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ABSTRACT In 2016, Michigan experienced the largest outbreak of shigellosis, a
type of bacillary dysentery caused by Shigella spp., since 1988. Following this out-
break, we isolated 16 novel Shigella-infecting bacteriophages (viruses that infect bac-
teria) from environmental water sources. Most well-known bacteriophages infect the
common laboratory species Escherichia coli and Salmonella enterica, and these
phages have built the foundation of molecular and bacteriophage biology. Until
now, comparatively few bacteriophages were known to infect Shigella spp., which
are close relatives of E. coli. We present a comprehensive analysis of these phages’
host ranges, genomes, and structures, revealing genome sizes and capsid properties
that are shared by very few previously described phages. After sequencing, a major-
ity of the Shigella phages were found to have genomes of an uncommon size,
shared by only 2% of all reported phage genomes. To investigate the structural im-
plications of this unusual genome size, we used cryo-electron microscopy to resolve
their capsid structures. We determined that these bacteriophage capsids have simi-
larly uncommon geometry. Only two other viruses with this capsid structure have
been described. Since most well-known bacteriophages infect Escherichia or Salmo-
nella, our understanding of bacteriophages has been limited to a subset of well-
described systems. Continuing to isolate phages using nontraditional strains of bac-
teria can fill gaps that currently exist in bacteriophage biology. In addition, the
prevalence of Shigella phages during a shigellosis outbreak may suggest a potential
impact of human health epidemics on local microbial communities.

IMPORTANCE Shigella spp. bacteria are causative agents of dysentery and affect
more than 164 million people worldwide every year. Despite the need to combat
antibiotic-resistant Shigella strains, relatively few Shigella-infecting bacteriophages
have been described. By specifically looking for Shigella-infecting phages, this work
has identified new isolates that (i) may be useful to combat Shigella infections and
(ii) fill gaps in our knowledge of bacteriophage biology. The rare qualities of these
new isolates emphasize the importance of isolating phages on “nontraditional” labo-
ratory strains of bacteria to more fully understand both the basic biology and diver-
sity of bacteriophages.

KEYWORDS bacteriophage, cryo-electron microscopy, environmental microbiology,
genomics, structural biology

n 2016, Michigan experienced the largest outbreak of shigellosis in nearly 30 years (1).

At least 180 cases were reported to the Michigan Department of Health and Human
Services (MDHHS), with all cases occurring in Genessee and Saginaw Counties (2). A
concurrent shigellosis outbreak occurred in Ingham County, where Michigan State
University (MSU) is located, with 30 reported cases (3). Shigella spp. cause more than
164.7 million cases of shigellosis annually worldwide, leading to 1.1 million deaths
every year, particularly among children younger than 5 years old (4). The genus Shigella
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is comprised of four species: S. boydii, S. dysenteriae, S. flexneri, and S. sonnei. The species
most commonly isolated from shigellosis patients is S. flexneri, which is found predom-
inantly in developing countries (5); however, shigellosis caused by S. sonnei, tradition-
ally found in developed countries, is on the rise (6). Attempts to reduce the local and
worldwide burdens of shigellosis are complicated by the low infectious dose (7) and
increasing antibiotic resistance of Shigella (8). In February 2017, the World Health
Organization designated Shigella a priority target for research and development of new
drugs (9).

Bacteriophages (phages) are viruses that infect bacteria. With many species of
bacteria becoming resistant to antibiotics, phages are reemerging as an attractive
alternative and have already been used to combat a wide variety of bacterial infections
(10). One of the first bacteriophages ever isolated was a Shigella phage, discovered by
Felix d’'Herelle in 1917 (11, 12), which was subsequently shown to cure children
suffering from severe S. dysenteriae infection (13). However, relatively few studies on
the isolation or characterization of Shigella phages have been performed since then.
Information for only ~35 Shigella phages has been deposited in public databases, and
detailed studies of these phages are sparse. By contrast, over 400 Escherichia and
Salmonella phages are readily available, some of which, such as $X174, P22, A, and T4,
have been used as model systems for decades.

With recent shigellosis outbreaks in Michigan, we isolated 16 new Shigella phages
from our local environment, increasing the number of known Shigella phages from 35
to 51. Source materials were collected and screened for phages in October 2016 as part
of a graduate school course. Surprisingly, significantly more Shigella phages were
isolated than Escherichia and Salmonella phages. Information for hundreds of Esche-
richia coli and Salmonella phages exists in public databases, and many of these isolates
came from environmental samples. Conversely, most previously isolated Shigella
phages were isolated from wastewater or clinical samples, with very few being found
in natural environments (14-16). Of these 16 new Shigella phages, seven have uncom-
mon genome sizes and similarly uncommon T=9 capsid geometry. Given the informa-
tion for all known phages, only ~2% share similar genome sizes, and only two T=9
capsid structures have been seen previously (17, 18). Moreover, some isolates may be
important for clinical diagnostics or treatment due to their host range. Therefore, the
isolation and characterization of Shigella phages further our understanding of bacte-
riophage biology. In addition, continuing to isolate and study these phages may have
implications for monitoring, diagnosing, and controlling shigellosis outbreaks world-
wide.

RESULTS

Water is a rich source for isolating Shigella phages. To test for the presence of
Shigella-infecting bacteriophages in the environment and to increase open-ended
experimentation in graduate education, we developed a short, 2-week module in a
microbiology course at Michigan State University (MSU). Students devised hypotheses,
targeted specific locations, and then collected material from those locations within the
vicinity of MSU (see Materials and Methods). For all samples, native bacteria were
removed by filtration, and then each filtrate was used to inoculate various strains of
Enterobacteria in either solid or liquid media. The types of bacteria used in these initial
tests were nonpathogenic laboratory strains, including Shigella flexneri (serotypes Y, 2a,
and 5a), Escherichia coli (types B and K-12), and Salmonella enterica serovar Typhimu-
rium (strain 14028s). At least one phage was isolated on each type of bacteria,
producing a total of 18 distinct isolates, all of which originated from river samples
(Table 1). An overwhelming majority of these were isolated on S. flexneri (n = 14), with
comparatively few from E. coli (n = 2) or S. enterica (n = 2). This was surprising, as many
previously described Shigella phages were induced from clinical isolates or found in
untreated wastewater samples (see, e.g., references 19 to 23), with relatively few from
the environment (14-16). Conversely, considerably more E. coli and Salmonella phages
have been isolated, and from a variety of sources.
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TABLE 1 Sources and host ranges of the environmental isolates?

Host
Name Source® S. boydii  S. dysent. S. S. S. S. sonnei  E. coli B E. coli S.
13 Dys1 flexneri  flexneri flexneri K12 enterica
Y 2a 5a 14028
St161 S - - - - - - - - 1.0
St162 B - - - - - - - 1.0
Sd1 B - 1.0 - - - - 1.0 £0.1 - -
Sf11 S - - 1.0 - 10° - - - -
Sf12¢ B - - 1.0 10 1.0 £0.2 - 11.8 0.5 - -
Sf13 S - - 1.0 12403 1.1+0.3 - - - -
Sf14 w - - 1.0 1.0+0.1 1.1 +0.1 - - - -
Sf15 S - - 1.0 1.1+0.2 1.4 +0.1 - - - -
Sf16 B - - 1.0 1.1+0.1 1.5+0.0 - - - -
Sf17 w 107 - 1.0 09104 17104 - - - -
Sf18 B - - 1.0 0.6 +0. 1.0 0.4 - - - -
Sf19 W - - 1.0 0.6+0.1 0.7+0.6 - - - -
Sf20 W - - 1.0 09+0.2 1.3+0.8 - - - -
Sf21 w - - 1.0 6.2+25 83+32 45+18 - 8.7 0.6 -
Sf22 B 0.04 +0.02 0.01 £0.00 1.0 0.3+0.0 0.7+0.1 0.9+0.1 - - -
Sf23 B 10© 0.6 +0.4 1.0 1.9+0.1 1.1+0.0 - - - -
Sf24 w - - 1.0 10© 0.8+0.4 0.7 +0.1 - 10 -
Sf25 w - 0.05 +0.02 1.0 104 1.4 +0. 0.1 0.0 - 104 -

atfficiencies of plating (mean =+ standard deviation) are shown. Colors indicate that the plating efficiency on the strain was
significantly higher (blue) or lower (red) than that on S. flexneri Y for the majority of samples. S. dysenteriae Dys1 was used for

normalization for Sd1, and S. enterica 14028s was used for normalization for phages St161 and St162.

bSediment (S) was collected from the Red Cedar River downstream from a wastewater treatment plant, biofilm (B) was collected

from a buoy in the middle of the Grand River, and water (W) was collected from the Red Cedar River.
<Temperature sensitive (forms plaques only below 37°C).

Six Shigella phages infect more than one species of Shigella. After their initial
isolation, all 18 phages (the total of 16 Shigella phages and 2 Salmonella phages)
were purified and grown to high titer outside the classroom setting for subsequent,
more complex analyses. The first of these was an analysis of host range that included
pathogenic hosts. To initially determine host range qualitatively, phage was spotted
directly onto agar plates seeded with test bacteria. The library of test strains included the
initial strains used for screening plus S. boydii, S. dysenteriae, S. sonnei, and Citrobacter
freundii. After overnight incubation at 37°C, a clearing of the spot resulted in a positive
score, whereas a confluent lawn of growth resulted in a negative score. Phages were
then named and numbered according to their host; e.g., “Sf” phages infected S. flexneri
(starting at Sf11 due to previous characterization of SfX), “St” phages infected S. enterica
serovar Typhimurium (starting at St161 due to previous characterization of ST160), etc.

Table 1 illustrates that 16 out of the 18 total isolates infected one or more species
of Shigella. Of these, eight isolates infected exclusively S. flexneri. Five isolates could
infect both Shigella and E. coli, and four isolates infected more than one species of
Shigella but not E. coli. From the latter group, a total of six phages were found to infect
more than one species of Shigella. We anticipated some overlap between Shigella and
E. coli phages, since the host genera are phylogenetically the same (24-26). The
remaining two non-Shigella phages infected exclusively S. enterica. Surprisingly, no
phage could infect C. freundii, despite its documented prevalence in the environment
and close relation to the other strains tested (26). These results indicate that a majority
of the isolates are indeed Shigella phages, with a relatively even distribution between
specialist and generalist lifestyles.

To determine whether Shigella spp. were present in the environment, 16S rRNA
sequencing was performed for portions of the water and sediment collected from the
Red Cedar River plus the biofilm from the Grand River. Eight distinct morphotypes were
isolated from the Red Cedar River: six of these shared 16S rRNA sequence identity with
Bacillus spp. and the remaining two with Pseudomonas spp. From the biofilm, genera
most closely resembled Leclercia, Aeromonas, Pseudomonas, Enterobacter, Serratia, Cit-
robacter, and Pantoea. The biofilm also contained Plesiomonas shigelloides, which is a
species of enterobacteria that shares a similar lipopolysaccharide O antigen with
Shigella sonnei but is otherwise physiologically distinct (27). Despite purposefully
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TABLE 2 Genome properties of environmental isolates

% ANI to
Length No. of No. of Accession Taxonomic Taxonomic reference
Isolate (kbp) ORFs tRNAs % GC no. family genus? genome?®

St161 42.7 62 0 51.2 MF158036  Siphoviridae SETP3virus 64.4
St162 427 62 0 51.2 MF158037  Siphoviridae SETP3virus 62.3
Sf11 46.5 80 2 46.0 MF158038  Siphoviridae Elvirus 50.6
Sf12 47.6 75 1 443 MF158039  Siphoviridae Tlvirus 48.4
Sd1 48.2 73 2 44.5 MF158042  Siphoviridae Tlvirus 42.7
Sf13 87.6 133 26 389 MF158040 Mpyoviridae  FelixOlvirus 86.5
Sf14 87.6 131 26 39.0 MF327003 Mpyoviridae  FelixOTvirus 84.6
Sf15 88.5 134 26 39.0 MF158041 Mpyoviridae  FelixOTvirus 84.6
Sf16 88.6 134 26 39.0 MF158043  Mpyoviridae  FelixOTlvirus 83.7
Sf17 90.1 138 26 39.0 MF327004 Mpyoviridae  FelixOlvirus 84.6
Sf18 90.3 137 26 39.0 MF158044  Mpyoviridae  FelixOTlvirus 85.6
Sf19 90.4 137 26 39.0 MF327005 Mpyoviridae  FelixOTvirus 83.7
Sf20 164.0 272 0 40.6 MF327006 Mpyoviridae ~ RB49virus 96.0
Sf21 166.0 266 11 355 MF327007 Mpyoviridae  T4virus 82.7
Sf22 166.3 267 1 355 MF158045 Mpyoviridae  T4virus 85.4
Sf23 167.7 271 10 354 MF158046 Mpyoviridae  T4virus 81.7
Sf24 168.1 271 10 353 MF327008 Mpyoviridae  T4virus 84.4
Sf25 168.6 272 9 354 MF327009 Mpyoviridae  T4virus 854

9Based on reference 29.
bVersus the reference genomes used for Fig. 2A.

screening for colonies with Shigella phenotypes, no Shigella spp. were identified.
However, based on the host range specificity of most isolates, an alternative environ-
mental host seems unlikely for these phages.

In 2017, no outbreaks of shigellosis were reported near MSU. Environmental samples
were collected and screened as before, with students choosing locations and materials
for screening. These samples included water and sediment from the Red Cedar River,
which were collected both at and near the 2016 locations. The incorporation of C.
freundii in the initial screen gave us eight bacterial strains to test, producing a total of
120 samples that were analyzed. Despite an additional 22 samples, only two phages
were isolated: one on S. flexneri and one on C. freundii. These results suggest that during
an outbreak, the prevalence of Shigella phages in the environment may be much
greater than previously realized, particularly for aquatic environments. In the absence
of an outbreak, these phages may still be present in surface water, albeit at much lower
quantities.

Genome analyses suggest six distinct species of phage. To characterize the
original 2016 phages at a genetic level, we extracted and sequenced whole genomes
from purified isolates. Once assembled, most genomes fell into one of three size
groups: 40.0 to 50.0 kbp (n = 5), 85.0 to 95.0 kbp (n = 7), or 160.0 to 170.0 kbp (n =
6). The accession numbers for all genomes and their basic characteristics are listed in
Table 2, with representative genome maps in Fig. 1. To investigate overall sequence
similarities between these phages, dot plots were generated by comparing all genomes
to each other. By this analysis, 17 of 18 isolates formed five distinct clusters, of which
the Shigella phages formed four (Fig. 2A). These five clusters were further supported by
phylogenetic analysis (Fig. 2B). Most phages belonged to the following established
groups, as defined in reference 18: (i) FelixO1virus, (ii) T1virus, (iii) SETP3virus, (iv) T4virus,
and (v) RB49virus. The remaining isolate, Shigella phage Sf11, appeared to be distinct
from these groups. Sf11 instead belonged to the relatively small E1-like cluster, which
is comprised of only four other phages. Two groups contained multiple isolates, with
Sf13 through Sf19 belonging to group | and Sf21 through Sf25 belonging to group IV.

The genomes of Shigella phages Sf11, Sf12, and Sd1 were of similar size, ranging
from 46.5 kbp to 48.2 kbp. The Sf12 and Sd1 genomes were generally organized with
a similar gene order (Fig. 1, top panel) and were most closely related to the T1virus
Escherichia phage phiEB49 (28). Morphologically, they also exhibited T1-like tail flexi-
bility (Fig. 3, blue). Conversely, Sf11 appeared to be unique, as it did not group with any
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FIG 1 Genome maps of representative isolates. Simplified representations of the Shigella phage genomes, using representative isolates from the groups
defined in Fig. 2, are shown. The ruler is in kilobase pairs.

other phage isolated here in terms of either synteny or evolutionary history (Fig. 1,
second panel, and 2B). Sf11 was also able to infect only two of the three S. flexneri
serotypes tested and was the only S. flexneri-infecting phage to have this limited host
range, suggesting additional differences. Genetically, the closest relative to Sf11 is
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phylogenetic tree of environmental isolates. The scale bar represents 0.4 nucleotide substitutions per site.

IME207, which is a member of the diverse Elvirus group (S. R. Casjens, personal
communication). However, it is still significantly different from this phage, sharing only
51% average nucleotide identity (ANI), and may represent a new “subcluster E” within
the Elvirus cluster of phages.

Phages Sf20 through Sf25 closely resembled T4viruses in terms of both gene order
and morphology, encoding 268 to 273 open reading frames (ORFs) and 9 to 11 tRNAs
(Fig. 1, bottom panel). These “Sf21-like” phages were slightly more diverse, with 88 to
91% ANI between isolates. The exceptions in the Sf21 phage group were the isolates
Sf24 and Sf25, which shared 96% sequence identity. However, the percent similarity

Sf13 Sf14 Sf15 Sf16 Sf17 Sf18 Sf19 Sf11 Sf20
. B [l FelixO1-like
[ ]E1-like
[ ]RB49-like
[ T4-like
B T1-like
B SETP3-like

Sd1 Sf12 St161 St162

S22 Sf23 Sf24

FIG 3 Morphology of all phage isolates. Representative micrographs as viewed by negative-stain TEM are shown. The scale bar is 50 nm. Colored bars below
the micrographs correspond to phylogenetic groups.
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between these genomes and the T4 genome was 85% or less, excluding the possibility
that they are truly T4. These phages also exhibited a diversity of host ranges, infecting
either multiple species of Shigella or two Shigella species plus E. coli K-12. The genomes
of phages Sf21 through Sf25 had an average GC content of 35.4%, which is typical for
the T4-like viruses. Conversely, phage Sf20 followed a gene order similar to those of
Sf21 through Sf25, but it lacked any tRNAs and had a higher GC content of 40.6%. These
qualities are also shared by RB49 viruses, which form a subcluster within the T4virus
genus (29). When examined by negative-stain transmission electron microscopy (TEM),
Sf20 through Sf25 exhibited T4-like morphology, with long tail fibers and prolate
capsids (Fig. 3, yellow and green).

A majority of the isolates, Sf13 through Sf19, were members of the FelixO1virus
genus. These all had genomes of 87.6 to 90.4 kbp in size and were closely related but
not identical, sharing 90 to 97% average nucleotide identity between isolates (Fig. 1,
third panel). Their GC content of approximately 39% corresponds well with subcluster
C in the FelixO1virus cluster of phages (29), to which other Moogle viruses belong.
Although our phages also share 90 to 94% sequence identity with the Moogle viruses,
the host for the latter group is C. freundii, which our phages are unable to infect. When
their morphology was determined by negative-stain TEM, the Shigella phages also
displayed prototypical FelixO1-like morphology, having icosahedral heads, contractile
tails, and short tail fibers (Fig. 3, red).

Uncommon genome and capsid properties of Sf13-like viruses. Including
FelixO1 and Moogle, only 48 out of 2,293 (~2%) phage genomes in the NCBI RefSeq
database fall within the size range of 85.0 to 95.0 kbp. The rarity of this genome size has
been noted by several groups, though a biological explanation has been elusive
(29-31). Perhaps because of their underrepresentation in databases, no structural
analysis for any virus with this size genome has been conducted. As part of their life
cycles, viruses package their genomes into capsids, which are composed of coat
proteins that form an ordered lattice. Capsids are commonly organized into an icosa-
hedron, with 12 vertices and 20 faces, and are classified according to the number of
subunits per face (32). The simplest structure has 60 subunits, with a triangulation
number (T) equal to 1. A wide range of capsid structures have been resolved, with T=7
and T=13 organizations being common among phages (18, 33). Phage capsids with
T=7 geometry typically package double-stranded DNA (dsDNA) genomes of 40.0 to
50.0 kbp, whereas T=13 capsids typically package segmented dsRNA genomes or
dsDNA genomes of ~120 kbp. With dsDNA genomes of 85.0 to 91.0 kbp, our newly
isolated phages did not obviously fit into either category. Thus, we hypothesized that
the capsids of these phages may have similarly uncommon structures.

To determine the sizes and basic properties of these phage capsids, we performed
cryo-electron microscopy and three-dimensional image reconstructions for all seven
Moogle/Sf13-like isolates. As shown in a representative micrograph and three-
dimensional reconstruction (Fig. 4A and B, EMD-8869), the pattern of the asymmetric
unit is characteristic of a triangulation number equal to 9. Capsids with T=9 symmetry
have been described for only two other viruses, the bacteriophages N4 and Basilisk (17,
34), which have genome sizes of 70.2 and 82.0 kbp, respectively. A second unusual
characteristic of these new isolates’ capsids was the presence of a decoration-like
protein (arrow in Fig. 4C), giving the capsid a maximum diameter of 786 A. Decoration
proteins have been characterized for some bacteriophages, and most of these proteins
contain at least one immunoglobulin (Ig)-like domain (34, 35), with the exception of the
Dec protein of phage L, which is formed primarily by B-sheets (36). Using a tBLASTn
sequence alignment against all known decoration proteins, phages Sf13 through Sf19
were found to contain gene products with significant similarity to T5 pb10 (35). This
protein is composed of an a-helical capsid-binding domain at the N terminus and a
single C-terminal Ig-like domain. Rather than a single Ig-like domain, the decoration
proteins in phages Sf13 through Sf19 contain two Ig-like domains. These are similar to
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FIG 4 Cryo-electron microscopy and three-dimensional image reconstruction of a T=9 Shigella phage.
(A) Representative micrograph of vitrified Sf14 particles. The arrow indicates the tail fibers visible on a
representative virion. (B) Cryo-EM reconstruction of the capsid at ~15-A resolution, colored according to
radial distance. (C) Enlarged view of the region in panel B outlined by the white box, illustrating the two
types of hexamers. The black arrow indicates the presence of a decoration protein in one type of
hexamer.

both the pb10 Ig-like domain and each other, which could represent a duplication of
the Ig-like domain-coding region.

Structurally, the location of this decoration protein on the capsid surface is also
unlike those of previously described proteins. The decoration protein of N4 binds along
the edges of each hexamer (34), whereas those of T4, RB49, and T5 bind at the center
of each hexamer (35, 37, 38). The phage L decoration protein is more complex, binding
preferentially to the quasi-3-fold but not the true 3-fold sites (36, 39). In phages Sf13
through 519, the decoration-like protein appears to be present on only one of the
hexamers. Thus, while the structure of this decoration protein is most similar to that of
pb10 of T5, its behavior is more similar to that of Dec of phage L. The duplication of the
Ig-like region in the gene could have contributed to this protein’s ability to bind
preferentially to specific locations on the capsid.

DISCUSSION

Comprehensive isolation and characterization of Shigella phages. In 2016, we
isolated 18 bacteriophages from rivers around MSU. By testing multiple types of
samples on a library of bacterial strains, we captured a significantly larger portion of the
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local phage community than if we had used a single host. One sample in particular
yielded the most phages in terms of both overall abundance and diversity: the biofilm
from a water buoy in the Grand River. Seven phages (38% of the total isolates) were
isolated from this sample. These phages also had vastly different host ranges, genomes,
and morphologies. Since mixed-species biofilms have been shown to “trap” virus
particles (40), phages likely accumulated in the biofilm before sampling. This could
explain the greater diversity from the biofilm than from the other samples, as phages
suspended in river water are likely transient, and those from sediment could be easily
buried by additional deposits.

Previously, information for only 35 Shigella phages had been deposited into public
databases. The 16 Shigella phages described here represent a significant increase in the
repertoire of known phages with this host genus. To advance our knowledge of this
underrepresented group of phages, we employed multiple analyses to investigate
fundamental aspects of their biology. Our results indicate that they are diverse in terms
of host range, genetics, structure, and evolutionary history. Many well-described bac-
teriophages infect E. coli or Salmonella, and these have been crucial to laying the
foundation of phage biology. However, some gaps still exist. For example, while T=9
capsids and genomes of 85.0 to 95.0 kbp are uncommon in E. coli and Salmonella
phages, they may be more common in Shigella phages. Additional isolation and
characterization of similar phages may indicate that some qualities are more common
than previously thought.

Phage therapy, outbreaks, and local microbial populations. All the phages
infecting enterobacteria in this study were isolated from rivers, one of which receives
effluent from a wastewater treatment plant in East Lansing, MI. Sampling for this study
occurred in the first 2 weeks of October 2016, when shigellosis cases were unusually
high for the area (3). The phage community during that time appeared to differ from
previous compositions, and results from the 2017 survey suggest that they differ from
current compositions as well.

In 2013, a metagenomic study of phages in wastewater influent and effluent was
conducted using water from an East Lansing, MI, treatment plant (41). While the hosts
of these phages could not be determined, that study indicated that most phages were
tailed, with the long, non-contractile-tailed phages of the family Siphoviridae represent-
ing ~43% of the total phage population. The long, contractile-tailed Myoviridae and the
short-tailed Podoviridae were found in similar proportions of ~30% and ~23%, respec-
tively. Here, most of our isolates belong to Myoviridae (72%), with comparatively few
Siphoviridae (28%). In addition, we did not isolate any members of the family Podoviri-
dae, despite our methods being optimized for the podoviruses P22, CUS-3, and Sf6,
which infect Salmonella enterica, E. coli, and Shigella flexneri, respectively (42, 43). The
greater proportion of myoviruses and siphoviruses found here may be due to temporal
shifts in microbial populations (44, 45) across years or seasons. However, wastewater
may be altered during an outbreak of bacillary dysentery, which could impact the
composition of environmental phage populations. Additional studies investigating
both microbial ecology and epidemiology over time would be necessary to investigate
this relationship further.

The 2013 study also indicates that bacteriophages can still be detected after
hypochlorite treatment in the East Lansing wastewater treatment plant (41), though
their hosts are retained or destroyed in the treatment facility. Phages have been used
as indicators for the presence of pathogenic bacteria and viruses in untreated or treated
sewage (46), as well as surface water and groundwater (47). However, the prevalence
and persistence of pathogen-associated bacteriophages in the absence of contamina-
tion has not been well explored. Here, we investigated the prevalence of pathogen-
associated bacteriophages in the absence of contamination but in the presence of local
outbreaks. Additional sampling in 2017 revealed a much lower abundance of Shigella-
infecting phages, with one Shigella phage isolated from 120 samples compared with
the 16 Shigella phages isolated from 98 samples in 2016. These differences in environ-
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mental phage populations could be linked to the prevalence of bacterial infections in
the community.

While some of our isolates may be clinically relevant, understanding the link
between human health and environmental phage populations is of critical importance
if phage therapy replaces or supplements conventional antibiotics (48). Wastewater
treatment generally removes most antibiotics, but their low level of persistence in
wastewater effluent and reclaimed water (49, 50) may have contributed to the current
antibiotic resistance problem we face today. If some bacteriophages used for phage
therapy survive wastewater treatment and persist in the environment, we could
encounter similar problems in the future. Thus, ensuring that we understand the full
impact of releasing phages into the environment, whether intentionally or not, is a
necessary part of developing and implementing treatments that use them.

Mutual benefit of phage hunting. Providing students with research experience has
been a long-standing goal in colleges and universities. The Science Education Alliance-
Phage Hunters Advancing Genomics and Evolutionary Science (SEA-PHAGES) program
has been at the forefront of student phage hunting, and this type of student-driven
inquiry has been immensely successful (51, 52). The student response to the 2-week
exercise described here was measured qualitatively by student evaluations. From these,
80% of the students found the phage hunting both helpful and meaningful, and 10%
found the exercise moderately useful. Given the small sample sizes between 2016 and
2017, we will continue to monitor student evaluations in future years. Overall, however,
the results of our study emphasize the mutual benefit of this type of research experi-
ence, not only for students but for researchers as well. The creativity and resourceful-
ness of students immensely benefitted our search for Shigella phages. While not all
samples produced phage, several groups collected material that would have been
difficult for us, or that we would not have thought to sample or visit on our own.
Besides engaging students in science and research, student-based inquiry can bring
new perspectives to established researchers and fields, facilitating significant advances
across disciplines.

MATERIALS AND METHODS

Bacterial strains and plasmids. The following strains of bacteria used for host range tests and
phage amplification have been described previously: S. flexneri serotype Y (PE577 [53]), S. flexneri
serotype 2a (CSF100), S. flexneri serotype 5a (SD100), Escherichia coli K-12 (EV36 [54, 55]) and B (REL606
[56, 571), and Salmonella enterica serovar Typhimurium (DB7136 [58]). S. flexneri serotypes 2a (CSF100)
and 5a (SD100) are nonpathogenic derivatives of 2457T (59) and M90T Sm (60, 61), respectively. SD100
was cured of the virulence plasmid pWR100 by serial passaging at 42°C on Congo red agar. White
colonies appeared after several passages, suggesting the functional loss of the type Il secretion system
(T3SS) encoded by pWR100 (62). The loss of T3SS function was confirmed by PCR, using primers specific
for the virB and icsA/virG genes of the plasmid. CSF100 also forms white colonies on Congo red agar. S.
boydii serotype 13 (ATCC 12032), S. dysenteriae serotype 1 (strain CDC-3823/69), and S. sonnei (strain
16372) were provided by Shannon Manning at the Shiga Toxin-Producing Escherichia coli (STEC) Center
at Michigan State University.

Phage isolation and purification. Since “phage hunting” has become a powerful teaching tool (51),
we challenged Michigan State University graduate students to isolate enteric phages from local envi-
ronmental sources. This was done during a short, 2-week module in a microbiology course, with 21
students enrolled in 2016 and 18 students enrolled in 2017. Students devised hypotheses, targeted
specific locations, and then collected material from those locations within the vicinity of Michigan State
University. The materials that students chose to collect in 2016 included soil from a horse farm (n = 1),
soil from a field frequented by waterfowl (n = 1), river sediment downstream from a wastewater
treatment plant (n = 1), river water (n = 2 for the same location), biofilm from a river buoy (n = 1), and
a swab from an apple skin (n = 1). In 2017, samples included river or pond water (n = 3), river or lake
sediment (n = 2), water left at the bottom of hand dryers in a university bathroom (n = 1), and soil from
MSU gardens (n = 2). Approximately 15 to 25 g of soil or river sediment or 35 to 50 ml of river water was
collected in sterile conical tubes. Luria broth (LB) was added to solid media to a final volume of 50 ml
and then vortexed. Samples were then centrifuged for 10 min at 6 000 X g, and the supernatant was
collected. If necessary, liquid samples were also spun to remove visible debris. For the apple skin, a sterile
cotton swab was dipped in LB, used to swab the apple, dipped and swirled into 5 ml LB, and then
processed as a liquid sample. Supernatant or liquid samples were then filtered through a 0.45-um filter
to remove bacteria and any particulates, and 250-ul aliquots of filtrate were added to LB plates with 0.3%
top agar overlays seeded with test strains of bacteria. Plates were incubated overnight at 37°C and
screened for plaque formation. In addition, 5-ml liquid enrichments were performed overnight. For each
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test strain, a 250-ul aliquot of sample was added to 5 ml LB seeded with a 1:100 dilution of an overnight
bacterial culture and then incubated at 37°C. If the culture cleared, 250 ul of this lysate was then applied
to a plate seeded with the same strain of bacteria and screened for plaque formation.

After overnight incubation, single plaques were picked and incubated with their respective permis-
sive host in liquid LB until the culture cleared or for a maximum of 6 h. The culture was centrifuged for
20 min at 6,000 X g to remove cellular debris, and the supernatant was subjected to an additional round
of centrifugation for 90 min at 26,000 X g to pellet the phage. Phage dilution buffer (10 mM Tris, 10 mM
MgCl,) was then added, and the pellet was nutated at 4°C overnight. A final spin of 10 min at 6 000 X
g removed any remaining cell debris, and the supernatant was retained. This high-titer phage suspension
was used as a stock for further characterization.

To test for the presence of Shigella, an unfiltered sample was retained for bacterial isolation and
subsequent 16S rRNA sequencing. Biofilm from the buoy, plus water and sediment from the Red Cedar
River, was examined. To isolate single colonies, the sample was diluted into LB, and 100 wl of a 10~5
dilution was spread onto LB-Lennox or MacConkey agar plates. The plates were incubated at 37°C for 48
h, and colonies with diverse morphologies were chosen for further analysis. These were streaked with a
sterile loop onto LB agar plates and incubated for at least 16 h, or for up to 3 days for small-colony-
forming species. 16S rRNA sequences were then determined by PCR and Sanger sequencing, using the
primers 5'-AGAGTTTGATCMTGGCTCAG-3’ (165_27F) and 5'-ACGGCTACCTTGTTACGACTT-3" (165_1492R)
based on a previous report (63).

Host range assays. Initial host range assays were performed by dipping a sterile toothpick into a
high-titer phage stock and stabbing the toothpick into LB agar plates overlaid with test bacteria. Plates
were incubated at 37°C overnight. A clearing around the stab was indicative of a positive growth score,
and quantitative plaque assays were conducted on these strains. Efficiencies of plating are reported with
standard deviation for three replicate experiments.

Genomic methods and phylogenetic analysis. Genomic DNA was extracted from 1 X 10" to 1 X
10" phage particles using phenol-chloroform (64) and sequenced at the Michigan State University
Research Technology Support Facility (RTSF). The RTSF Genomics Core prepared genomes for sequencing
using the Illumina TruSeq Nano DNA library kit on a Sciclone workstation (PerkinElmer) following the
manufacturer’s protocols. Completed libraries were quality controlled and quantified using a combina-
tion of Qubit dsDNA HS (Thermo Fisher) and Caliper LabChipGX HS DNA (PerkinElmer) assays. All libraries
were pooled in equimolar quantities and then quantified using an lllumina library quantification kit (Kapa
Biosystems). The pool was loaded on an Illumina MiSeq standard v2 flow cell and sequenced in a 2- by
250-bp paired-end format using a v2 500 cycle reagent cartridge. Bases were called by lllumina Real Time
Analysis v1.18.54, the output of which was demultiplexed and converted to FastQ format with lllumina
Bcl2fastq v2.18.0.

Raw reads were trimmed and assembled into contigs using the A5 Pipeline (65) (version 08-25-2016)
and tested for quality using FastQC (66). Assembly coverages ranged from 925X to 2,819X, with Sf21
having the lowest coverage and St162 having the highest. The exception was Sf25, with a coverage of
504X, and this genome contained some regions with ambiguous sequence. To resolve this, additional
PCR and Sanger sequencing confirmed the sequences of these regions. Genome termini were oriented
according to reference sequences where possible. Open reading frames were identified using
GeneMark.hmm S (67) and annotated using blast2GO (68). tRNAs were identified using tRNAscan-SE (69).
Genome maps were generated by DNA Master (70) (version 5.23.1, 12 June 2017), and dot plot images
were constructed using Gepard version 1.40 (71).

To build phylogenetic trees, all genomes were aligned to each other and to the reference sequences
of related phages using ClustalW 2.0 (72). From this alignment, a Bayesian inference tree was constructed
using MrBayes (73) (version 3.2.6) under a mixed model with haploid genome and gamma variation
settings. Two replicates of tree construction were run concurrently until convergence. Trees were viewed
using FigTree (74) (version 1.4.3).

Negative staining and cryo-electron microscopy. General phage morphology was first determined
by negative-stain transmission electron microscopy (TEM). Approximately 108 to 10° total purified phage
particles were applied to a continuous carbon grid (Ted Pella, Inc.), which had been plasma cleaned for
20 s in a Fischione model 1020 plasma cleaner. A few drops of 1 to 2% uranyl acetate stain were
subsequently added to the grid, with the excess removed by blotting.

To prepare samples for cryo-TEM, small (~5-pul) aliquots of purified virus particles were vitrified using
established procedures (75). Samples were applied to plasma-cleaned holey Quantifoil grids (R2/2) as
described above and then vitrified using a pneumatic plunge freezing device into liquid ethane (76).
Samples were transferred to a precooled Gatan 914 specimen holder, which maintained the specimen at
liquid nitrogen temperature.

All virus particles were imaged in a JEOL JEM-2200FS TEM at 200 keV controlled by SerialEM (77)
(version 3.5.0_beta) with the use of an in-column Omega energy filter with a slit width of 35 eV. Samples
were viewed at a nominal magnification of X25,000 (2.07 A/pixel). Micrographs were recorded using a
Direct Electron DE-20 camera (Direct Electron, LP, San Diego, CA, USA) cooled to —38°C, at a capture rate
of 25 frames per second. Movie correction was performed on whole frames using the Direct Electron
software package, version 2.7.1 (78).

Icosahedral cryo-reconstructions of phage virions. Using AUTO3DEM (79), version 4.05.1, a subset
of 7 to 276 particle images was used as input to the random-model computation procedure to generate
an initial three-dimensional (3D) density map at ~25-A resolution (80). The initial maps were then used
to initiate determination and refinement of particle orientations and origins for the complete set of
images. For data sets that had fewer than 150 particles, all particles were used for the random-model
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computation. Particle counts ranged 7 to 817 for each phage type. Phases of the particle structure factor
data were corrected to compensate for the effects caused by the microscope contrast-transfer function.
The Fourier shell correlation criterion (FSC, 5) was used to estimate the resolution of each reconstruction
using the “gold standard” approach, and resolution of maps ranged from ~15 A to 44 A. Graphical
representations were generated using the UCSF Chimera visualization software package (81).

Accession number(s). The sequences determined in this study were submitted to GenBank under

the accession numbers given in Table 2. A representative three-dimensional reconstruction was depos-
ited in the EMDB (accession number EMD-8869).
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