and 
extended conformations4,13 (Fig. 2a). An extended long tail 
fibre makes the initial contact with its specific host recep-
tor, that is, LPS or outer membrane protein C (OmpC) 
(Fig. 2b). This is immediately followed by the contact of 
a second long tail fibre before the first has dissociated. 
The repetition of this process using different transiently 
extended long tail fibres enables the phage to move 
and find an optimal site for irreversible adsorption and 
genome ejection4 (Fig. 2c). Reversible binding is the first 
step that determines the host range of T4 (reF.14).

When two or three of the six long tail fibres bind their 
receptors, a signal is transmitted to the baseplate, and it 
changes conformation4, which enables some short tail 
fibres to irreversibly bind their receptor, that is, the outer 
core region of LPS. After further conformational change 
and expansion of the baseplate, the remaining short 
tail fibres bind and orient the virion for DNA ejection 
(Fig. 2d). Contraction of the sheath (Fig. 2e) is a rapid pro-
cess that pushes the tail tube through the bacterial outer 
membrane4 (Fig. 2f). Recently, atomic models showed that 
the tail assembly and capsid translate along and rotate 
about the tail tube axis15. The combination of translation 
and rotation enables the tip of the tail tube to effectively 
pierce the host membrane.

Notably, the T4 baseplate is more complex than the 
baseplates of most other contractile tailed phages. On 
the basis of genome data from contractile tailed phages 
and prophages, most have simple baseplates resem-
bling the baseplate of myophage Mu, although they 

share the baseplate hub component, spike protein and 
wedge subunit with the T4 baseplate16. This finding 
led to the hypothesis that all contractile-tail-derived 
structures have evolved from these simple baseplates. 
Similarities also exist between the Mu-like simple base-
plates and type VI secretion systems (T6SSs), phage-like 
translocation structures and R-type pyocins16, which 
suggests that the contractile machinery is a versatile and 
widespread cell-penetrating device (Box 2).

The mechanisms of host adsorption that myophages 
use to infect Gram-positive bacteria have also been 
described. Similar to T4, the staphylococcal phage phi812 
contacts the cell surface with its tail fibres, which causes 
a conformational change of the baseplate17. However, the 
conformation of the phi812 baseplate is distinct from 
that of T4; it has thick ‘legs’, which comprise a trimer 
of RBPs and a trimer of elongated ‘tripod’ proteins. 
Together, these trimers form a cone-shaped receptor–
tripod complex. Upon binding, the receptor–tripod 
complexes rotate 210°, which leads to the reorganization 
of the baseplate proteins into two layers parallel to the 
cell wall and exposes the RBPs17. The double-layered 
baseplate architecture of phi812 has been observed 
in other myophages that infect both Gram-positive18 
and Gram-negative bacteria19,20. Reorganization of the 
baseplate induces structural changes of the tail sheath 
and causes contraction of the sheath and DNA ejection17.

Siphoviridae. Siphophages, such as the enterobacterial 
phages λ and T5, have long, flexible, non-contractile tails 
without a sheath (Fig. 1b). Some siphophages that infect 
Gram-positive bacteria have a baseplate-like struc-
ture similar to, but not as complex as, the baseplate of 
myophages. Siphophages that infect Gram-negative bac-
teria have no baseplate-like structure. Siphophages that 
target protein receptors on Gram-positive bacteria have 
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Fig. 1 | Representative structures of tailed phages. All tailed phages have a capsid that encloses and protects the 
genome and connects to the tail. a | Phages in the Myoviridae family are the only tailed phages with a contractile tail 
sheath. b | Both phages belonging to the Myoviridae and Siphoviridae families have a baseplate at the distal end of the tail 
to which receptor-binding proteins (RBPs), such as tail fibres and tail spikes, are attached. c | Because members of the 
Podoviridae have no baseplate, the RBPs directly attach to the tail. Siphoviridae and Podoviridae additionally have a central 
tail fibre or spike that protrudes from the distal end of the tail or baseplate.

Porins
Proteins that assemble 
together to form a complex 
that acts as a channel (pore) 
across membranes through 
which molecules can diffuse.

Baseplate
a protein structure found in 
tailed phages from the 
Myoviridae and Siphoviridae 
families. Tails and tail 
appendages, including tail 
fibres or tail spikes, attach to 
the baseplate.

Prophages
Stable (relatively) forms of 
phage in which the genome is 
integrated into, and replicated 
with, the genome of the 
bacterial host, without lysis of 
the bacterial cell; prophages 
may also exist as 
extrachromosomal plasmids.
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a straight tail fibre or spike directly attached to the tail or 
baseplate, whereas siphophages that target host polysac-
charide receptors use side fibres with a high number of 
saccharide-binding domains21. Siphophages that infect 
Gram-negative bacteria generally have both a central, 
straight fibre and side fibres.

The RBP in T5 is pb5, and one pb5 molecule is 
located at the tip of the pb4 central fibre22. Interaction of 
pb5 with its specific receptor, ferrichrome outer mem-
brane transporter/phage receptor (FhuA), triggers DNA 
ejection23 (Fig. 3a). The tape measure protein pb2 cre-
ates a pore in the bacterial cytoplasmic membrane for  
DNA transfer22.

Phage T5 has three additional L-shaped tail fibres 
that consist of pb1 and attach to the thin collar at the 
upper end of the conical basal structure24. The pb1 fibres 
increase adsorption to bacteria that carry o-antigens. In 
T5-like phages, such as coliphages DT57C and DT571/2, 
this binding is required for the central fibre to successfully  
reach vitamin B12 transporter BtuB, its host receptor on 
the outer membrane25. In contrast to T5, which has a sin-
gle gene encoding L-shaped tail fibres, these phages have 
two genes, ltfA and ltfB. Three of the seven sequenced 
and annotated genomes of T5-like phages also use two 
genes to encode L-shaped fibres with distinct domains 
that recognize different O-antigen types and expand the 
phage’s host range25. As only a few T5-like genomes are 
available so far, it is unclear whether a single-gene or 

dual-gene adhesin arrangement predominates among 
these phages. Nevertheless, the double gene arrangement 
of the tail fibres can be found in podophages, such as the 
enterobacterial phage K1-5 (reF.26), and myophages, such 
as the enterobacterial phage G7C27.

It is less well understood how siphophages infect 
Gram-positive bacteria, but recent discoveries on phages 
that infect lactococci have provided interesting insights. 
Most lactococcal phages have a baseplate with multiple 
RBPs28 (Fig. 3a). In their unbound state, the gp18 RBPs 
of siphophage p2 are retracted and recognize their 
host receptors laterally. This conformation results in a 
relatively low affinity owing to the limited number of 
exposed binding sites. Initial host recognition causes 
conformational changes in the baseplate and extension 
of the RBPs and exposure of all binding sites. When all 
RBP-binding sites are engaged, p2 binds irreversibly and 
ejects its DNA29,30. Siphophages that infect Gram-positive 
bacteria tend to have more complex baseplates with mul-
tiple RBPs that attach to different saccharide receptors 
on the host surface31,32 than siphophages that infect 
Gram-negative bacteria. Nevertheless, siphophages  
of Gram-positive bacteria seem to have the same host range 
limitations as siphophages of Gram-negative bacteria.  
It appears that the structural differences between phages 
that infect Gram-positive and Gram-negative bacteria 
reflect the different host receptors that they target. 
This is most likely the reason why no phages have 
been found so far that infect both Gram-positive and 
Gram-negative bacteria, together with a lack of broad 
testing of host ranges.

Podoviridae. Podophages, such as coliphage T7 and 
Salmonella spp. phage P22, have short, non-contractile 
tails that consist of an upper tail adaptor protein that 
connects the tail to the capsid and a lower nozzle that is  
surrounded by six or twelve tail fibres or tail spikes33 
(Fig. 1c), but they have no baseplate. The first interaction 
of T7, the hallmark example of a podophage, involves 
host membrane proteins and facilitates further inter-
action of the gp17 tail fibres with LPS. This causes a 
conformational change in the tail fibres that orients them 
perpendicular to the cell surface and triggers protein and 
DNA ejection6. The ejected proteins presumably extend 
the short T7 tail and form a channel through which 
DNA enters the cell cytoplasm6.

The adsorption machinery of P22 differs from that 
of T7. Instead of tail fibres, P22 has six gp9 tail spikes, 
which are connected to the tail tube and determine host 
range34. Their endoglycosidase activity is responsible for 
the degradation of the O-antigen receptor35. The end  
of the P22 tail is closed by a protein, which prevents 
DNA from exiting the capsid before binding. This pro-
tein is also thought to have alternative functions in host 
envelope penetration and triggering of DNA ejection36,37. 
Additionally, similar to T7, ejected proteins form a 
channel for DNA entry38.

Podophages of Gram-positive bacteria, such as 
Bacillus spp. phage phi29, have similar mechanisms 
of adsorption and infection as podophages of Gram-
negative bacteria. Similar to P22, phi29 has tail spikes 
attached to the tail tube, although there are twelve gp12 

Box 1 | Tools and applications of phages

Phage therapy is one of the most promising alternatives to antibiotics, particularly for 
multidrug-resistant bacteria. The recent compassionate use of phages in humans in 
whom antibiotic therapy has failed has met with remarkable success132,133. However, the 
path to phage-based therapies in humans is still unclear, particularly in regard to 
regulation, safety and efficacy134. A detailed understanding of phage–host interactions 
will be relevant for the creation of tailored phages for therapy and will help take 
advantage of the recent advances in synthetic biology135. The same rationale applies to 
the use of phages in non-clinical settings, in which fewer regulatory hurdles may exist, 
including veterinary medicine136, agriculture137, aquaculture138 and the food industry139.

Phages have also been used to detect bacteria owing to their sensitive and specific 
interaction with the host. Some assays have used the detection of bacterial intracellular 
components after lysis by phages or detection of the resultant environment changes140 
as a marker of bacterial presence141. others use phage propagation as a signal for the 
presence of the target bacteria142,143. The capacity of temperate phages to integrate in 
the bacterial genome has also been used in detection tools by engineering the phage 
with a reporter gene that generates a detectable signal once inside the bacterial cell144. 
Alternative approaches have immobilized phages on solid substrates to create a sensing 
layer of high bacterial specificity145–147. others have bound phages to specific 
microparticles or nanoparticles and used these bioconjugates as tools to either detect 
bacteria directly148 or separate bacteria from complex samples for subsequent 
identification149,150.

Receptor-binding proteins (RBPs) have also been used as bacterial detection tools in 
manners similar to those described above114,115,151. More recently, RBPs have been 
suggested as o-serotyping probes to distinguish different bacterial glucosylation 
phenotypes152. Depolymerases encoded by phage RBPs have also been suggested for 
use in several applications that require species-specific targeting. For example, 
depolymerases may be used as adjuvants of the host immune system against bacterial 
infections by depriving bacteria of a major virulence factor, the capsule91,153. 
Alternatively, the extraordinary specificity of depolymerases for capsule types can be 
harnessed for diagnosis and typing154,155. A comprehensive understanding of all 
structural and molecular mechanisms governing the interactions of phages and their 
RBPs with the bacterial host will substantially improve phage-based tools for medical 
and biotechnological applications.

O-antigens
repetitive glycan polymers 
that constitute the outermost 
domain of the 
lipopolysaccharide of 
gram-negative bacteria.
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spikes instead of six tail spikes as in P22 (reF.39). The 
gp12 tail spikes mediate irreversible attachment and can 
degrade cell wall teichoic acids40. Following binding, a 
protein with enzymatic activity located at the distal end 
of the tail degrades the peptidoglycan layer, which paves 
the way for genome ejection41.

In summary, all tailed phages use the tail and associ-
ated RBPs to interact with the host and to create a channel 
through which the DNA enters the cell. Despite this 
common strategy, the protein machinery responsible for 
host adsorption has specific features depending on phage 
taxa. Such features can influence the phage host range. 
Ecological studies have suggested that myophages have 
broader host ranges than siphophages and podophages42, 
possibly because of their sophisticated baseplate43.

Receptor-binding proteins
The RBPs of tailed phages (Fig. 3b; TaBle 1) have a 
high genetic plasticity, which enables the phages to adapt 
to and evolve to infect new hosts.

Tail spikes. gp9 of P22 is one of the best characterized 
tail spike structures (Fig. 3b). It forms a stable homotri-
mer, and each individual protein has three domains. The 
amino (N)-terminal particle-binding domain attaches to 
the phage tail and consists of two central β-sheets with five 
and three strands that are connected by extensive loops34. 
The carboxy (C)-terminal receptor-binding domain 
mediates attachment to the O-antigen and has endorham-
nosidase enzymatic activity that cleaves the O-antigen 
and exposes the outer membrane44. Each subunit of the 
receptor-binding domain contains a right-handed, par-
allel β-helix that associates side by side with the other 
β-helices in the trimer such that the axes of the helices 
are almost parallel to the axis of the whole trimer. Finally, 
a short linker peptide connects the particle-binding and 
the receptor-binding domains. This linker peptide has 
high conformational flexibility34,45, which facilitates the 
engagement of several receptors46. Notably, at least three 
tail spike molecules need to bind for successful infection35. 
In addition, conformational changes of the linker signal to 

Table 1 | Host–phage interactions mediating adsorption of tailed phages

Phage family Adsorption module RBP Bacterial 
target

Host receptor Example phage Refs

Siphoviridae Long non-contractile 
tail

Tail fibre GN O-antigen (smooth LPS) T5 170

Core oligosaccharide (rough LPS) SSU5 96

Proteins (for example, LamB, TolC and FepA) λ, TLS and H8 102,171,172

Flagella Chi and iEPS5 112,173

Pili DMS3 174

GP Teichoic acids LL-H 175

Tail spike GN Capsule Vi-II 52

LPS 9NA 176

GP Protein (for example, YueB) SPP1 104,177

Central tail fibre GN Proteins (for example, BtuB and FhuA) BF23, T5 178,179

Tail tip GN Protein (for example, TonB) H8 102

Capsid filament GN Flagella phiChi13 and 
phiCbK

111

Myoviridae Long contractile tail Tail fibre GN LPS Mu 180

Proteins (for example, OmpC and OmpF) T4 and T2 58,181

Flagella SPN3US 182

GP Protein (for example, GamR) γ 107

Teichoic acids A511 183

Peptidoglycan A511 183

Tail spike GN Capsule MAM1 184

LPS Det7 50

Podoviridae Short contractile tail Tail fibre GN LPS T3 and T7 6,185

Proteins (for example, Ail and OmpF) Yep-phi 97

Type IV pili MPK7 120

Tail spike GN Capsule phiK1-5 26

O-antigen (smooth LPS) P22 38

Protein (for example, OmpA) Sf6 186

GP Teichoic acids phi29 40

Ail, attachment invasion locus protein; BtuB, vitamin B12 transporter BtuB; FepA , ferrienterobactin receptor ; FhuA , ferrichrome outer membrane transporter/
phage receptor ; GamR , cell wall protein GamR; GN, Gram-negative; GP, Gram-positive; LamB, maltoporin; LPS, lipopolysaccharide; Omp, outer membrane protein; 
RBP, receptor-binding protein; TolC, outer membrane protein TolC.

Genetic plasticity
The alterable nature of 
genomes that enables the 
exchange of nucleic acids from 
one organism to another, 
usually to adapt to new 
environmental conditions.

β-helix
a protein structure formed by 
parallel polypeptide chains 
associated in a helical pattern 
with either two or three faces; 
may be left-handed or 
right-handed.
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the particle-binding domain47 to trigger DNA ejection34. 
This linker is conserved among podophages.

Generally, P22-like phages have a conserved particle- 
binding domain but variable receptor-binding domains48. 
However, some P22-like phages, such as SP6, maintain 
the P22 receptor-binding domain with particle-binding 
domains of other phages49. Furthermore, the podophage 
SP6 and the myophage Det7 both infect Salmonella spp. 
and have similar tail spikes, gp49 and gp207, respectively, 
which suggests the transfer of receptor-binding domains 
between distinct phage taxa50. In Pseudomonas spp. phage 
LKA1, the tail spike protein contains an O5-serotype 
specific polysaccharide lyase51.

Vi-like myophages also infect Salmonella spp. and 
have similar tail spikes as P22-like podophages19,50 
but target the Vi capsule52. Vi-like phages are mor-
phologically diverse and occur in all three families of 
tailed phages. All their tail spikes contain a domain 
that mediates recognition and deacetylation of the Vi 
exopolysaccharide53. Vi-like phages also infect bac-
teria without a Vi capsule because they also have 

branched tail spike proteins, similar to the coliform 
K1 podophages, and RBPs with different host specifi-
cities. This larger host range increases the probability 
of recombination, including of the Vi-targeting RBPs, 
with non-Vi infecting phages during co-infection of a  
non-Vi host52.

In summary, tail spikes have largely conserved struc-
tures but vary in their receptor-binding domains and 
the host specificities that they confer. Furthermore, tail 
spikes often carry enzymes that degrade the cell wall and 
facilitate DNA ejection (see below).

Tail fibres. In contrast to tail spikes, tail fibres usually 
have no enzymatic activity. The T4 long tail fibres, 
which are the best characterized tail fibres so far, are 
an assembly of four distinct proteins54 that assume 
an articulated leg-like shape55. The proximal segment 
(the ‘thigh’) is composed of a homotrimer of gp34, and a  
hinge (the ‘knee’) formed by a monomer of gp35 (reF.55) 
connects it to the distal segment (the ‘lower leg’) consist-
ing of a trimer of protein gp36 and a trimer of protein 

a b c

d e f

Retracted
long tail fibre

Non-contracted tail

Retracted
short tail fibre

Extended long 
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Contracted tail

Tail tube
penetration DNA ejection

Extended
short tail fibre

Fig. 2 | Model of phage T4 adsorption to the host surface. a | In its unattached state, the six long tail fibres of phage 
T4 extend and retract. b | An extended long tail fibre initiates contact with the bacterial cell surface. c | Binding of 
transiently extended long tail fibres allows phage T4 to move on the surface of the cell to find an optimal site for 
irreversible adsorption. d | Binding of two or three of the long tail fibres to their cellular receptor changes the baseplate 
conformation and releases the short tail fibres, which irreversibly bind to the host receptor. e | Irreversible binding 
causes the baseplate to assume a star configuration, triggering contraction of the tail and the release of the remaining 
long tail fibres, which also bind to the host. f | Tail contraction leads to the ejection of the phage DNA into the cell. Adapted 
with permission from reF.4, Proceedings of the National Academy of Sciences of the United States of America.

Vi capsule
a bacterial capsule that 
exposes the Vi antigen, a 
heat-labile somatic antigen 
thought to be associated with 
virulence in some bacteria.

Deacetylation
The removal of an acetyl group 
from a chemical compound.

Recombination
The process by which genetic 
material is exchanged between 
DNa molecules.

Homotrimer
a protein composed of three 
identical units of polypeptide.

Monomer
an individual molecule that can 
associate with similar molecules 
to form a larger molecule 
(dimer, trimer and polymer).
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gp37 (Fig. 3b). gp37 also forms the needle-shaped ‘foot’, 
which contains the receptor-binding region at its C 
terminus. The proper trimeric assembly of the dis-
tal part of the long tail fibres requires the action of  
two phage-encoded chaperones56.

The receptor-binding region of gp37 is an elabo-
rate, interwoven trimer with a globular collar domain, 
an elongated needle domain and a head domain. The 
collar domain itself is a trimer in which each mono-
mer comprises two antiparallel β-sheets and an α-helix. 
Conversely, the needle domain is a long, six-stranded, 
antiparallel β-barrel formed by residues from each of 
the three polypeptides, which complete one and a half 
turns around the fibre axis. Central to the interwoven 
strands are iron ions that hold the strands together57. 
The head domain contains the residues involved in host 
binding57. It is likely that aromatic and positively charged 
residues in this region bind LPS. Additionally, the head 
domain was recently suggested to bind to the centre of 
the OmpC trimer vertically, with its lateral surface inter-
acting at multiples sites with the extracellular loops of 
the porin58.

Sequence similarity of the receptor-binding region of 
T4 gp37, Tula and Tulb gp37 and λ Ur side tail fibres59, 
with the exception of the head domains, indicates 

overall structural conservation superimposed by modular 
evolution of the head and thus host specificity57.

The short T4 tail fibres have a simple triple-stranded 
β-helix structure60. They are composed of a single 
protein, gp12, which forms a parallel homotrimer61 
(Fig. 3b). The thin N-terminal part of the homotrimer 
attaches to the baseplate, whereas the arrow-shaped, 
globular C-terminal part binds the host receptors60. 
The C terminus has a ‘knitted’ fold formed by three 
intertwined strands62. This domain has a metal-binding 
site containing a zinc ion that is likely necessary for the 
assembly and stability of the trimer60. A chaperone is also 
required for correct folding of the trimer63. The short tail 
fibre is hinged with the receptor-binding region hidden 
in the baseplate and enables binding, and it rotates and 
extends in a process requiring the structural protein 
gp10 (reF.64).

In contrast to tail fibres of T4, tail fibre structures 
of the Siphoviridae and Podoviridae families have not 
been extensively characterized so far. In the sipho-
phage T5, the L-shaped pb1 fibres are homotrimers 
composed of a β-helical distal domain with a bullet 
shape and a thin proximal domain that may have a col-
lagen fold65. An intramolecular chaperone is required 
for proper folding of the C-terminal triple helix;  

Box 2 | Bacterial phage tail-like complexes

Phage tail-like complexes that are homologous to phage components but 
perform a different biological function have been identified in a broad 
range of bacteria. These structures are evolutionarily related to phages 
and share a conserved protein core (tail tube, tail spike, baseplate and 
often receptor-binding proteins (RBPs)) but lack the DNA-bearing capsid 
that is required for replication (see the figure). In contrast to phages, phage 
tail-like complexes have been shaped by evolution to enhance bacterial 
fitness. Three classes of phage tail-like complexes can be recognized. 
Phage tail-like bacteriocins (PTlBs) comprise R-type contractile complexes 
that derive from Myoviridae-like tails and non-contractile F-type 
complexes that are homologous to Siphoviridae-like tails156.

PTlBs target both Gram-positive and Gram-negative bacteria157 and kill 
by draining the proton motive force158. The phage tail-like translocation 
structures (PTlSs) are a second class of phage tail-like complexes. These 
systems are a widespread and functionally diverse group of Myoviridae 
phage-derived contractile complexes that target insect cells79,159–161.  
A third class is the type vI secretion systems (T6SSs), which are derived from  
Myoviridae162 and have been identified in different bacterial species163. 
unlike the other phage tail-like complexes, T6SSs are not deployed by cell 
lysis but rather are embedded in the cell envelope164. They kill competing 
bacteria or affect eukaryotic cells upon contact by injecting a spiked tube 
charged with cell-effector proteins78,165.

The mechanism and dynamics of host recognition by phage tail-like 
complexes are still poorly understood and have so far been  
examined only for R-type PlTBs (pyocins), which bind to bacterial 
lipopolysaccharide (lPS) receptors166. on the basis of the structural 
similarity with contractile phages, it is likely that contraction of R-type 
pyocins is also triggered by binding of several fibres to the receptor, 
which then results in tube injection and draining of the ion-motive 
force158. Five pyocin subgroups (R1 to R5) have been distinguished in 
Pseudomonas aeruginosa, all of which possess tail fibres with a conserved 
amino terminus and a variable carboxyl terminus167. The variable region 
of the fibres governs the host range of pyocins by facilitating binding to 
different moieties (that is, l-Rha, α-Glc and β-Glc) of lPS166. The host 
range of R-type pyocins and other PlTBs has successfully been changed 
by replacing the carboxy-terminal part of the tail fibres with analogous 
parts from the tail fibres of phages167,168. This indicates that the 
transmission and interpretation of fibre-mediated cues for contraction 
occur similarly in R-type PlTBs and phages. An additional piece of 
information on host recognition by phage tail-like complexes comes 
from an electron cryotomography study of the T6SS of Myxococcus  
xanthus, which identified a tail fibre-like extracellular antenna  
that might trigger contraction in response to a still-unknown signal  
or receptor164.
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Chaperones
Proteins that interact with and 
assist in the folding and 
unfolding or assembly and 
disassembly of other proteins 
without being part of the final 
structure.

α-helix
a right-handed coiled 
conformation of proteins in 
which the resulting structure 
resembles a helix.
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once folding is complete, proteolysis leads to the release of 
the chaperone domain66. The specific receptor-binding 
site remains unknown but is likely in the groove that 
is exposed after chaperone cleavage67. The crystal 
structure of the gp18 RBP from lactococcal phage p2 

RBP resembles the gp12 homotrimer of myophage  
T4 (reF.68).

In podophage T7, the gp17 tail fibres are elongated 
homotrimers that do not use phage chaperones for fold-
ing. As observed for the tail fibres of some of the phages 
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Fig. 3 | Receptor-binding proteins of tailed phages. a | Phages in the Siphoviridae family that infect Gram-negative 
bacteria (T5, left panel) and Gram-positive bacteria (p2, right panel) differ in their adsorption apparatus. Phage T5  
has one receptor-binding protein (RBP) located at the tip of the straight central tail fibre, and three additional L-shaped 
tail fibres protrude from the baseplate. Phage p2 has 18 RBPs distributed on 6 tail fibres and a central short tail spike.  
b | The structures of some phage RBPs have been determined. Podophage P22 binds to its receptors through the g9 tail 
spike (Protein Data Bank (PDB): 1TSP)169 and penetrates the host cell with its tail tip consisting of the gp26 needle  
protein (PDB: 2POH)36. The RBPs of myophage T4 are the long tail fibre tip gp37 (PDB: 2XGF)57 and the short tail fibre  
gp12 (PDB: 1H6W)60.
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described above, the particle-binding domain seems to 
be conserved among Autographivirinae69, a Podoviridae 
subfamily, whereas the receptor-binding domains 
diverged to adapt to different hosts70.

Taken together, tail fibres share the modular structure 
of tail spikes, with particle-binding and receptor-binding 
domains. However, they have generally longer and 
more complex structures than tail spikes, which often 
require chaperones for proper folding and functionality. 
Notably, although chaperones are not needed for folding 
of tail spikes, they are necessary for phage assembly. 
As with tail spikes, tail fibres have highly variable 
receptor-binding domains and are involved in reversible 
and/or irreversible adsorption. They have no enzymatic 
activity, although regions encoding depolymerases have 
been found in tail fibre genes71. Tail fibres are involved 
in triggering conformational changes that lead to DNA 
ejection from the phage capsid.

Membrane-penetrating proteins. The tip region of 
the tail is most likely involved in overcoming the cell 
wall for DNA ejection in all phages. For phages of 
Gram-positive bacteria, this involves penetration of a 
thick cell wall and an inner membrane, whereas phages 
of Gram-negative bacteria face the obstacles of a thin-
ner wall but both an outer and inner cell membranes. 
Atomic resolution studies have revealed the structure 
and function of a few proteins involved in overcom-
ing the outer membrane of Gram-negative bacteria, 
but little is known about how phages overcome the  
inner membrane.

The central spike protein gp5 of myophage T4 is a 
lysozyme that hydrolyses glycosidic bonds in pepti-
doglycan. It forms a stable complex with protein gp27 
and resembles a long torch. The gp27 trimer forms the 
cylindrical part of the structure and encompasses three 
N-terminal domains of the trimeric gp5. Attached to 
these is the gp5 C-terminal domain, folded into a tri-
meric β-helix11,72. Adjacent to the helix are the three 
gp5 lysozyme domains, which are connected to the 
N-terminal and C-terminal domains by two long pep-
tide linkers that run along the side of the helix11. These 
linkers prevent binding of the peptide portion of the sub-
strate to the lysozyme domain, and the β-helix blocks 
the polysaccharide binding site. Thus, dissociation of the 
β-helix restores full lysozyme activity11 and enables local-
ized peptidoglycan digestion and thus facilitates pene-
tration of the tail tube73. The mechanism for puncturing 
the inner membrane is still unclear, but it is hypothe-
sized to involve gp27 or the ejected tape measure protein  
gp29 (reF.4).

Tape measure proteins are named after the role they 
play in defining tail length. pb2 and HK97 are the tape 
measure proteins of the enterobacterial siphophages T5 
and HK97, respectively, and they are hypothesized to 
form a channel that bridges the outer and inner mem-
branes of the host. pb2 has three domains: a coiled coil 
domain that spans the tail and serves as a sensor for 
triggering the opening of the head–tail connector, a 
transmembrane domain consisting of two α-helices, and  
a metallopeptidase motif74. The transmembrane and 
metallopeptidase domains are presumably located inside 

the straight fibre formed by pb5. Binding of pb5 to its 
host receptor FhuA is thought to trigger major con-
formational changes in pb2, causing the release of the 
DNA from the phage capsid. Simultaneously, the pb2 
metallopeptidase degrades peptidoglycan, the outer and 
inner membranes fuse, and a pore for DNA transfer is 
formed74. It is unclear how pb2 fuses the membranes; 
by contrast, other siphophages, such as coliphage HK97, 
need host proteins for membrane penetration. Genetic 
analysis suggests that HK97 enters the periplasm, where 
it assembles into a conduit assisted by the host periplas-
mic chaperone FkpA. HK97 then interacts with the 
inner membrane glucose transporter protein PtsG and 
becomes anchored to both the outer and inner mem-
branes, which enables passage of the phage DNA into the 
bacterial cytoplasm75. The needle protein gp26 of podo-
phage P22 (Fig. 3b) is a homotrimeric left-handed twisted 
fibre similar to a podophage tail fibre. The N-terminal 
domain of the needle is formed by a hydrophobic moiety 
and a fibrous α-helical core and functions as a plug of 
the portal protein channel76. The C terminus contains 
a triple β-helix and a novel α-helical domain (termed 
the lazo domain), and it likely mediates cell envelope 
penetration36. An aromatic tyrosine residue is located 
at the extreme tip of the gp26 needle and likely initi-
ates host contact by dipping into the outer membrane 
to initiate membrane fusion and trigger conformational 
changes. The P22 needle differs considerably from the 
T4 tail tip: it is largely α-helical, injected into the host 
and has no enzymatic activity36. It must be noted that 
the role of gp26 in outer membrane penetration is still 
highly speculative, and further studies are required to 
understand how the P22 tail overcomes both the outer 
and inner membrane.

As in P22, Bacillus spp. podophage Ø29 has a tail tip 
that can penetrate cells. However, this tail tip forms a 
‘knob’ out of gp9 and gp13 (reF.77). Gp9 is a cylindrical, 
tube-like homohexamer with a β-barrel N-terminal 
domain, a central tube composed of an α/β-domain 
and a middle β-domain, and another β-domain at the 
tip. A hydrophobic long loop (L loop) protrudes from 
the inner wall near the tip β-domain and fills most 
of the interior of the tube. On exiting the tube, the 
L loop forms a cone-shaped tip that penetrates the 
membrane and forms a channel for DNA release into 
the cell41. In addition, the complex contains the gp13 
enzyme for peptidoglycan degradation77. The mem-
brane-penetrating proteins of phage tail-like complexes 
are homologous to those of phages, pierce the cell 
envelope and deliver a broad range of effector proteins. 
Examples include proteins that modify the membrane, 
degrade peptidoglycan or DNA, form membrane 
pores, deplete cellular NAD(P)+ or rearrange the actin 
cytoskeleton78,79.

Membrane-penetrating proteins are structurally 
and functionally distinct from tail fibres and tail 
spikes. Their main function is breaching of the cell 
boundary, although virtually nothing is known 
about penetration of the inner membrane. Moreover, 
membrane-penetrating proteins, for example, gpJ from 
λ phage80, may also be involved in adsorption and 
determine the host range.

Proteolysis
The breakdown (hydrolysis) of 
proteins or peptides into their 
key components, peptides and 
amino acids, by the action of 
enzymes.

Phage tail-like complexes
Protein complexes that are 
homologous to phage tails and 
facilitate the killing of cells or 
influence bacterial and 
eukaryotic cells through 
physical interactions.
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RBP phage-encoded enzymes. Tailed phages of both 
Gram-negative and Gram-positive bacteria commonly 
harbour peptidoglycan-degrading enzymes, including 
endopeptidases81, N-acetylmuramyl-l-alanine amidases82, 
N-acetylglycosaminidase83,84, lysozymes85 and lytic trans-
glycosylases86. These enzymes locally degrade or rear-
range peptidoglycan87, and although they are not always 
required for infection, they provide advantages under 
particular conditions. For example, the peptidogly-
can hydrolase in the tails of mycobacterial siphophage 
TM4, enterobacterial myophage T4 and lactococcal 
siphophage Tuc2009 was necessary for infection of 
cells in the stationary phase but not for cells growing 
exponentially81,88,89.

Phages can also have enzymes that target other bac-
terial structures. The podophage F116 uses lyases to 
dissolve alginate exopolysaccharide that is secreted by 
Pseudomonas spp.90. Pectate lyases in the tail spike pro-
teins of some phages might hydrolyse glycosidic bonds 
and thereby reduce bacterial virulence91. Vi phages of 
distinct taxa share an acetyl esterase that targets the 
acetyl modification on sugars52. Phages that infect 
bacteria with a polysaccharide capsule often encode 
endoglicosidases48, endosialidases92 and enzymes with 
antibiofilm activity93.

Host receptors
The specificity of phage–host interactions is defined not 
only by the phage RBPs but also by the type and struc-
ture of the host receptors. Receptor localization, amount 
and density on the cell surface also influence specificity. 
Gram-positive and Gram-negative bacteria differ sub-
stantially in the thickness, uniformity and lipid and 
lipoprotein content of the cell wall and in the receptors 
available for phage adsorption (Fig. 4; TaBle 1).

Gram-negative bacterial receptors. The main recep-
tor in Gram-negative bacteria is LPS, which occurs in 
both smooth and rough varieties. Although both forms 
possess core polysaccharides and lipid A, they differ in 
the presence (smooth) or absence (rough) of O-antigens. 
Furthermore, O-antigens differ between different host 
bacteria. The conserved nature of the LPS core suggests 
that phages targeting the core have greater potential for 
a broad host range94. Still, as observed for R-pyocins95, it 
is possible that the O-antigen blocks binding to the LPS 
core, which implies that the core might not be an ideal 
target despite its conservation.

Phages recognize the O-antigen with their tail fibres25 
or tail spike proteins51, and they can hydrolyse the 
O-antigen to enable penetration of the tail. Podophage 
T7 and siphophage SSU5 use the gp17 and gp22 tail 
fibres, respectively, to bind rough LPS Shigella spp., 
Escherichia spp. and Salmonella spp.6,96. Notably, the 
same phage can bind to different structures of the LPS 
core when interacting with different bacterial species 
and genera94.

Some phages bind outer membrane porins, such as 
OmpC and OmpF58,97. For example, myophage T4 can 
use either OmpC or LPS for adsorption58. The long tail 
fibres, gp34 and gp37, bind both receptors; however, the 
top surface of the distal tip presumably interacts with 

LPS, whereas the lateral surface binds to OmpC58. Other 
transport proteins have also been used as receptors, 
including vitamin B12 uptake protein BtuB98, maltop-
orin LamB99, efflux pump TolC100, ferrichrome transport  
protein FhuA101 and TonB102.

Gram-positive bacterial receptors. In Gram-positive 
bacteria, the main component of the cell wall is peptido-
glycan, which is a heteropolymer of N-acetylglucosamine 
and N-acetylmuramic acid. A tetrapeptide is attached 
to the N-acetylmuramic acid through a hydroxyl group. 
The Gram-positive cell wall also contains teichoic acids, 
which are polyol phosphate polymers with either ribitol 
or glycerol linked by phosphodiester bonds. Bacterial 
species differ in the substituent groups on the polyol 
chains. For example, Staphylococcus aureus and Bacillus 
subtilis have similar peptidoglycan and teichoic acids 
structures, and phages specific for S. aureus may also 
attach to B. subtilis103. By contrast, the teichoic acid 
substituents differ, with d-glucose on B. subtilis and 
N-acetylglucosamine on S. aureus, and they determine 
phage specificity for each species104–106. Phages can also 
bind the backbone of the teichoic acid. Interestingly, in 
S. aureus, siphophages preferentially bind the substitu-
ent groups, whereas myophages prefer the backbone105. 
Furthermore, teichoic acid adsorption can be reversi-
ble, for example, in the S. aureus phages 3C, 52A, 71, 
77 and 79, and irreversible adsorption also requires 
binding to the tetrapeptide chain in peptidoglycan94, 
to the O-acetyl groups of the muramic acid in pep-
tidoglycan106 or to proteins. Indeed, phages can also 
bind proteins of Gram-positive bacteria, for example, 
the cell wall protein GamR in Bacillus anthracis107, the 
extra-membrane domain of YueB in Bacillus subtilis108 
and the phage infection protein (Pip) in the membrane 
of Lactococcus spp.109. Phages can also bind a distinct cell 
wall polysaccharide of Lactococcus lactis, the pellicle. 
A semi-conserved core motif of the pellicle promotes 
initial phage binding, and differences in the rest of the 
pellicle polymer provide strain specificity28. Interestingly, 
bacteria can exchange cell surface components, and this 
transiently changes their sensitivity to phages110. This 
phenomenon was found in B. subtilis strains, in which 
the transfer of YueB receptors through membrane vesi-
cles enabled phage SPP1 to infect a previously insensitive 
strain, but exchange is proposed to occur even at the 
interspecies level110. Fewer phage receptors have been 
found in Gram-positive bacteria than in Gram-negative 
bacteria. The difficulty in identifying phage receptors 
in the complex and dense cell walls of the former is 
the main cause of this discrepancy. It is expected that 
recent technological advances, such as single particle 
cryo-electron microscopy, will improve the identification 
of phage receptors in Gram-positive bacteria.

Flagella and pili. Appendages such as flagella and pili can 
also function as phage receptors. Binding to flagella and  
pili might increase the chance of phage attachment  
and infection in environments in which phages are 
unlikely to encounter their hosts111. Phages that use 
flagella as a receptor, such as iEPS5 (infecting Salmonella 
spp.)112, phiCbK (infecting Caulobacter spp.)111,  
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PBS1 (reF.113) and PBP1 (both infecting Bacillus 
spp.)114, typically bind flagellin proteins, such as FliC, 
FliB and FliK, at the distal tip of the flagellum using 
their tail fibres. The phages are then transported by 

flagellum motility along the filament to their ultimate 
receptors115,116. Some phages, such as Asticcacaulis 
biprosthecium siphophages AcM4 and AcS2, specifi-
cally use the capsid and tail to bind the flagellum, which 
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Fig. 4 | Gram-negative and Gram-positive bacterial receptors for the attachment of tailed phages. The legend for 
both bacterial receptors is given in the middle panel. The Gram-positive and Gram-negative cell walls and thus the 
structures available for phage binding differ substantially. Some of the main phage receptors in Gram-positive bacteria are 
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NATuRE REvIEwS | MicRoBioloGy

R e v i e w s

  voluME 16 | DECEMBER 2018 | 769



leaves the distal part of the tail free for adsorption to the 
cell surface117. Interestingly, the tropism of phages seems 
to be restricted to lateral flagella. In fact, polar flagella 
might inhibit phage infection through their rotation in 
some bacteria118.

Tailed phages can also attach to pili, a common 
mechanism of Pseudomonas spp. phages, such as 
phiKMV119 and MPK7 (reF.120), which specifically bind 
to type IV pili. Although the phage–pili interaction 
has not yet been characterized at the atomic level, a 
recent cryo-electron microscopy reconstruction of two 
F family pili has provided some relevant clues121. Pili 
are assemblies of protein–phospholipid units, and the 
lipids facilitate pilus growth and retraction. This func-
tion is essential to bring attached phages closer to the 
membrane where the irreversible receptor is located. 
Moreover, a protein previously reported as a potential 
phage attachment site, the TraA pilin122, was found to 
be located at the outside of the pilus filament, providing 
further evidence of its relevance for phage adsorption121. 
Furthermore, Pseudomonas aeruginosa has been shown 
to block phage adsorption by glycosylation of its  
type IV pili123.

Capsule and slime layers. Some bacteria produce 
a polysaccharide capsule and/or a slime layer. These 
layers can block access to cell wall receptors but might 
contain receptors for phage adsorption. An exam-
ple is the Vi antigen typically present on the capsules 
of Salmonella spp., Citrobacter spp. and E. coli. For 
example, the Salmonella spp. myophage ViO1 (reF.52) 
and the Klebsiella myophage o507-KN2-1 (reF.124) can 
bind the Vi antigen. The capsule might function as 
a primary receptor, whereas cell wall components 
mediate irreversible binding94,125. Phages infecting the 
Acinetobacter baumannii–calcoaceticus complex also 
target hosts according to capsule type. Interestingly, 
podophages targeting these bacteria seem to be highly 
similar and diverge mainly in the receptor-binding site 
of the tail fibres, which has depolymerase activity for 
specific capsule compositions126. ØNIT1 uses a different 
approach to target encapsulated B. subtilis. The capsule 
of B. subtilis subsp. natto is not anchored to peptido-
glycan, and thus a few cells remain naked. These cells 
are the first target of the phage and are used to produce 
capsule-hydrolysing enzymes during the infection 

cycle. These enzymes are released together with the 
phage progeny after cell lysis to enable infection of  
the encapsulated cell population127.

Conclusions
The structural determinants of phage–host interac-
tions have been extensively characterized for a few 
tailed phages, but considering the vast diversity of tailed 
phages and their structures, many fascinating discoveries 
await. Although such diversity makes it difficult to pre-
dict associations between RBP structures and targeted 
host receptors, some trends emerge. RBPs have a mod-
ular structure, and combining different modules con-
tributes to the evolution of RBP diversity. This mostly 
results from exchange of or mutations in the C-terminal 
domain of the RBP and often leads to a change in host 
range. The incredible variety of bacterial structures that 
phages use as receptors shows the evolutionary oppor-
tunism of phages and has led to distinct phage host 
specificities and range. Furthermore, phages from the 
same taxa or infecting the same bacterial species often 
target different receptors. Thus, finding and predicting 
associations between host receptors and phage specific-
ity remain a major challenge. Recent advances in tech-
niques such as cryo-electron microscopy4,17,128,129 and 
single particle cryo-electron microscopy7,130 will help 
to elucidate the molecular mechanisms of phage–host 
interactions. However, these techniques cannot fully 
take into account the dynamics involved in host attach-
ment. Nonetheless, this can be addressed by resolving 
the structure of phages at different stages of attachment, 
such that the dynamics of individual phage features, such  
as the baseplate, can be inferred7. Understanding the 
mechanisms that govern the interactions of tailed phages 
with their host will provide the necessary basis for the 
use of phages as antimicrobials. Furthermore, this mech-
anistic knowledge combined with metagenomics helps 
elucidate the complex interplay of phages and bacte-
ria in natural ecosystems and how they shape nutrient 
cycles and gene flow. Notably, recent evidence suggests 
that non-tailed phages are much more prevalent in the 
environment than previously assumed131, and it will be 
essential to also elucidate the interactions of non-tailed 
phages with their hosts.
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Tropism
The orientation, by growth or 
movement, of all or part of an 
organism to an external 
stimulus.
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