
Annual Review of Virology

Ecology, Structure, and
Evolution of Shigella Phages
Sundharraman Subramanian,1 Kristin N. Parent,1

and Sarah M. Doore1,2
1Department of Biochemistry and Molecular Biology, Michigan State University, East Lansing,
Michigan 48824, USA
2BEACON Center for the Study of Evolution in Action, Michigan State University,
East Lansing, Michigan 48824, USA; email: sdoore@msu.edu

Annu. Rev. Virol. 2020. 7:121–41

First published as a Review in Advance on
May 11, 2020

The Annual Review of Virology is online at
virology.annualreviews.org

https://doi.org/10.1146/annurev-virology-010320-
052547

Copyright © 2020 by Annual Reviews.
All rights reserved

Keywords

Omps, lipopolysaccharide, phage biology, podoviruses, myoviruses, Shigella

Abstract

Numerous bacteriophages—viruses of bacteria, also known as phages—
have been described for hundreds of bacterial species. The Gram-negative
Shigella species are close relatives of Escherichia coli, yet relatively few previ-
ously described phages appear to exclusively infect this genus. Recent efforts
to isolate Shigella phages have indicated these viruses are surprisingly abun-
dant in the environment and have distinct genomic and structural properties.
In addition, at least one model system used for experimental evolution stud-
ies has revealed a unique mechanism for developing faster infection cycles.
Differences between these bacteriophages and other well-described model
systems may mirror differences between their hosts’ ecology and defense
mechanisms. In this review, we discuss the history of Shigella phages and
recent developments in their isolation and characterization and the struc-
tural information available for three model systems, Sf6, Sf14, and HRP29;
we also provide an overview of potential selective pressures guiding both
Shigella phage and host evolution.
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INTRODUCTION

Bacteriophages have been instrumental in both fundamental and applied research, including
molecular biology, microbial ecology and evolution, phage display, and phage therapy. These
viruses have also been used to manipulate their hosts and to develop bacteria as model organ-
isms. Despite their close relationship to Escherichia coli based on genomic data, bacteria in the
genus Shigella—comprising the four species S. boydii, S. dysenteriae, S. flexneri, and S. sonnei—are
phenotypically distinct (1–4) and have had comparatively few bacteriophages described.

Although few Shigella phages have been fully characterized, they are surprisingly easy to isolate
from the environment (5). While the ecology of these phages is not well characterized, many ap-
pear to be specific for Shigella and are abundant regardless of local shigellosis outbreaks (6, 7). Part
of this abundance may be related to aspects of Shigella physiology. One major difference between
E. coli and Shigella is the clustered regularly interspaced palindromic repeats (CRISPRs) encoded
in their genomes. CRISPR is an acquired defense mechanism that protects the host against phage
infection by cleaving foreign DNA. While most strains of E. coli described thus far encode at
least one functional CRISPR system, Shigella has none (8, 9). While remnants of CRISPR-1 and
CRISPR-3 systems have been detected for some Shigella species, these are interrupted by dele-
tions, insertion elements, frameshifts, and truncations, rendering them nonfunctional (9). Besides
CRISPR, bacteria have innate immunity via restriction modification (RM) systems. These sys-
tems use enzymes that can recognize self versus nonself DNA.Compared with E. coli, Shigella also
has relatively few RM systems (10). Overall, without the ability to differentiate between na-
tive versus foreign DNA, Shigella appears to have been parasitized by numerous mobile genetic
elements—or selfish genes—including phage genes and transposons (11). This could explain the
ongoing degradation of Shigella genomes, which is affecting the genus in numerous ways. For ex-
ample, large deletions, or genomic black holes, small deletions, and pseudogenes are responsible
for enhancing its virulence (12–14). Many species lack functional flagella and fimbriae (13), and
others have deleted numerous outer membrane proteins (Omps), some of which likely serve as
receptors for bacteriophages (11).

Some of these differences between E. coli and Shigella may help explain why the latter is para-
sitized by so many phages. In this review, we discuss Shigella phage history and ecology, the devel-
opment and current understanding of a fewmodel systems, and studies addressing the evolution of
both host and phage. We also address numerous unknown aspects of Shigella phages throughout
the review and highlight areas in critical need of research.

HISTORY OF SHIGELLA PHAGES

One of the first bacteriophages ever discovered was by Felix d’Herelle in 1917, which was sub-
sequently claimed to cure children suffering from Shigella infection (15). Before about the year
2000,most research regarding Shigella phages was in their use for typing—i.e., identifying specific
Shigella strains—or in the ability of temperate phages to alter the serotype of their host (16–18).
Aside from host range, there is little information on the properties of these phage. To the best of
our knowledge, these historic isolates have since been lost, although the strains from which they
were induced may exist in public or private collections.

Part of the problem with identifying and maintaining historic Shigella phages may have been
their origin from clinical samples collected from shigellosis patients. The first modern Shigella
phages were released from lysogenized clinical strains of virulent S. flexneri. These phages—SfI,
SfII, SfIV, SfV, Sf6, SfX, Sf101, and SfMu—could alter the surface properties of their host bac-
terium when integrated into its genome (19–26). This phenomenon of serotype conversion can
now be investigated more directly by modern techniques and is still an active area of research.
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The serotype refers to surface antigens on a bacterium, facilitating classification of strains within
a species. For Gram-negative bacteria, this is often determined by the lipopolysaccharide (LPS)
structure on the bacterial cell surface, which is discussed in more detail below (see the section
titled Interactions Between Shigella and Its Phages). By studying these phages, it was determined
that phage-encoded O-antigen modifying enzymes were responsible for altering the host’s LPS
structure. If multiple phages coinfect the same host cell, they have the potential to produce com-
pletely new serotypes (19), with significant implications for the pathogenicity and epidemiology
of S. flexneri.

In more recent years, Shigella phage isolation has not been limited to induction of or sponta-
neous release from clinical isolates, which biases toward isolation of temperate phage. Numerous
lytic phages have now been isolated from environmental samples. Many of these isolates were de-
scribed in terms of their usefulness for clinical control of shigellosis, but they also illustrate the
prevalence and diversity of Shigella phages. A comprehensive list of characterized Shigella phages
is summarized in Table 1, including some basic characteristics. Thus far, the 78 known Shigella
phages fall into a few main groups. The largest group is the T4-like myovirus subfamily Teven-
virinae, with genome sizes of 164.0–176.0 kbp. The next largest groups are the T1-like siphovirus
subfamily Tunavirinae, with genome sizes of 47.7–51.9 kbp, and the FelixO1-like myovirus sub-
family Ounavirinae, with genome sizes of 85.9–90.4 kbp. Relatively few phages are short-tailed
podoviruses, but these span across Autographivirinae, Sepvirinae,Gamaleyaviruses, Kuraviruses, and
Lederbergviruses. Given the recent development of isolating environmental Shigella phages, a brief
overview of what is known about their ecology is presented next.

ECOLOGY OF SHIGELLA AND ITS PHAGES

Most Shigella phages isolated from the environment originated fromwastewater, rivers, or streams.
While the latter two may seem surprising, Connor et al. (27) describe the persistence of S. flexneri
throughout the world. The authors hypothesize that contaminated environmental water serves as
a reservoir for the species, similar to Vibrio cholerae.Despite these findings, Shigella has thus far not
been isolated from samples in which phage are found. This could be an effect of sampling: Shigella
is likely dilute in the source waters tested, as calculated previously (28).Alternatively, becausemany
environmental samples undergo an enrichment process after collection, lytic bacteriophages that
were also collected in the sample would have a chance to amplify and kill any susceptible hosts
(29). Finally, if Shigella is similar to V. cholerae, an environmental stage might be important for the
infection cycle, where it goes through a nonculturable phase depending on environmental con-
ditions (30).Nonculturability has been described for S. dysenteriae when in environmental water
samples (31) and for other species of Shigella during sewage sludge treatment (32). In the latter
study, the authors collected samples and determined the number of culturable cells (via colony
plating), viable cells (via transcriptional activity measured by reverse transcriptase PCR), and total
cells (via number of genomes measured by quantitative PCR).

A nonculturable phase may protect cells during stressful abiotic conditions, but whether those
cells are still susceptible to phages has not been directly tested. Additional studies on the abun-
dance of Shigella in the environment and its physiology in these conditions would be informative.
The prevalence of Shigella and its phages is also largely unknown for nonwater environments. Al-
though most phages were isolated from water samples, it has not been determined whether they
are limited to this environment or why they are more prevalent in water. Future studies designed
to directly compare Shigella phage ecology with phages infecting other types of enteric bacteria
could provide information about the dynamics between Shigella and its phages during its residence
in the environment and how these dynamics are affected by both abiotic and biotic factors.
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Table 1 Basic properties of Shigella phages that have been described and/or deposited into the National Center for
Biotechnology Information GenBank with isolation source and geographic location, taxonomic family, genome length
(in kbp), GenBank accession number, and reference if available

Name Isolation source Familya Genome Accession Reference(s)
JK32 Glencar Waterfall, Ireland Myoviridae 176.0 MK962753 89
JK45 Sewage, Ireland Myoviridae 170.7 MK962757 89
SHFML-11 Intesti bacteriophage lot #010504,

Eliava Institute, Tbilisi, Georgia
Myoviridae 170.7 NC_030953 90, 91

SP18 Gap River, Korea Myoviridae 170.6 NC_014595 92
SSE1 China Myoviridae 169.7 MK639187 NA
SHSML-52–1 Park surface water, MD, USA Myoviridae 169.6 NC_031090 90, 91
Shfl125875 Wastewater, Charleston, SC, USA Myoviridae 169.1 NC_025437 93
SHFML-26 Ses D-90 lot #010104, Eliava Institute,

Tbilisi, Georgia
Myoviridae 169.0 NC_031011 90, 91

JK36 Sewage, Ireland Myoviridae 168.9 MK962754 89
Sf25 Red Cedar River, Lansing, MI, USA Myoviridae 168.6 MF327009 6
JK23 Stream from Connemara National

Park, Ireland
Myoviridae 168.3 MK962752 89

JK42 Sewage, Ireland Myoviridae 168.3 MK962756 89
Sf24 Red Cedar River, Lansing, MI, USA Myoviridae 168.1 NC_042078 6
SfPhi01 Wastewater, Japan Myoviridae 168.0 LC465543 94
JK38 Sewage, Ireland Myoviridae 167.9 MK962755 89
Sf23 Grand River, East Lansing, MI, USA Myoviridae 167.7 MF158046 6
KRT47 Red Cedar River, East Lansing, MI,

USA
Myoviridae 167.5 MN781580 NA

phi25–307 Not known Myoviridae 167.5 MG589383 NA
CM8 Chicken meat Myoviridae 167.2 MK962750 89
SHBML-50–1 Park surface water, MD, USA Myoviridae 166.6 NC_031085 90, 91
Sf22 Grand River, Lansing, MI, USA Myoviridae 166.3 NC_042039 6
vB_SdyM_006 China Myoviridae 166.1 MK295204 NA
Sf21 Red Cedar River, East Lansing, MI,

USA
Myoviridae 166.0 MF327007 6

Shfl2 Sewage water, Brazil Myoviridae 166.0 NC_015457 NA
pSs-1 Surface water, South Korea Myoviridae 165.0 NC_025829 95
SH7 Water in Chotrana, Tunisia Myoviridae 164.9 KX828711 96
Sf20 Red Cedar River, East Lansing, MI,

USA
Myoviridae 164.0 MF327006 6

MK-13 Surface water, Dhaka City, Bangladesh Ackermannviridae 158.8 MK509462 97
phiSboM-AG3 Sewage, Guelph, ON, Canada Ackermannviridae 158.0 NC_013693 98
CM1 Chicken meat Myoviridae 140.0 MK962749 89
SSP1 Not known Siphoviridae 113.3 KY963424 NA
SHSML-45 Encophagum D-90, lot #140704,

Eliava Institute, Tbilisi, Georgia
Siphoviridae 108.0 NC_031022 90, 91

Sf19 Red Cedar River, East Lansing, MI,
USA

Myoviridae 90.4 MF327005 6

Sf18 Grand River, Lansing, MI, USA Myoviridae 90.3 MF158044 6
KPS64 Surface water, Lincoln, NE, USA Myoviridae 90.2 MK562502 7

(Continued)
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Table 1 (Continued)

Name Isolation source Familya Genome Accession Reference(s)
Sf17 Red Cedar River, East Lansing, MI,

USA
Myoviridae 90.1 NC_042076 6

Silverhawkium Lincoln, NE, USA Myoviridae 88.8 MK562505 7
Sf16 Grand River, Lansing, MI, USA Myoviridae 88.6 MF158043 6
Sf15 Red Cedar River, East Lansing, MI,

USA
Myoviridae 88.5 MF158041 6

Sf14 Red Cedar River, East Lansing, MI,
USA

Myoviridae 87.6 NC_042075 6

Sf13 Red Cedar River, East Lansing, MI,
USA

Myoviridae 87.6 NC_042017 6

JK55 Sewage, Belgium Myoviridae 86.2 MK962758 89
vB_SflM_004 China Myoviridae 85.9 MK295205 NA
SGF2 Water, China Podoviridae 77.0 MN148435 NA
pSb-1 Dorimcheon stream, Seoul, South

Korea
Podoviridae 71.6 NC_023589 99

Ss-VASD Induced from clinical isolate (S. sonnei
from 2014)

Podoviridae 62.9 NC_028685 100

POCJ13 Induced from clinical isolate (S. flexneri
strain BS937)

Podoviridae 62.7 NC_025434 101

75/02 Stx Induced from clinical isolate (S. sonnei
strain 75/02)

Podoviridae 60.9 NC_029120 102

JK16 Surface water, Cork City, Ireland Siphoviridae 51.9 MK962751 89
pSf-1 Han River, South Korea Siphoviridae 51.8 NC_021331 103
Shfl1 Sewage water, Brazil Siphoviridae 50.7 NC_015456 NA
vB_SsoS-
ISF002

Wastewater treatment plant, Isfahan,
Iran

Siphoviridae 50.6 NC_041995 104

SH6 Water in Chotrana, Tunisia Siphoviridae 50.6 KX828710 96
vB_SflS-
ISF001

Wastewater treatment plant, Isfahan,
Iran

Siphoviridae 50.6 MG049919 105

vB_SsoS_008 China Siphoviridae 50.4 MK335533 NA
Sfin-5 Environmental surface water, India Siphoviridae 50.4 MN342247 NA
Sfin-4 India Siphoviridae 50.4 MN337573 NA
Sfin-1 Ganga River, West Bengal, India Siphoviridae 50.4 MF468274 106
phi2457T Intesti Bacteriophage cocktail, Eliava

Institute, Tbilisi, Georgia
Siphoviridae 50.2 MH917278 107

pSf-2 Geolpocheon stream, South Korea Siphoviridae 50.1 NC_026010 108
Sd1 Grand River, Lansing, MI, USA Siphoviridae 48.3 MF158042 6
Sf12 Grand River, Lansing, MI, USA Siphoviridae 47.7 MF158039 6
DS8 China Siphoviridae 44.6 MK759854 NA
EP23 Gap River, South Korea Siphoviridae 44.1 NC_016566 109
HRP29 Surface water, Lincoln, NE, USA Podoviridae 43.6 MK562503 7
SFN6B Reservoir water, Malaysia Podoviridae 43.0 KY684082 NA
SfII Induced from clinical isolate NCTC 4 Myoviridae 41.5 NC_021857 110
SfX Induced from clinical isolate 2002017 Podoviridae 41.2 Not available 111
SFPH2 Hospital sewage, Beijing, China Podoviridae 40.4 MH464253 112

(Continued)
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Table 1 (Continued)

Name Isolation source Familya Genome Accession Reference(s)
vB_Ship_A7 China Podoviridae 40.1 MK685668 NA
SfIV Induced from clinical isolate SFL1522,

International Center for Diarrheal
Disease Research, Bangladesh

Myoviridae 39.8 NC_022749 21

Sf6 Spontaneous release from strain 3–19 Podoviridae 39.0 NC_005344 34
Sf101 Induced from clinical isolate SFL1683 Podoviridae 38.7 NC_027398 25
SfI Induced from clinical isolate ICDC

019
Myoviridae 38.4 NC_027339 19

SfV Induced from clinical isolate EW
595/52

Myoviridae 37.1 NC_003444 22

SfMu Induced from clinical isolate
(SFL2241, serotype 4a)

Myoviridae 37.1 NC_027382 26

R18C Rabbit feces, Hungary Myoviridae 31.8 MN016939 113
SGF3 Unknown Microviridae 5.4 MN266305 NA

aConventional from Reference 114.
Abbreviation: NA, not applicable.

Thus far, both old and new Shigella phages have been excellent systems to study numerous
aspects of phage biology. Isolated in 1975, Sf6 and its host S. flexneri have since provided a wealth
of information on genomic and structural aspects of podoviruses, phage-host interactions, and
novel mechanisms for how phage evolve faster replication rates (see the section titled Evolution
of Shigella Phages). The environmental isolates Sf14 and HRP29, discovered in the past few years,
are two new emerging systems with unusual genomic and structural properties and relatively lit-
tle information on their family members. The genomes and initial structural analyses of these
two phages are shown in Figure 1 compared with Sf6. Characterizing Sf14 and HRP29 further
will begin to fill critical gaps in our knowledge of phage structure, mechanisms of infection, and
diversity.
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Figure 1

Characteristics of the developing Shigella phage model systems Sf14 and HRP29 compared with the established model system Sf6.
(a) Representative images from cryo–electron micrographs. (b) Genome maps, with genes colored according to function, as indicated.
The ruler is in kilo-base pairs. The cluster of short, dark-colored bars at 14–18 kbp in the Sf14 genome represents transfer RNA genes.
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CURRENT AND DEVELOPING MODEL SYSTEMS

Established Model System Sf6

Sf6 was initially isolated from a clinical isolate of S. flexneri via spontaneous lysis, where it had
persisted as a lysogen before coming into the hands of Gemski et al. (23). It is a member of the
short-tailed Podoviridae family, where it can be further classified as a P22virus with the capsid
exhibiting T = 7 icosahedral symmetry (33). Detailed analyses of its genome revealed extensive
mosaicism relative to related phages and how this mosaicism influences function (34). The overall
architecture of the Sf6 genome is similar to the lambdoid phages (34), defined here as phages
with genomes that closely resemble phage λ in terms of gene order and organization (35, 36). Sf6
encodes 68 predicted open reading frames, nine of which have no known phage homologs. One
key feature is the nin region, which—in addition to ten open reading frames common to other nin
regions—contains two open reading frames with no known phage homologs, two nonfunctional
open reading frames, and an IS911 transposon element. Inmost other lambdoid phages, this region
encodes a variable number of intact open reading frames involved in transcriptional regulation,
recombination, or an unknown function; these are largely nonessential in the laboratory. The
IS911 transposon of Sf6 is the most striking feature, as it shares 98.6% of nucleotide identity to the
Shigella IS911 element. Although many phage genomes contain small mobile elements, harboring
a large, functional transposon is uncommon. Because Sf6 can lysogenize S. flexneri by integrating
into the host’s argW transfer RNA (tRNA) gene, and because Shigella genomes are particularly
susceptible to mobile genetic elements, this could explain how Sf6 acquired its own transposon.
Although bacteriophage genomes are notoriously mosaic, harboring an IS911 sequence is not a
common feature (34).

During a lytic infection cycle, Sf6 assembles into virions that can initiate subsequent infection
after host cell lysis. Like other P22viruses, all double-stranded DNA–containing bacteriophages
and herpesvirus assembly begins with procapsid formation.The procapsid is ametastable assembly
intermediate composed of the portal, scaffolding, and coat proteins. The procapsid gets filled with
DNA through the portal via ATPase activity of the terminase complex, triggering release of the
scaffolding protein and subsequent expansion of the procapsid (37). Head completion proteins,
so-called plug proteins, and the tail apparatus are subsequently added (38). Finally, addition of the
tail needle trimer and six tailspike trimers completes the virion assembly process (39). Based on
protein sequence comparisons,mosaicism of the tailspike protein suggests the N-terminal domain
of this protein is responsible for binding to the capsid via the P22 gp10 homolog (34). This N-
terminal domain is conserved within the genus, as P22, Sf6, and CUS-3 share similar sequences in
this region, but their C-terminal domains vary in both sequence and the substrates they degrade
(40). This is discussed in greater detail below.

Numerous structures of Sf6 complexes and proteins have been resolved.These include the pro-
capsid, capsid, and virion resolved by cryo–electron microscopy (39, 41) (Figure 2) and structures
of the small terminase subunit gp1 (42), large terminase subunit gp2 (43), tail adaptor protein gp7
(44), DNA-injection protein gp12 (45), tail needle knob gp9 (46), and tailspike gp14 (47) resolved
by X-ray crystallography (Figure 3). These can be used as tools to understand capsid assembly,
stability, and the infection process. For example, although the structural genes are closely related
to P22, the initiation of DNA packaging varies significantly: Sf6 can initiate packaging anywhere
within a 1,800-bp region around the packaging (or pac) site, in contrast to the 120-bp region of
P22 (34). This results in Sf6 virions with highly diverse genomic content in a population due to
headful packaging of DNA.

The structures of the small (gp1) and large (gp2) terminase subunits responsible for DNA
packaging into the procapsid have been resolved individually, with gp1 in an octameric state and
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Figure 2

Structures of Sf6 macromolecular complexes, colored according to radial distance. (a) Procapsid at 7.8 Å, EMDB 5724. (b) Capsid at
2.9 Å, EMDB 8314. (c) Virion at 16.0 Å, EMDB 5730. Like other precursor procapsids, it has the smallest diameter and the hexons are
skewed with twofold symmetry. Upon expansion, the capsid walls become thinner, the hexons isomerize, and the internal volume
increases by ∼10%. The mature virion includes the tail apparatus, shown in gold, attached to the portal vertex.

gp2 in a monomeric state (42, 43) (Figure 3a,b). Details on the assembly of terminase proteins
onto the portal protein of Sf6 are not yet known. Like its P22 homolog, Sf6 gp1 recognizes the pac
site via specific interactions with the N terminus. This region also appears to be responsible for
the extreme fuzziness of the Sf6 packaging initiation region, as chimeric P22 small terminase with
the Sf6 N terminus exhibits an expanded initiation region similar to Sf6; however, the molecular
mechanisms determining this difference are not yet clear (48). The C terminus of gp1 interacts
with the large terminase gp2, which packages the genome via its N-terminal ATPase activity (43,
48). Specific residues in Sf6 gp1 likely determine DNA specificity, ultimately affecting whether
the Sf6 genome or foreign DNA gets packaged into the procapsid, although it is not clear which
residues serve this function (49, 50). Once the procapsid senses it is full—hence the term headful
packaging—the gp2 C-terminal nuclease domain cleaves and releases the DNA. During packag-
ing, the gp2 nuclease domain is inactive until the capsid is full, signaling the nuclease to cleave
DNA. Like other P22viruses, the icosahedrally averaged Sf6 capsid structure contains densely
packed DNA, but unlike P22, the Sf6 coat protein forms distinct contacts with the outermost
shell of packaged DNA (39, 41). The significance of this has not been directly determined, but
other phages such as φ29 also share this feature (51), suggesting these interactions may be im-
portant in particle stabilization or some other unknown aspect of phage biology. More detailed
analyses on these characteristics and structural differences between Sf6, P22, and CUS-3 capsids
can be found in References 39 and 41.

The complete virion structure of Sf6 shows details on the architecture and organization of the
tail machine. Several crystal structures could be fit into this asymmetric model, including the Sf6
portal gp4, P22 tail adaptor gp10, Sf6 homology model of the tail needle gp9, and Sf6 tailspike
gp14. Assembly of the tail onto the capsid begins with the P22 tail adaptor protein homolog,
denoted gp7 in Sf6,which connects the portal and tail proteins (Figure 3c).Gp7 binds to the portal
via a flexible C-terminal domain and then undergoes conformational changes to recruit additional
gp7 proteins. Formation of a dodecameric complex with the portal produces a binding site for
the tail nozzle gp8, to which the tail needle gp9 subsequently binds (44). The Sf6 tail needle is
unique when compared with other characterizedmembers of P22-like family, as this protein forms
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Figure 3

Structures of Sf6 proteins. (a) Small terminase octamer at 1.65 Å, with the N terminus forming the body
facing the viewer and the neck facing away, PDB 3HEF. (b) Large terminase monomer bound to ATPγS at
1.89 Å, PDB 4IEE. (c) Tail adaptor monomer at 1.77 Å, PDB 5VGT. (d) Tail needle knob trimer showing the
jellyroll fold at 1 Å, PDB 3RWN. (e) Tailspike trimer with one tetrasaccharide molecule and the catalytic
active site residues Asp 399 and Glu 366 shown in gray ball-stick model, resolved to 2 Å, PDB 2VBM. For
multimeric proteins, individual subunits are shown in different colors. The N indicates the N terminus for
one monomer.

a C-terminal globular—or knob—domain (Figure 3d). The function of the tail needle knob is
unknown, but it may act extracellularly as a pressure sensor or fulcrum for reorienting the particle
prior to membrane penetration; alternatively, it may directly penetrate the Shigella membrane,
perhaps governing kinetics of DNA delivery or interacting with inner membrane proteins during
infection.

Although added during the last stages of assembly, the tailspike gp14 is the first protein to
contact the host cell. For both P22 and Sf6, the tailspike degrades the host LPS via its endorham-
nosidase activity, ultimately bringing the phage closer to the membrane and enabling the tail to
interact with its secondary receptors. Through cocrystallization of the tailspike with a tetrasac-
charide derived from LPS—the product of the O-antigen degradation—the protein’s catalytic site
was identified (Figure 3e). Residues in the tetrasaccharide binding pocket were mutagenized, and
the ability for the tailspike to bind or cleave substrate was subsequently measured. From these
experiments, it was determined that two acidic glutamate and aspartate residues were responsible
for cleavage, with two additional glutamate and aspartate residues playing an auxiliary role, per-
haps in stabilizing the longer O-antigen chain (52). Mutational studies confirmed this active site
was located between two β-strand subunits of tailspike, rather than in a single β-strand subunit
seen in P22 and other enzymes involved in degrading polysaccharides. This may suggest poten-
tial convergent evolution of P22 and Sf6 tailspikes from different ancestral origins. Whether the
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Sf6 tailspike also interacts directly with secondary receptors or serves another function during
infection is not yet known.

Even though Sf6 has been biophysically characterized, several questions remain unanswered.
First, the location and binding mechanisms of the scaffolding protein to the capsid protein during
morphogenesis are unclear. The scaffolding protein drives capsid morphogenesis by specifically
interacting with the coat protein, catalyzing procapsid formation and stabilizing the structure
while the capsid is being polymerized (53). Although the scaffolding protein has been studied in
the context of P22, it is unknown whether the same principles hold true for Sf6 and whether
the mechanisms are common to all P22viruses. In addition, whether the scaffolding protein is
cleaved—as is the case formany viruses—or whether it leaves the capsid to be recycled is unknown.
Finally, the structure and location of ejection proteins in the procapsid and/or virion have not been
determined. These proteins are likely involved in genome delivery, potentially forming a channel
to protect DNA as it travels through the bacterial periplasm. However, very little is known about
their role in assembly or infection, their function, or themechanisms they use during these putative
roles (38).During the infection process, somemajor questions are: How do the phage tail proteins
interact with the secondary receptor(s)? How does the structure of the virion change to facilitate
genome ejection into the host? And how do ejection proteins function throughout this process,
i.e., what is their location and role in the virion during genome ejection? Do they form a tube to
protect the DNA during translocation or use some other mechanism? While Sf6 may follow an
infection process similar to P22, key differences between these phages suggest these mechanisms
still warrant exploration. As mentioned, these two phages use different types of active sites on their
tailspikes to bind and cleave their LPS receptors, suggesting potentially different mechanisms of
interaction. In addition, they exhibit different requirements and kinetics for genome ejection in
vitro (54, 55), suggesting differences in vivo as well. Finally, the presence of the C-terminal tail
needle knob in Sf6 may affect infection kinetics and/or interaction with host receptors, although
the latter does not seem to be true for other P22-like phages (56).

Developing Model Systems Sf14 and HRP29

Sf14 is one of seven FelixO1-like Shigella bacteriophages isolated from the environment in
Michigan during 2016, being closely related to Citrobacter phage Moogle in terms of genome
content and nucleotide identity (6). This isolate was chosen for further characterization because
of its unusual genome size and uncommonT= 9 capsid geometry. Sf14 and the otherMoogle-like
bacteriophages of S. flexneri have genomes between 85.0 and 95.0 kbp, which at the time of isola-
tion was representative of only 2% of the deposited phage genomes. The genome also encodes 26
tRNAs, which is significantly more than most phages. The biological significance of both the un-
common genome size and the number of tRNAs is not yet known. Furthermore, the Moogle-like
Shigella bacteriophages have been the predominant species isolated from two different environ-
mental locations, suggesting they warrant further study (6, 7).

Structurally, the capsid geometry of Sf14 has been seen in only two other bacteriophages, N4
and Basilisk (57, 58). The Sf14 capsid also possesses decoration proteins, which bind to the ex-
ternal surface of the capsid and, although they do not have a clear function in all systems, can be
involved in virion assembly, stability, or infection in others (59–61). The decoration protein of
Sf14 consists of an N-terminal α-helical capsid binding domain and two C-terminal Ig-like do-
mains.This arrangement is similar to the T5 pb10 decoration protein, although pb10 has only one
C-terminal Ig-like domain (61). Both the location and domain architecture of the Sf14 decoration
protein are therefore unique compared with other decoration proteins found in bacteriophage
capsids (59–64).
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A thorough characterization of Sf14 is ongoing, and various aspects of the Sf14 life cycle are
currently unresolved. First, the assembly pathway of Sf14 may contain unique aspects, as morpho-
genesis of a T = 9 capsid has not been well characterized. Second, the function of the decoration
protein has not been tested, and the residues involved in capsid binding are unknown. Third, Sf14
has been shown to infect numerous serotypes of S. flexneri, suggesting it may have a semibroad
host range. Understanding how the tail interacts with its host could begin to identify the mech-
anisms behind this type of host range. Finally, structures of the tail apparatus before and after
genome ejection into the host will be informative for the infection process, as this phage uses
short tail fibers as opposed to the long and short tail fibers that have previously been character-
ized for T4. Taken together, Sf14 is poised for further biophysical characterization and studies in
bacteriophage diversity.

While Moogle-like viruses were found to be abundant in the environment in these studies,
short-tailed podoviruses were surprisingly rare. HRP29—isolated from a phage hunt in Lin-
coln, Nebraska—was the only podovirus isolated from phage hunts across multiple years (6, 7).
Podoviruses of S. flexneri in general are underrepresented when compared with myoviruses and
siphoviruses, at least in the types of environments currently sampled (65). Moreover, the genome
of HRP29 has only 10% average nucleotide identity (calculated as percent identity multiplied by
percent coverage) to any publicly available phage genome, with its closest relative being KP34 of
the Drulisvirus genus. Although rare, efforts to isolate podoviruses will significantly contribute to
our understanding of phage diversity, as these have thus far been much more diverse that the com-
monly isolated myoviruses. Morphological analysis of HRP29 indicates it is structurally similar
to both T7 and P22, as the central tail structure resembles T7 but possesses tailspikes rather than
tail fibers; thus, this phage may possess a hybrid tail. Mass spectrometry analysis of virions further
confirmed the presence of predicted structural proteins, supporting the hybrid tail hypothesis (7).
To our knowledge, no other phage with this type of tail has been biophysically characterized to
date. Determining the three-dimensional structure and performing more comprehensive biolog-
ical characterization of HRP29 may indicate whether Drulisviruses use a unique mechanism of
host recognition and/or infection. Because HRP29 has similar host specificity to Sf6, infecting
only S. flexneri serotype Y, this may suggest similar initial binding but divergent genome ejection
strategies.

INTERACTIONS BETWEEN SHIGELLA AND ITS PHAGES

Primary and Secondary Phage Receptors

To successfully infect a host cell, a phage must first recognize and bind to it. After initial contact
with the host, many phages of Gram-negative bacteria typically use a two-step process to initiate
infection (66). First, they bind weakly to a primary receptor, typically LPS, flagella, or pili. This
interaction is reversible, with the phage able to detach and reattach elsewhere on the cell or onto a
different one altogether. If this first interaction is favorable, the phage will move closer to the cell
membrane actively via enzymatic action or passively during flagellar rotation or pilus retraction.
Once at the membrane, the phage then binds irreversibly to a secondary receptor and initiates
movement of the genome across the bacterial membranes.

Most of the work regarding Shigella phages has investigated the role of LPS as a primary re-
ceptor. LPS is a complex molecule comprising multiple regions, which differ both within and be-
tween species of Shigella; of these regions, the O-antigen is the most variable (67, 68) (Figure 4a).
Many phages studied thus far specifically use the O-antigen for host identification, while spe-
cific receptors for other phages have yet to be determined. The O-antigen is a repeating unit
of polysaccharides that is located farthest from the cell surface. Therefore, it is often the first
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Primary and secondary phage receptors in Shigella flexneri. Primary receptors: (a) simplified diagram of smooth lipopolysaccharide, with
(b) illustrating modifications to the O-antigen, producing serotypes indicated to the left. Secondary receptors: (c) outer membrane
proteins (Omps) A and C, PDB 3NB3 and 2J1N, respectively.

molecule a phage contacts. For S. flexneri, the most basic O-antigen structure is serotype Y, with
the repeating unit formed by anN-acetylglucosamine (GlcNAc) sugar followed by three rhamnose
sugars.Other serotypes are determined by the pattern of glucosyl, acetyl, or phosphoethanolamine
groups attached to this basic repeating unit (19) (Figure 4b). The LPS layer can present a signifi-
cant physical barrier to phage infection due to strong, stabilizing interactions between molecules
(69). Therefore, many phages encode polysaccharide depolymerases (e.g., rhamnosidases, siali-
dases, lyases) or virion-associated lysins (e.g., glycosidases, amidases, endopeptidases) to penetrate
the LPS layer and access the outer membrane (70). This subsequently allows the tail proteins to
interact with the secondary protein receptor. For Sf6, this protein receptor can be either OmpA
or OmpC (54) (Figure 4c).

Upon binding to the secondary receptor, phage virions undergo extensive rearrangements to
translocate their genomes into the host cell (71–73). Because this process is irreversible, the inter-
actions between a phage and its secondary receptor are often highly specific to ensure the phage
is truly infecting a susceptible host. Numerous Omps are known to act as receptors for bacterio-
phages, e.g.,LamB and FhuA (66). Some bacteriophages have been shown to release their genomes
in vitro in the presence of LPS alone (74–77) or LPS plus the purified protein receptor (54, 55,
78). This can act as proxy to understand factors required for bacteriophage host recognition. The
inability of LPS alone to trigger Sf6 genome release emphasizes that secondary receptors are nec-
essary for this recognition process.

Sf6 and Its Secondary Receptors

During routine growth, Sf6 typically associates with outer membrane vesicles—which are shed
from the host—even after cesium chloride purification (54). Based on sodium dodecyl sulfate–
polyacrylamide gel electrophoresis, two host proteins were predominantly found in these purified
samples, which were identified by mass spectrometry as OmpA and OmpC and characterized
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further in the context of phage infection (41). Quantitative plaque assays were used to compare
Sf6 growth on a S. flexnerimutant lacking both OmpA and OmpC with the wild-type host. These
assays showed that plaque formation was reduced by 90% but only when both proteins were
absent—i.e., hosts with individual knockouts of either ompA or ompC did not significantly affect
plaque formation. However, because even the double knockout did not have complete immunity
against Sf6, this phage can likely use at least one additional receptor, the identity of which is not
known.

In vitro, a combination of purified LPS and OmpA was sufficient to trigger Sf6 genome release
(54). This result supported OmpA’s role as a secondary receptor, and additional experiments were
conducted to determine which residues were necessary for Sf6 infection (55). Although the amino
acid identity between E. coli OmpA and S. flexneri OmpA is 99.6%, all differences map to extra-
cellular loops. These differences appear to be sufficient for blocking infection, as E. coli OmpA
cannot trigger Sf6 genome ejection. Conversely, OmpA from S. typhimirium, which has identical
sequence to S. flexneriOmpA in loops 2 and 4, can induce Sf6 genome release. Efficiency of plating
assays with cells expressing mutants of OmpA revealed loops 2 and 4 were indeed important for
recognition by Sf6, although no single mutation completely blocked infection. Because loops 2
and 4 are on opposite sides of the OmpA barrel, this suggests Sf6 does not preferentially bind to
a single portion of the receptor. Instead, it may recognize the overall surface of the protein. This
mode of binding may make it more difficult for the host to acquire simple point mutations to
escape phage infection.

Mechanisms of Host Resistance

Because Shigella are unable to defend against phage via CRISPR-mediated immunity or RM sys-
tems, there may be extra selective pressure on Omps to avoid phage interactions. If a receptor
is not required for growth of the host, complete deletions of phage receptors—e.g., flagella and
other Omps—can also be an effective defense against phage. These genes have been deleted in
many Shigella genomes (12). This type of scorched earth policy at least thus far seems to be effec-
tive, as Shigella can persist despite the apparent abundance of these phages in the environment. To
date, no ecological study on Shigella phage abundance has been performed; however, from stud-
ies of phage isolation using the enteric bacteria E. coli, Salmonella, and Shigella, phages infecting
Shigella have been the most frequently isolated (6, 7). In addition, a majority of the known Shigella
phages have come from environmental sources (Table 1). Because some phages such as Sf6 are
capable of using more than one secondary receptor, this could be facilitating the continued degra-
dation of Shigella genomes via genomic deletions. Alternatively, another mechanism of defense is
dependent on phage itself because many temperate S. flexneri phages encode proteins leading to
serotype conversion, as discussed previously (79). While Sf6 can use multiple Omps as secondary
receptors, it can infect only one serotype of S. flexneri (23). In many species of bacteria, temperate
phages are known to confer immunity to subsequent infection via numerous methods including
host cell surface modification, superinfection exclusion, repression, restriction, or prevention of
cell growth (80, 81). Although these mechanisms have not been identified in Shigella specifically,
uncharacterized genes in Shigella prophages may provide a similar benefit.

Overall, Shigella’s dynamic genomes—whether phage mediated or not—may also explain some
of the diversity of Shigella phages. With quickly changing cell surface properties, it may be more
advantageous for phage to rely on multiple receptors or to recognize regions of the LPS besides
O-antigen in the case of S. flexneri. This leads to several challenges and questions in the field. De-
spite the apparent similarity to E. coli and instability of its genome, S. flexneri has been surprisingly
difficult to manipulate genetically. Some groups have had success with lambda red recombineering
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(82), transposon mutagenesis (83), or P1 transduction (84), but the success rate is generally several
orders of magnitude lower than for its close relative E. coli. Because of this, targeted mutagenesis
has been difficult, and studies using high-throughput mutagenesis such as Transposon insertion
sequencing or single-gene deletion libraries are even rarer (3). Establishing genetic tools will be
essential in furthering Shigella as a model system, where many questions regarding phage-host
interactions can be addressed. A thorough characterization of LPS biosynthesis and modification
by phages is an active area of research, but much remains to be investigated. In addition, because
Shigella genomes are riddled with prophages and appear to be parasitized by numerous temperate
phages, the effect of these prophage or lysogenic phage on subsequent infection by lytic phage is
largely unknown.

EVOLUTION OF SHIGELLA PHAGES

Few studies have been conducted on the ecology and evolutionary dynamics of Shigella phages.
Although characterizing phages from various sources is useful in understanding the environments
and conditions in which phage are found, long-term studies have yet to be conducted. Given the
differences between Shigella and other model organisms, Shigella phages may employ alternative
strategies to infect, persist, and adapt to their hosts. Experimental evolution of Shigella and its
phages could be used to investigate some of these. One study done by Dover et al. (85) in 2016
examined the evolution of phage Sf6 when serially passaged on a host strain lacking two of its sec-
ondary receptors,OmpA andOmpC.The authors started ten independent lineages of Sf6 growing
in an ompA−C− host, with each lineage serially passed for 20 rounds of growth in shaking culture
flasks. This corresponded to over a hundred generations for each lineage, from which 82 progeny
were isolated for further testing. These contained at least one of three changes: (a) a mutation
in gene 61, which encodes holin, a protein important for cell lysis at the end of the phage life
cycle; (b) a mutation in the nonprotein coding region corresponding to the major promoter of
early genes, PR; and/or (c) a deletion of the nin/IS911 region, with a range of 1.2–4.0 kbp being
deleted. Rather than affecting rate of phage adsorption to the host, which would suggest bet-
ter usage of an additional receptor, these mutations all resulted in faster life cycles of the phage.
The first two had been seen in previous evolution experiments (86, 87), but the third had not.
The mutations were also additive. Some phage had a combination of the nin/IS911 deletion and
a single mutation in either the holin or promoter regions. These mutants exhibited population
lysis times up to 50 min earlier than the ancestor, which is significant given the approximately
20-min doubling time of the host under those experimental conditions. The mutation in holin
can reasonably explain this faster lysis time. Because Sf6 uses a headful packaging mechanism,
where the length of DNA packaged into the capsid is a fixed value, large deletions did not have an
obvious explainable benefit.

For Sf6, the nin region is involved in transcriptional regulation of late genes, although two of
these genes are nonfunctional due to interruption by the IS911 mobile genetic element. Despite
several large deletions in the nin region during evolution, there was no significant difference ob-
served in transcriptional kinetics of late genes between the mutants and the ancestor. Due to Sf6’s
headful packaging mechanism, the same length of DNA is packaged regardless of genome size;
however, in the case of the deletion mutants, each phage particle contained more than one full-
length genome.This results in increased length of the terminal redundancy in packaged genomes,
potentially increasing the rate or efficiency of circularization of the phage genome after infection.
Alternatively, removing this large region could effectively increase the efficiency of transcrib-
ing phage genes by removing extraneous information, reducing competition or interference of
RNA polymerase activity, or increasing the concentration of essential genes in the infected cell.
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Experiments to differentiate between these mechanisms have not yet been conducted; however,
none of these mutations were what the authors expected.The original experiment was designed to
elucidate structural mechanisms of phage-host interactions (for example, as in Reference 88), yet
the primary selective pressure suggested intracellular infection kinetics were more critical than
kinetics of phage adsorption to the host.

Because Shigella phage ecology and evolution is largely unexplored, numerous questions re-
main, and any future studies would likely be informative. Specifically, follow-up studies regarding
phage host range expansion and receptor usage may indicate other mechanisms by which Shigella
phage evolve in unexpected ways (S.M.Doore et al., unpublished article). Alternatively, these may
address the original questions intended in the Sf6 ompA−C− work: How do phage evolve faster
and/or more efficient adsorption and genome ejection? Which phage structures are responsible
for recognizing secondary receptors, and how do they interact? In addition to these questions,
experiments in which the host and phage are allowed to coevolve would indicate how S. flexneri
escapes phage infection and how phage persist under a variety of environmental conditions. Fi-
nally, because the ecology of Shigella phages is largely unknown despite their apparent abundance,
controlled studies would be immensely informative for our understanding of Shigella phage diver-
sity, composition, and prevalence, and how these properties change over time. Since the isolation
of Shigella phages from the environment is relatively recent, the relationship between shigellosis
incidence, wastewater treatment methods, clinical phage composition, and environmental phage
composition is unknown. It appears that Shigella phages are present in the environment regard-
less of shigellosis outbreaks, but isolation from clinical environments—not induced from Shigella
directly—has not been common practice.

CONCLUSION

In the past few decades, a total of 79 Shigella phages have been isolated and characterized. Despite
the low apparent prevalence of Shigella in the environment, a majority of these phages originated
from environmental samples, with comparatively few induced from clinical isolates. Most phages
belong to the Myoviridae family (total: 44), followed by Siphoviridae (16), Podoviridae (10), Acker-
mannviridae (2), and Microviridae (1), plus a few as-of-yet-unclassified phages. Three model sys-
tems are discussed in this review: Sf6, a member of the P22viruses, is well characterized in terms of
genomic content and viral structures; Sf14 andHRP29, two new emergingmodel systems, present
opportunities to understand phage diversity and other aspects of Shigella phage biology. For exam-
ple, the uncommon capsid structure of Sf14 can be used to address interesting questions regarding
virion assembly and biophysical characteristics. Similarly, the overall dearth of information regard-
ing relatives of HRP29 makes this an excellent system for future research in phage tail structures
and genome evolution. For both Sf14 and HRP29, receptor binding proteins and mechanisms of
host interaction are unknown and need further characterization, as these may present novel infec-
tion mechanisms. On the bacterial side, identifying the specific host genes required for successful
phage propagation would be informative. This has been carried out for Salmonella and its phage
P22, but follow-up studies with Shigella and Sf6, Sf14, or HRP29 may identify some commonly
used genes as well as different sets of genes. Further exploring these dynamics via experimental
evolution could indicate how bacteria might escape phage infection and how phage can either
expand their host ranges or overcome resistance—all important aspects when considering phage
for applications, whether medical, agricultural, or biotechnological.With the rise of antibiotic re-
sistance and renewed interest in bacteriophage therapy, it is important to understand both phage
and host in terms of structure, infection mechanisms, and long-term dynamics of these interac-
tions. Finally, characterizing where Shigella phages are found in the environment, how abundant
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and diverse they are, and how these aspects change over time would provide information on biotic
and abiotic factors that affect phage biology. Since phage have been used as indicators for bac-
terial presence, these studies may also indicate how and where their Shigella hosts survive in the
environment, which could be used to identify and/or prevent outbreaks in the future.
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