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ABSTRACT Postweaning diarrhea in pigs is mainly caused by pathogenic Escherichia
coli and is a major source of revenue loss to the livestock industry. Bacteriophages
dominate the gut virome and have the potential to regulate bacterial communities
and thus influence the intestinal physiology. To determine the biological characteriza-
tion of intestinal coliphages, we isolated and identified the fecal coliphages of healthy
preweaned and postweaned piglets from the Nanjing and Chuzhou pig farms. First,
ahead of coliphage isolation, 87 E. coli strains were isolated from healthy or diarrheal
fecal samples from three pig farms, of which 8 were pathogenic strains, including
enterotoxigenic E. coli (ETEC) and enteropathogenic E. coli (EPEC). Of the E. coli strains,
87.3% possessed drug resistance to three antibiotics. Using these 87 E. coli strains as
indicator hosts, we isolated 45 coliphages and found a higher abundance in the post-
weaning stage than in the preweaning stage (24 versus 17 in the Nanjing and 13 versus
4 in the Chuzhou farm). Furthermore, each farm had a single most-prevalent coliphage
strain. Pathogenic E. coli-specific bacteriophages were commonly detected (9/10 samples
in the Nanjing farm and 7/10 in the Chuzhou farm) in guts of sampled piglets, and most
had significant bacteriostatic effects (P, 0.05) on pathogenic E. coli strains. Three polyva-
lent bacteriophages (N24, N30, and C5) were identified. The N30 and C5 strains showed a
genetic identity of 89.67%, with mild differences in infection characteristics. Our findings
suggest that pathogenic E. coli-specific bacteriophages as well as polyvalent bacterio-
phages are commonly present in piglet guts and that weaning is an important event that
affects coliphage numbers.

IMPORTANCE Previous studies based on metagenomic sequencing reported that gut
bacteriophages profoundly influence gut physiology but did not provide information
regarding the host range and biological significance. Here, we screened coliphages
from the guts of preweaned and postweaned piglets against indicator hosts, which
allowed us to identify the pathogenic E. coli-specific bacteriophages and polyvalent
bacteriophages in pig farms and quantify their abundance. Our approach complements
sequencing methods and provides new insights into the biological characterizations of
bacteriophage in the gut along with the ecological effects of intestinal bacteriophages.

KEYWORDS pre- and postweaned piglets, coliphage numbers, pathogenic E. coli-
specific bacteriophages, polyvalent bacteriophages

The mammalian gut is a complex ecosystem that supports a diverse microbial commu-
nity including bacteria, archaea, viruses, fungi, and other eukaryotes (1–3). While the

physiological relevance of intestinal bacteria is well established (4–6), little is known regard-
ing the function of archaea, eukaryotes, and viruses. The gut viral community (virome) is
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dominated by bacteriophages. Recent sequencing-based approaches show that gut bac-
teriophages profoundly influence gut physiology (7, 8) and host health (9, 10). The healthy gut
phageome that includes core and common bacteriophage communities in humans is con-
served among healthy individuals worldwide and plays an important role in maintaining gut
microbiome structure and function (11). In contrast, some phageome members such as lytic
phages have undergone rapid evolution and alterations over time (12). Significant changes in
bacteriophage abundance and diversity are associated with Crohn’s disease, ulcerative colitis
(7, 8), and Clostridium difficile infection (CDI) (13).

The relationship between gut bacteriophages and bacteria is dynamic. During early
intestinal development, it consists mostly of predator and prey interactions character-
ized by rapid fluctuations in bacterial and phage populations in terms of both abun-
dance and diversity (14–16). Since the resident bacterial community is unstable in the
early stages of intestinal development, bacteriophage infection at this stage rapidly
decreases the prey population, which allows competitive bacteria to colonize the gut,
and then leads to the increase of new bacteriophages with a new infection cycle (17).
Furthermore, bacteriophages provide defense against bacterial pathogens through
lytic infection (18) and can adhere to intestinal mucosal surfaces, where they are more
likely to encounter and kill invading bacteria (19, 20). Therefore, bacteriophages play a
pivotal role in establishing the early gut microbiota.

Porcine diarrhea coincides with weaning and causes considerable economic losses
to the livestock industry (21). The sudden dietary transition and environmental
changes during weaning lead to intestinal dysbiosis in piglets, which not only allows
potential endogenous pathogens to proliferate but also increases the risk of exoge-
nous infections that eventually lead to postweaning diarrhea (22). Coliform bacilli are
one of the predominant diarrheal pathogens in mammals (23). For instance, the enter-
otoxigenic Escherichia coli (ETEC) is the major causative agent of colibacillosis diarrhea
in piglets (22). Considering the importance of the bacteriophage’s lytic mode of infec-
tion in shaping the gut microbiota during early development, it is possible that coli-
phages strongly influence the pathogenicity of coliform bacilli in the piglet intestine
and affect the incidence of postweaning diarrhea. However, the effect of weaning on
the intestinal coliphages is currently unknown.

Previous studies on gut bacteriophages are mainly based on metagenomic sequenc-
ing, which provides information on phage communities but leaves important gaps in
understanding the biological properties of phages such as host ranges, bacteriostatic
effects, and efficiency of plating. In the present study, we investigated coliphages from
preweaned and postweaned piglet gut by quantifying their abundance, isolating them,
and identifying their biological characteristics. Our approach complements sequencing
methods and provides new guidelines for shaping the gut microbiota and manipulating
the gut health of piglets.

RESULTS
Antimicrobial resistance patterns and phylogenetic group categorization of

isolated strains. A total of 87 E. coli isolates, one Proteus mirabilis isolate, one Citrobacter
freundii isolate, and one Klebsiella pneumoniae isolate were recovered from the 80 exam-
ined samples collected from 3 different pig farms ahead of coliphage isolation. The
sequenced 16S rRNA GenBank accession numbers are listed below under “Data availabil-
ity.” We detected antibiotic resistance against six common antibiotics and found that
86.7% of the 90 isolates (87.3% in 87 E. coli strains) possessed drug resistance against at
least three antibiotics (see Table S1 in the supplemental material). Most strains were resist-
ant to ampicillin (AMP) (84/90), tetracycline (TE) (84/90), and/or chloramphenicol (CHL) (65/
90). E. coli strains are categorized into eight phylogenetic groups: A, B1, B2, C, D, E, F, and
clade I. Strains responsible for extraintestinal infection are more likely to be members of
phylogroup B2, D, or F, which is a sister group of B2 (24). Our data showed that most iso-
lates belonged to groups A (17/87), B1 (34/87), and C (26/87), whereas only three isolates
belonged to groups D (2/87) and F (1/87). We did not observe any isolates belonging to
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group B2 (Table S1). These data indicated that antibiotic-resistant strains were prevalent
and extraintestinal E. coli strains were rare in piglet gut.

Correlation between pathogenic E. coli and piglet diarrhea. We evaluated the
toxin genes of diarrhoeagenic E. coli in the 87 isolates and found a total of 8 pathogenic
strains of which 6 were ETEC and 2 were enteropathogenic E. coli (EPEC) (Table 1). Notably,
only the Maanshan farm had pigs with diarrhea and the ETEC strains were detected in
both healthy and diarrhea samples from this farm. At the Nanjing and Nantong farms, no
pigs with diarrhea were present at the time of sampling despite the detection of EPEC
strains. Therefore, we suspected that ETEC was the predominant coliform that caused diar-
rhea in pigs, which was in line with previous reports (25, 26).

Changes in coliphage numbers between preweaned and postweaned piglet
gut. Using the 87 E. coli strains isolated above as indicator hosts, we isolated coliphages
from another two farms. The number of plaques in each E. coli strain plate is shown in
Fig. 1. At both farms, a significantly higher abundance of coliphages (31,8686 9,538 ver-
sus 6,1636 4,326 PFU/0.01 g, P=0.04, in the Nanjing farm and 10,6566 2,251 versus
1,6706 879 PFU/0.01 g, P=0.006, in the Chuzhou farm) and more plaque-positive E. coli
strains (206 2 versus 146 2, P=0.057, in the Nanjing farm and 186 2 versus 96 4,
P=0.067, in the Chuzhou farm) were found in postweaned fecal samples than in pre-
weaned samples. Interestingly, two preweaned samples from the Chuzhou farm showed
a complete absence of coliphages. Subsequently, we selected a clear plaque from each E.
coli strain plate to isolate the coliphages and found that several coliphages from different
E. coli strain plates were identified as the same strain. In total, 30 and 15 different coli-
phages were isolated from the Nanjing and Chuzhou farms, respectively. Consistent with
the results described above, in both farms more coliphage strains were isolated from
postweaned than preweaned piglet gut (24 versus 17 in the Nanjing farm and 13 versus
4 in the Chuzhou farm). Furthermore, 17 and 10 coliphage isolates from the Nanjing and
Chuzhou farms, respectively, were present in multiple samples, whereas 13 and 5 coli-
phage isolates appeared only in a single sample (Tables 2 and 3). Among the widespread
coliphage isolates, a few were detected only in either the preweaned or postweaned gut
and some were common in both pre- and postweaning stages (Tables 2 and 3). The most
frequently detected coliphages at the Nanjing and Chuzhou farms were N7 (9/10 sam-
ples) and C1 (7/10 samples), respectively. Transmission electron microscopy (TEM) exami-
nation indicated that the N7 and C1 strains were both members of the order of
Caudovirales and belonged to the families of Podoviridae and Siphoviridae, respectively
(Fig. 2). The sequences of the N7 and C1 strains were deposited in GenBank, which indi-
cated that N7 was a P22-like temperate phage and C1 was a virulent phage. Taken to-
gether, our results suggest that weaning affects coliphage numbers in piglet gut.

Identification of pathogenic E. coli-specific bacteriophages isolated from piglet
gut. For most coliphage isolates, a broader host range was demonstrated by the spot
assay than the efficiency of plating (EOP) assay (Fig. 3). To exclude the possibility that
the lysis in the spot assay was caused by colicin from host bacteria, the culture super-
natant of each host bacterium was tested on lysed bacteria, and none showed lytic
activity. Using spot assay, 7 coliphages (N1, N5, N17, N18, C3, C6, and C11) were found
to lyse more than 10 E. coli strains (Fig. 3). Moreover, we observed 10 coliphages capa-
ble of lysing pathogenic E. coli with some possessing the capability to lyse multiple

TABLE 1 Toxin genes of 8 pathogenic E. coli strains

Strain Toxin gene(s) Pathogroup
E. coli 101 estla, hly ETEC
E. coli 102 estlb, elt ETEC
E. coli 103 estla, elt ETEC
E. coli 104 estlb ETEC
E. coli 105 estlb, elt ETEC
E. coli 106 estlb, elt ETEC
E. coli 143 eaeA, escV, hly EPEC
E. coli 162 eaeA, escV, ent EPEC
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pathogenic E. coli strains. The EOP assay indicated that only 6 coliphages (N2, N12,
N17, N27, C2, and C6) infected pathogenic E. coli strains (Fig. 3). Five of the 6 coli-
phages had significant bacteriostatic effects (P, 0.05) on pathogenic E. coli strains at a
multiplicity of infection (MOI) of 0.1 (Fig. 4) except coliphage C6, as the EOP of coli-
phage C6 on EPEC 143 was only 0.02. Although none of the isolated coliphages were
capable of infecting ETEC, 6 coliphages (N1, N2, N3, N12, N17, and C6) showed the abil-
ity to lyse certain ETEC strains (Fig. 5). The phenomenon of lysis without infection can
be attributed to “lysis from without” or “abortive infection” as described previously (27,
28). Unsurprisingly, these 6 coliphages needed high MOIs to induce a bacteriostatic
effect on ETEC, and most coliphages showed better lytic activity at an MOI of 100 com-
pared to 10 (Fig. 5). In contrast, the coliphages N17 and N3 poorly lysed ETEC strains
106k88 and 104, respectively, regardless of the MOI. TEM examination and PCR confir-
mation of the coliphages capable of lysing ETEC showed that all were T4-like bacterio-
phages except for N1 and N12 (Fig. 6 and 7), which belonged to the family Myoviridae.
Tracing coliphages back to their host piglet (Tables 2 and 3), we found that coliphages
specific for pathogenic E. coli. were common in piglet gut (9/10 samples in the Nanjing
farm and 7/10 in the Chuzhou farm).

FIG 1 Coliphage abundance in plaque-positive E. coli strains in preweaned (pre) and postweaned (post) fecal samples. N, Nanjing; C, Chuzhou.
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Identification of polyvalent coliphages isolated from piglet gut. To detect whether
there were polyvalent coliphages that infected other genera, the isolated coliphages
were also tested against other common enteric pathogens like Salmonella enterica
serovar Choleraesuis, P. mirabilis, Klebsiella pneumoniae, and C. freundii. Coliphages C5
and N30 were found to infect C. freundii, and coliphage N24 infected S. enterica serovar
Choleraesuis. These results indicated that polyvalent bacteriophages existed in the pig-
let gut. Interestingly, we found that bacteriophages N30 and C5 had the same infection
host range and also showed very similar lysis host ranges with the exception of E. coli
245 (Fig. 3). We sequenced the two bacteriophages, which were deposited in GenBank
(see “Data availability” below). Both were T7-like phages and showed a genetic identity
of 89.67%. The EOPs of N30 in all infected E. coli strains relative to C. freundii 113ju
hosts were significantly lower than those of C5, especially in E. coli 94 (Table 4).

DISCUSSION

Our study on coliforms from pig gut showed that multidrug resistance to antibiotics
caused by indiscriminate use was a serious problem in the swine industry. Since China has
banned antibiotic additives to feed in 2020, the animal husbandry industry needs to find
natural alternatives to antibiotics. As substitutes for antibiotics, bacteriophages have gained
extensive attention in recent years. Before the use of bacteriophages as substitutes for antibi-
otics to control pathogenic microorganisms, it is essential to map the endogenous bacterio-
phages present in the animal gut. The weaning of mammals is characterized by a transition

TABLE 2 Coliphages isolated from the Nanjing pig farm

Sample

Coliphage(s) detected ina:

Multiple samples Single samples
Preweaned
Npre-1 N1, N7, N8, N10, N15 N22
Npre-2 N2, N7, N8, N12 N25, N26, N28
Npre-3 N1, N3, N5, N6, N7, N12 N27
Npre-4 N7, N8, N16
Npre-5 N2, N3, N4, N6, N7

Postweaned
Npost-1 N1, N3, N4, N5, N6, N7, N8, N9, N13, N30
Npost-2 N3, N4, N8, N9, N10, N11, N13, N15, N30 N19, N24
Npost-3 N3, N4, N5, N7, N8, N10, N11, N14, N30 N17, N20, N21, N29
Npost-4 N6, N7, N12, N15 N18
Npost-5 N4, N7, N12, N14, N16 N23

aColiphages present in most samples are indicated by boldface. Coliphages specific for pathogenic E. coli are
indicated by underlining.

TABLE 3 Coliphages isolated from the Chuzhou pig farm

Sample

Coliphage(s) detected ina:

Multiple samples Single samples
Preweaned
Cpre-1 No phage isolated
Cpre-2 C6
Cpre-3 No phage isolated
Cpre-4 C1, C6 C12
Cpre-5 C1, C4

Postweaned
Cpost-1 C1, C2, C5, C7, C8, C10
Cpost-2 C1, C2, C4 C15
Cpost-3 C1, C2, C3, C8, C10 C14
Cpost-4 C1, C2, C3, C9, C10
Cpost-5 C1, C2, C4, C5, C7, C9 C11, C13

aColiphages present in most samples are indicated by boldface. Coliphages specific for pathogenic E. coli are
indicated by underlining.
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in the diet and environment of piglets, which can significantly alter the gut microbiota (22).
Several studies (29–31) have reported weaning-related transitions in the gut bacterial com-
munity, but little is known regarding the effect of weaning on the gut virome of piglets. In
this study, we isolated coliphages from the feces of pre- and postweaned piglets to deter-
mine their role in postweaning colibacillosis diarrhea.

Weaning was an important factor that affected coliphage numbers. We initially
isolated 45 coliphages from two farms using the double agar plate method. More coli-
phages were isolated from the postweaned piglet gut, and the novel coliphages were
likely introduced by the environment and new diet or changes in host communities as
well as via induction of the lytic cycle in prophages (32–34) due to changes in the gut envi-
ronment after weaning. Longer surveillance periods would be required to determine
whether the new coliphages fluctuate or remain stable over time. In each farm, a large
number of coliphage isolates were present in most samples, indicating that pigs from the
same farm may share a similar gut phageome. Interestingly, the coliphages N2 and C6
were isolated only from preweaned piglets. It is less certain whether both are introduced

FIG 3 Host range of isolated coliphages on E. coli strains. Pathogenic strains susceptible to coliphage lysis and infection are indicated in light red and dark
red, respectively. Other strains susceptible to coliphage lysis and infection are indicated in light blue and dark blue, respectively.

FIG 2 Transmission electron microscope images of coliphages N7 and C1 detected in farm samples.
(A) Coliphage N7 was found in 9/10 samples from the Nanjing farm. (B) Coliphage C1 was found in 7/10
samples from the Chuzhou pig farm.
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from the milk of the sow or the initial environment which cannot colonize the piglet’s in-
testinal tract or whether they just fluctuated and diminished without disappearing due to
weaning. In addition, the weaning-induced dysbiosis may have eliminated the host bacte-
ria of N2 and C6 and consequently resulted in the extermination of the phages.

Core and common coliphages may exist in pig gut with mild genetic divergence
in different pig farms. Coliphage N7 was detected in 9/10 samples from the Nanjing
farm and coliphage C1 was present in 7/10 samples from the Chuzhou farm. Manrique
and colleagues hypothesized that a healthy gut phageome is essential for a functional
gut microbiome and consists of both core and common bacteriophages (11). Based on
our findings, we presumed that the coliphages N7 and C1 may be the core bacterio-
phages in the piglet gut. However, investigations in more pig farms are required to
confirm the core coliphages of piglet gut. It is worth noting that coliphage N7 is a tem-
perate bacteriophage but we isolated it when it was in lytic cycle. Lysogenic cycle is

FIG 4 Bacteriostatic curves of 5 coliphages that infected pathogenic E. coli. (A) Bacteriostatic curves of
N12, N17, and N27 on EPEC 143 at an MOI of 0.1. (B) Bacteriostatic curves of N2 and C2 on EPEC 162
at an MOI of 0.1. Different letters denote statistically significant differences between groups at P, 0.05.

FIG 5 Bacteriostatic curves of 6 coliphages that lysed but did not infect ETEC. (A) Bacteriostatic curves of N2, N12, N17, C6, and N3 on E. coli 106K88 and E.
coli 104 at MOIs of 10 and 100. (B) Bacteriostatic curves of N1 on E. coli 103 and E. coli 105 at MOIs of 10 and 100. Different letters denote statistically
significant differences between groups at P, 0.05.
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reversible, and the circuit controlling lysogen-lysis is subtle. Longer surveillance would
be needed to detect how coliphage N7 changed as age and diet changed. The bacte-
riophages N30 and C5 showed high genetic identity (89.67%) and were prevalent in
postweaned piglet gut (3/5 samples from the Nanjing farm and 2/5 samples from the
Chuzhou farm). Therefore, they may be considered part of the common phageome in
the piglet gut. Furthermore, N30 and C5 were both polyvalent bacteriophages and
their impact might be even more significant. Polyvalent bacteriophages that infect
genetically diverse bacteria are often reported in the Enterobacteriaceae family (35–37).
N30 and C5 showed mild differences in their genome and infection characteristics,
which may be due to the discrepancies in the bacterial flora of the host gut. The inter-
action between bacteriophages and host bacteria in the normal gut is explained by
the arms race dynamics (ARD) and fluctuating selection dynamics (FSD) models (17, 38).

FIG 6 Transmission electron microscope images of 6 coliphages lysing but not infecting ETEC. N2, N3, N17, and C6 were T4-like bacteriophages.

FIG 7 Identification of gene 23 in T4-like bacteriophages from 6 coliphages lysing but not infecting
ETEC. Lanes: M, 2000 marker; 1, N1; 2, N2; 3, N3; 4, N12; 5, N17; 6, C6.
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Both models associate the evolution of bacteriophages with mutations that occur in response
to the selective pressure of predation.

Endogenous intestinal coliphages may provide a line of defense against
pathogenic E. coli by infection or “lysis from without.” Our findings also suggested
that coliphages specific for pathogenic E. coli were a common occurrence in piglet gut. In
addition, coliphages capable of infecting bacteria provided better protection than those
lysing bacteria without infection, which may explain the differences in susceptibility of
weaned piglet littermates to diarrhea. Studies show that plaque formation is a better indi-
cator of productive phage infection than the spot inhibition on a bacterial lawn (39–41).
Accordingly, we detected 10 coliphages capable of lysing pathogenic E. coli by spot assay
but only 6 that could infect the bacteria. Early bacterial lysis without phage production
may be caused by lysis from without (LO) or abortive infection (27, 28). LO in turn is
induced by either high-multiplicity virion adsorption (LOV) or exogenously supplied phage
lysin (LOL). LOV is frequently seen with T2 and T4 phages (28, 42), whereas LOL is common
in Gram-positive bacteria due to the presence of lysin in the cell wall. As the coliphages N2
and C6 that lysed ETEC were T4-like phages and showed greater bacteriostasis at higher
MOIs, they likely lysed the bacteria via LOV. Therefore, bacteriophages residing in the gut
in abundant numbers profoundly influenced the bacterial communities not only by lysis
via infection but also through other lytic methods. The endogenous coliphages may play a
potential role in the defense against invading pathogens.

In conclusion, we found that weaning was an important factor that affected coli-
phage numbers and identified pathogenic E. coli-specific bacteriophages and polyva-
lent bacteriophages in piglet gut. Our study complements sequencing approaches to
gain deeper insights into gut coliphages and their biological impact.

MATERIALS ANDMETHODS
Isolation and identification of Enterobacteriaceae strains. We collected 80 fecal samples from 3

pig farms in Nanjing, Nantong, and Maanshan in 2015. In Nanjing, samples were collected from healthy
pre- and postweaned piglets. In Nantong, samples were collected from healthy and growing (80 to
100 days) piglets. In Maanshan, postweaned samples were collected from healthy pigs and pigs with di-
arrhea. Enterobacteriaceae strains were isolated by plate streaking in eosin-methylene blue (EMB) me-
dium. Colonies were then collected and identified on a genus level by PCR amplification of the 16S rRNA
gene (43), and sequences were submitted to GenBank.

Characterization of Escherichia coli strains. Phylogenetic grouping of E. coli was conducted by PCR
as described previously (24). Antimicrobial susceptibilities to ampicillin (AMP), chloramphenicol (CHL),
gentamicin (CN), enrofloxacin (ENR), ceftiofur (EFT), and tetracycline (TE) were tested using the disk diffu-
sion susceptibility method described by Mahmoud and colleagues (35). Detection of virulence genes in
diarrheagenic E. coli was performed as described previously (44).

Isolation, identification, and morphological characterization of coliphages. A total of 20 fecal
samples were collected from a small pig farm (100 sows) in Nanjing and a medium-sized pig farm (5,000
sows) in Chuzhou in July and September 2016, respectively. From each farm, samples were randomly
selected from 5 preweaned (5 to 10 days before weaning) and 5 postweaned (5 to 10 days after wean-
ing) piglets (Nanjing, Landrace � Yorkshire; Chuzhou, Duroc � Landrace) from different pens. Fecal sam-
ples were collected by massaging the rectum or immediately after defecation and stored at 4°C for no
more than 3 days before coliphage isolation.

The coliphages in the fecal samples were isolated by plaque-forming assay from all E. coli isolates.
Briefly, each sample was resuspended in saline magnesium (SM) buffer (100mM NaCl, 8mM MgSO4,
50mM Tris [pH 7.5], and 0.002% [wt/vol] gelatin) at a ratio of 1:20 (g/ml) and mixed followed by centrifuga-
tion at 10,000 � g for 30min. The supernatant was passed through a 0.22-mm filter (Millipore Sterivex;
Merck, Germany), and 100ml filtrate was mixed with 100ml logarithmic-phase E. coli suspension and 5ml
55°C 0.7% LB agar. The mixture was poured on 1.5% solid agar, and the double-layered agar plates were

TABLE 4 EOPs of 2 polyvalent bacteriophages on susceptible hosts

Bacteriophage

EOP for host straina:

C. freundii
113ju E. coli 94 E. coli 121 E. coli 141 E. coli 235

N30 1 0.00156 0.00048 a 0.536 0.029 a 0.666 0.11 a 0.626 0.17 a
C5 1 0.936 0.12 b 1.476 0.28 b 1.456 0.14 b 1.336 0.30 b
P value ,0.0001 0.004 0.017 0.021
aData are expressed as arithmetic means6 standard deviations. Different lowercase letters denote statistically
significant differences between groups at P, 0.05.
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incubated at 37°C for 5 h. First, the number of the plaques in each plate was recorded, and then the clear
plaques were picked from each plate and individually replated on double-layered agar for phage enrich-
ment. Purified phage particles were spotted on a copper grid and stained with phosphotungstic acid (PTA,
2% [wt/vol]) and observed using an HT7700 (Hitachi, Japan) transmission electron microscope (TEM).

Determination of host range. The host range of the purified coliphages was determined by the spot
test followed by the efficiency of plating (EOP) assay. Each coliphage was tested against all E. coli isolates.
In addition, a Salmonella enterica serovar Choleraesuis strain (ATCC 13312) and other Enterobacteriaceae
strains isolated from fecal samples in this study were also employed to detect the presence of polyvalent
coliphages that infect other genera. Briefly, 100ml target bacterial suspension was spread on LB plates and
incubated for 30 min at 37°C and 10ml purified coliphage (108 to 109 PFU/ml) was then spotted on each
plate. After incubation for 6 h at 37°C, the plates were observed for clear zones, which were indicative of
lysis. EOP was determined by calculating the ratio of the phage plaque titer obtained with the target bac-
terial strain to that obtained with host bacteria as previously described (27) with slight modifications. The
lysed bacteria determined by the spot assay were defined as the target bacteria whereas the host bacteria
were those used for coliphage amplification. Briefly, the coliphages were serially diluted (109 to 103 PFU/
ml) and 100ml of each dilution was tested against the target bacteria and host bacteria, respectively, and
then the plaque numbers were counted for the calculation of the ratio. If the EOP of a strain was higher
than 1028, it was regarded as an infected strain. The experiments were performed in triplicate.

The coliphages with the same host range in one fecal sample were considered one strain. For those
coliphages with the same host range but isolated from different samples, the DNA was extracted and
digested with restriction endonucleases (see below). If the restriction endonuclease maps were the
same, the coliphages were confirmed as one strain. The identified coliphages were then used to infect
the host using the plaque assay described above.

Extraction of phage genomic DNA, restriction analysis, and sequencing. The phage DNA was
extracted using the SDS-proteinase K protocol as described previously (45). The DNA was digested with EcoRI,
BamHI, XhoI, XbaI, HindIII, and AvaI according to the manufacturer’s instructions (TaKaRa Bio Inc., Japan) and
separated by 0.8% agarose gel electrophoresis. Whole-genome sequencing was performed by Shanghai
Biozeron Biotechnology Co. Ltd. using the Illumina HiSeq sequencing platform. The genome sequences were
assembled using SOAPdenovo v2.04 software. Coding sequences were analyzed by Glimmer 3.02.

Pathogenic E. coli strain challenge test. To determine the bacteriostatic effects of the coliphages
on the 8 isolated pathogenic E. coli strains, the bacteria were cultured in LB medium up to the logarith-
mic phase and reinoculated in fresh medium containing the coliphage at multiplicities of infection
(MOIs) of 0.1, 10, or 100. Bacterial growth was monitored every hour for 6 h by measuring the optical
density (OD) at 600 nm. Experiments were performed in triplicate with different coliphages.

Detection of T4-like bacteriophage by PCR. PCR was performed as described previously (46). The
central region of gene 23 of various T4-type phages was amplified using the following primers: Mzia1
(59-TGTTATIGGTATGGTICGICGTGCTAT-39) and CAP8 (59-TGAAGTTACCTTCACCACGACCGG-39).

Data availability. The sequences of the N7, C1, N30, and C5 bacteriophage strains were deposited in
GenBank (accession numbers MH717096, MH717097, MH717098, and MH717099, respectively). For bacterial
strains that were sequenced, the GenBank accession numbers are as follows: E. coli, MH671408 to MH671417,
MH671419 to MH671423, MH671425 to MH671463, MH671465 to MH671479, MH671481 to MH671484,
MH671486 to MH671497, MK156384, and MK615932; P. mirabilis, MH643694; C. freundii, MH643693;
K. pneumoniae, MH643695.
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