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ABSTRACT Application of lytic bacteriophages is a promising and alternative intervention
technology to relieve antibiotic resistance pressure and control bacterial pathogens in the
food industry. Despite the increase of produce-associated outbreaks caused by non-O157
Shiga toxin-producing E. coli (STEC) serogroups, the information of phage application on
sprouts to mitigate these pathogens is lacking. Therefore, the objective of this study was
to characterize a T4-like Escherichia phage vB_EcoM-Sa45lw (or Sa45lw) for the biocontrol
potential of STEC 045 on mung bean seeds. Phage Sa45lw belongs to the Tequatrovirus
genus under the Myoviridae family and displays a close evolutionary relationship with a
STEC O157-infecting phage AR1. Sa45lw contains a long-tail fiber gene (gp37), sharing
high genetic similarity with the counterpart of Escherichia phage KIT03, and a unique
tail lysozyme (gp5) to distinguish its host range (STEC O157, 045, ATCC 13706, and
Salmonella Montevideo and Thompson) from phage KIT03 (0157 and Salmonella enter-
ica). No stx, antibiotic resistance, and lysogenic genes were found in the Sa45lw ge-
nome. The phage has a latent period of 27 min with an estimated burst size of 80 PFU/
CFU and is stable at a wide range of pH (pH 3 to pH 10.5) and temperatures (-80°C to
50°C). Phage Sa45lw is particularly effective in reducing E. coli O45:H16 both in vitro
(MOI = 10) by 5 log and upon application (MOl = 1,000) on the contaminated mung
bean seeds for 15 min by 2 log at 25°C. These findings highlight the potential of phage
application against non-0157 STEC on sprout seeds.

IMPORTANCE Seeds contaminated with foodborne pathogens, such as Shiga toxin-produc-
ing E. coli, are the primary sources of contamination in produce and have contributed to
numerous foodborne outbreaks. Antibiotic resistance has been a long-lasting issue that poses
a threat to human health and the food industry. Therefore, developing novel antimicrobial
interventions, such as bacteriophage application, is pivotal to combat these pathogens. This
study characterized a lytic bacteriophage Sa45lw as an alternative antimicrobial agent to con-
trol pathogenic E. coli on the contaminated mung bean seeds. The phage exhibited antimi-
crobial effects against both pathogenic E. coli and Salmonella without containing virulent or
lysogenic genes that could compromise the safety of phage application. In addition, after 15
min of phage treatment, Sa45lw mitigated E. coli O45:H16 on the contaminated mung bean
seeds by a 2-log reduction at room temperature, demonstrating the biocontrol potential of Editor Jeffrey A. Gralnick, University of

non-O157 Shiga toxin-producing E. coli on sprout seeds. Minnesota
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for fresh produce, typically consumed raw in many western culinary dishes (1). As a result, Accepted 29 December 2021
the numbers of produce-associated foodborne outbreaks are on the rise in the United Published 2 February 2022
States, and sprouts are one of the most frequently associated food vehicles, contributing to
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27% of the cases (1). In addition, there are a total of 147,000 reported cases of sprout-related
foodborne outbreaks around the world from 1988 to 2020, causing 214 hospitalization and
58 deaths, primarily from Salmonella and Shiga toxin-producing Escherichia coli (STEC) 0157
infections (2). In 2011, a catastrophic sprout-associated outbreak in Germany caused by E.
coli O104:H4, bearing two different virulence factors of enteroaggregative E. coli (EAEC) and
STEC, involved more than 3,000 cases of human infection in which 850 patients developed
hemolytic uremic syndrome (HUS), and 53 died (3). Ever since then, there have been more
and more foodborne outbreaks related to sprouts contaminated with different serogroups
of non-0157 STEC strains (2), which can cause human illnesses as severe as STEC O157 (4).

Seeds are one of the primary contamination sources of produce production (2); this
is particularly critical for sprouts because the seeds release macromolecules, such as
nutrient substances, during germination that can facilitate bacterial growth (5). Various
disinfection methods, such as chemical-based antimicrobial agents (calcium hypochlo-
rite) or physical treatments (high pressure and heat), were studied to reduce microbio-
logical levels on the contaminated seeds (6, 7). However, these technologies may in-
hibit the germination rate or adversely affect sprout quality during production (8, 9).
Furthermore, despite the food industry establishing its standardized procedures to mit-
igate STEC O157, these intervention strategies may not render similar effects against
individual non-O157 STEC serogroups (10). Therefore, alternative antimicrobial inter-
ventions are critically demanding for effective control of foodborne pathogens on
seeds without adversely impacting the viability or quality (10, 11).

Bacteriophages (or phages) are viruses that propagate via infection of bacteria, and
they are highly diverse and ubiquitous in the ecosystem where their bacterial hosts are pres-
ent (12). Phages are host-specific because they need to bind to the specific receptor proteins
located on the surface of their bacterial host cells to initiate the infection (13, 14). Because of
the nature of the lytic infection, phage could hijack bacterial machinery and cause bacterial
lysis to release phage progenies for subsequent infection (15). Unlike antibiotics, lytic phages
are host-specific without eliminating background flora and do not contribute to the devel-
opment of bacterial antibiotic resistance (12, 16). In addition, these phages can also combat
and reduce the spread of antibiotic-resistant strains in an agricultural field (17, 18) and mini-
mize any environmental burden on subsequent terrestrial surroundings (12). Most impor-
tantly, US. Food and Drug Administration (FDA) has approved several commercial phage
products as Generally Recognized As Safe (GRAS) to be used directly on ready-to-eat food
for the treatment of foodborne pathogens (17, 19). These findings shed a bright light on the
development of phage-based interventional technology and application to improve the
safety of fresh produce.

In the context of produce safety, numerous studies have focused on the use of lytic
phages to reduce E. coli O157:H7 (18). Snyder et al. presented several candidate phages for
the control of STEC 0157 and found that one phage, with a strong antimicrobial effect,
reduced E. coli O157:H7 by 3 log and 3.5 log on green peppers and spinach leaves, respec-
tively, during post-harvest treatment at refrigeration storage (4°C) (20). Another study found a
myophage with a wide host range showing antimicrobial effect against E. coli O157:H7 with a
reduction of viable cells by 3.5 log on the contaminated romaine lettuce stored at 4°C for
5 days (21). Despite many studies examining phage application on the control of STEC on
fresh produce, the relevant information on produce seeds, particularly sprout seeds, is scarce.
Moreover, most phage research and product development, including commercial phage
products, focuses on the target of E. coli O157:H7 more than the top six non-O157 STEC
serogroups, such as 045 (22). Although STEC 045 is less frequently associated with food-
borne outbreaks than other non-O157 serogroups (4), our previous study indicated the
genetic evidence of STEC 045 sharing similar virulence factors of another non-O157
STEC associated with foodborne outbreaks (23). Food processors may easily ignore the
negative impact of this type of pathogens in the sprout industry. Thus, the objective of
this study was to characterize Escherichia Phage vB_EcoM-Sa45lw isolated from a pro-
duce-growing area for the biocontrol potential of STEC 045 to improve the microbiologi-
cal safety of mung bean seeds.
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RESULTS

Genomic and comparative analyses of Sa45lw. The phage contained double-stranded
DNA with a genome size of 167,353 bp and an average GC content of 35.4%. The phylo-
genetic analysis of whole-genome sequence using the Virus Classification and Tree
Building Online Resource (VICTOR) revealed that phage Sa45lw shared the closest rela-
tion with phage AR1 at the amino acid level and was in the same clade containing the
phages classified into the Tequatrovirus genus (Fig. 1). Furthermore, comparative analysis
(with the threshold of 70% nucleotide similarity) showed that phage Sa45lw contained
common regions/open reading frames (ORFs), coding for hypothetical proteins, small
outer capsid protein, and tail long tail fiber protein, compared to phage AR1 (Fig. 2). In
addition, ORF125 and ORF162, coding for a predicted endonuclease V N-glycosylase UV
repair enzyme and homing endonuclease, respectively, in phage Sa45lw, were absent in
phage AR1 genome.

Among 282 ORFs, there were 136 annotated with predicted functions, including
structural proteins, host lysis, DNA replication, and transcription regulation, such as anti-
sigma factors specifically found in T-even phages, and host cell regulation and metabolism
(Table S1). Sa45lw contained 11 tRNAs in the phage genome. Furthermore, no stx genes, ly-
sogenic genes, and antibiotic resistance genes were found in the phage genome (Table S1).

Comparative analyses were conducted on the ORFs predicted with the functions of
bacterial host recognition (gp37 and gp5), cell lysis (holin and endolysin), and virion
replication mechanism (terminase large subunit). The results showed that ORF_258 coding
for a long-tail fiber (gp37) in phage Sa45lw was closely related to its counterpart in phage
KITO3 (Fig. 3A). Phage Sa45lw contained ORF_160 annotated with a tail lysozyme (gp5), dis-
tinct from other reference phages (Fig. 3B). ORF_126 in Sa45lw genome encoded an endoly-
sin, sharing a close evolutionary relationship with the counterpart in phage RB14 (Fig. 3C). In
addition, the results showed that ORF_176 in phage Sa45lw, coding for a terminase large
subunit, was associated with virion DNA packaging mechanism and was genetically classi-
fied in the cluster of headful T4 (Fig. 3D).

Morphology. Phage Sa45lw contained an icosahedral head, with a diameter of approxi-
mately 87.5 * 3.1 nm, and a long contractile tail, with 120 = 5 nm in length. The phage
also had a visible baseplate and whiskers, showing the morphology similar to phage T4 in
the Myoviridae family (Fig. 4).

One-step growth curve. The results of growth factors indicated that phage Sa45Iw
had an estimated 17-min eclipse period and a 27-min latent period against generic E. coli
ATCC 13706 strain (Fig. 5). An average burst size of 80 progeny virions per infected cell was
produced after an approximately 35-min incubation at 37°C.

Phage temperature, storage, and pH stability. For thermal stability, phage Sa45Iw
was stable at the temperatures between 30°C and 50°C after 24 h of the treatment but
decreased in titer at 65°C by approximately 2.2 log and 8 log after 1 h and 24 h, respectively
(Fig. 6A). For the storage test, the phage stock in SM buffer was able to remain at a compara-
ble titer at 4°C for 36 days but was dropped approximately 0.6 log (P < 0.05) after 164 days
of storage (Fig. 6B). Although the titer of the phage stock mixed with 30% glycerol (vol/vol)
dropped from the initial phage concentration, phage Sa45Iw remained stable at —80°C for
36 days (Fig. 6B).

Regarding pH stability, a range of pH from 3 to 12 was tested at room temperature
(25°C). The results indicated that phage Sa45lw was maintained at a similar titer of 7
log PFU/mI (P > 0.05) among pH 5 to pH 9 after 24 h of treatment but significantly
dropped (P < 0.05) at pH 4 and pH 10.5 by approximately 0.71 and 0.70 log, respectively
(Fig. 6C). In addition, the phage was below detection level at pH 3 and pH 12 after 24 h of
the treatment at room temperature.

Analysis of phage structural proteins. The separation of phage proteins by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) revealed 16 bands
related to Sa45lw-associated proteins, with molecular weights ranging from approxi-
mately 15 to 250 kDa (Fig. 7). The identified gel bands, labeled with A to P, included
various structural phage proteins, such as baseplate wedge, long-tail fiber subunit, tail
sheath, tail tube, Wac fibritin neck whiskers, major capsid protein, etc., with the coverage of
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FIG 1 Phylogenetic analysis of whole-genome sequences of phage vB_EcoM-Sa45lw (Sa45lw) and the reference phages belonging to various genera
under the Myoviridae family at the amino acid level using VICTOR. Gray dot indicates no genus classification is assigned to the specific phages.
GenBank accession number of each phage is provided in the parenthesis followed by the phage name.
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FIG 2 Genome comparison of vB_EcoM-Sa45lw (Sa45lw) and its reference Enterobacter phage AR1, using BLASTn and visualization with EasyFig. Genome
maps of phages AR1 and Sa45lw are presented as blue arrows, which indicate the order of annotated open reading frames (ORFs) from left to right along
the phage genomes. Regions of sequence similarity are connected by a gray-scale shaded area; the unshared ORFs are highlighted in yellow, and the ORFs

highlighted in red are tRNAs.

amino acid sequences ranging from 22% to 92% by mass spectrometry (Table 1). In addition,
phage DNA replication-associated proteins were identified at gel bands D, E, and M, including
RNA polymerase-ADP-ribosyltransferase, adenosylribosyl-transferase packaged injected with
DNA, DNA end protector protein, and sliding clamp DNA polymerase accessory protein. All
protein bands identified by mass spectrometry matched the genome annotation results of

Sa45lw.
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FIG 4 Transmission electron microscopy image of phage Sa45lw with a capsid (87.5 = 3.1 nm in
diameter) and a long contractile tail (120 = 5 nm in length), showing Myoviridae morphology.

Host range and productive infection of Sa45lw. The host range results showed
that phage Sa45lw had a broad host range with lytic activity against generic E. coli (ATCC
13706), E. coli O45:H16, E. coli O45:H-, E. coli O157:H7 (RM18959, ATCC 35150, and ATCC
43888), Salmonella Montevideo, Salmonella Thompson, and Salmonella Anatum strains, but
was unable to infect clinical E. coli O45:H2 strains (SJ7 and 96-3285) (Table 2). Furthermore,
the efficiency of plating (EOP) was used to determine productive infection of Sa45lw on the
susceptible bacterial strains versus the host strain E. coli ATCC 13707, used for the phage iso-
lation. The results demonstrated that E. coli strains of O157:H7 (ATCC 43888), 045:H16
(RM13752), isolated from environmental samples, and Salmonella Thompson had a high
phage-producing efficiency (Table 2); E. coli 045:H- (RM10729), also from an environmental
sample, two E. coli O157:H7 (RM18959, ATCC 35150), and Salmonella Montevideo strains
possessed a medium phage-producing efficiency.

Lysis from without. To determine bacterial lysis without complete phage infection,
also known as lysis from without (LO), different MOls (10, 100, and 1,000) of phage Sa45Iw
against E. coli 045:H16 strain were determined using a spectrophotometer. The results showed
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FIG 5 One-step growth curve of phage Sa45lw using generic E. coli strain (ATCC 13706). The growth
parameters of the phage indicate an eclipse period (EP) of 17 min, a latent period (LP) of 27 min, and
average burst size (BS) of 80 phages per infected cell. Closed red triangles indicate non-chloroform-
treated samples; closed blue circles indicate chloroform-treated samples. The error bars present the
standard error of the mean (SEM) for each time point of the one-step growth curve.
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FIG 6 Stability of phage Sa45lw at (A) different temperatures (30°C to 65°C) for one and 24 h, (B) 4°C
and —80°C storage, and (C) various pH (pH 3, pH 5, pH 7.5, pH 9, pH 10.5, and pH 12) at 25°C for
24 h. No statistical differences were observed between each time point of the thermal stability and —80°C
storage (P > 0.05). For the temperature test, different treatment periods were analyzed separately. For all
tests, means of phage titers that lack common letters (a and b or a', b' and ¢') differ (P < 0.05). The error
bars show the SEM.

that LO occurred at MOlIs of 100 and 1,000 because the corresponding ODg, value dropped
within 5 min to the level similar to the blank TSB without bacterial culture (Fig. S1).

Antimicrobial activity of Sa45lw in lysogeny broth. Based on the LO results, an
MOI of 10 was used to determine the in vitro lytic effects of Sa45lw on the reduction of E. coli
045:H16 (RM13752) and E. coli O157:H7 (RM35150) at room (25°C) and refrigeration tempera-
tures (4°C). The results showed that E. coli 045:H16 was significantly reduced to a minimum
level (0.56 log CFU/ml) in 6 h at 25°C, with a 5.5-log reduction in comparison to the control
group (Fig. 8A). After 24 h of incubation, the phage-treated E. coli 045:H16 rebounded to 4.5
log CFU/ml, with 0.4 and 4.2 log reduction compared to the initial bacterial concentration and
the control group, respectively. For E. coli O157:H7, the treated culture was reduced to the low-
est level at 4.1 log CFU/ml within 6 h, with a reduction of 2.5 log in comparison to the control
(Fig. 8B). Similarly, the culture of E. coli 0157:H7 grew to 7.7 log CFU/ml at 24 h, with 1.2 log
lower than the control group. However, Sa45lw was incapable of reducing both E. coli O45:
H16 and E. coli O157:H7 at refrigeration temperature (data not shown).

Application of Sa45lw on the contaminated mung bean seeds. Based on in vitro
antimicrobial results, phage application against E. coli 045:H16 (RM13752) was eval-
uated on the artificially inoculated mung bean seeds. To increase the likelihood of phage and
bacterial cells coming into contact, Sa45lw with a high MOI of 1,000 was utilized. The results
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FIG 7 The proteins of phage Sa45lw detected on a 12% SDS-PAGE gel, visualized by Coomassie
brilliant blue R-250. A = baseplate wedge protein gp7; B = large distal long tail fiber subunit; C = baseplate
protein; D = RNA polymerase-ADP-ribosyltransferase & baseplate wedge subunit; E = adenosylribosyl-
transferase packaged injected with DNA & tail sheath protein; F: short tail fiber & portal protein; | = capsid
vertex protein. Refer to Table 1 for the protein information of the rest of the bands.

revealed that the phage-treated E. coli 045:H16 was reduced by approximately 2 log in 6 h,
which was significantly higher than the control group; however, the bacterial levels of the
treated group remained similar throughout the 24-h incubation at room temperature (Fig. 9).
Although the bacterial reduction of the control group increased by 0.2 log from 6 h to 24 h,
the overall reduction of bacterial levels on the control mung bean seeds was significantly
lower than the treatment group (P < 0.05). Forty bacterial colonies were obtained from
the mung bean seeds treated with Sa45lw at the 24-h time point to determine the devel-
opment of phage resistance. Only two colonies were resistant to Sa45lw infection, with
ODg, Values similar to the levels of original E. coli 045:H16 and the two counterpart colo-
nies without phage added in the wells.

DISCUSSION

Ever since FDA granted the first phage product as GRAS in 2006 (17), phage application
used as a microbial intervention alternative became an attractive but underdeveloped tech-
nology to be used in the food industry, specifically for produce production. Because of the
features of lytic phage application, including host specificity, cost efficiency, and reduction
of antimicrobial-resistant bacteria, as novel and alternative antimicrobial interventions (24),
there are several commercial phage products available on the market for the control of
foodborne pathogens, such as Listeria monocytogenes, Salmonella spp., and E. coli O157:H7
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TABLE 1 The proteins of phage Sa45Ilw, identified by high-performance liquid chromatography with tandem mass spectrometry (HPLC-MS-MS)

Gel band Detected protein/ORF Predicted function Mol wt (kDa) No. of peptides Sequence coverage
A Sa45lw_165 Baseplate wedge protein gp7 119.01 37 39.50%
B Sa45lw_258 Large distal long tail fiber subunit 119.41 47 67.90%
C Sa45lw_168 Baseplate wedge subunit and tail pin 66.34 20 47.60%
Sa45lw_201 Baseplate hub subunit tail length determinator 64.52 30 57.60%
D Sa45lw_205 RNA polymerase-ADP-ribosyltransferase 7591 29 50.20%
Sa45lw_164 Baseplate wedge subunit 74.36 31 62.60%
E Sa45lw_206 Adenosylribosyl-transferase packaged injected with DNA  77.94 46 63.00%
Sa45lw_177 Tail sheath protein 71.40 32 56.40%
F Sa45lw_170 Short tail fiber 55.39 30 87.00%
Sa45lw_179 Portal protein 61.02 29 59.90%
G Sa45lw_171 Wac fibritin neck whiskers 52.57 31 88.70%
H Sa45lw_184 Major capsid protein 56.17 28 71.40%
| Sa45lw_185 Capsid vertex protein 47.04 25 61.60%
J Sa45lw_189 Large head outer capsid protein 40.67 19 79.50%
Sa45lw_256 Hinge connector of long tail fiber, proximal 40.10 21 85.70%
Sa45lw_202 Baseplate tail tubecap 39.75 21 77.20%
Sa45lw_166 Baseplate wedge subunit 38.04 15 66.20%
Sa45lw_199 Baseplate hub subunit 4428 21 65.60%
K Sa45lw_172 Neck protein 34.76 18 61.20%
Sa45lw_174 Tail sheath stabilizer and completion protein 31.61 14 63.60%
Sa45lw_160 Baseplate hub subunit and tail lysozyme 63.10 14 37.00%
L Sa45lw_203 Baseplate tail tube initiator 3491 9 41.40%
Sa45lw_173 Neck protein 29.56 8 46.50%
M Sa45lw_167 Baseplate wedge subunit and tail fiber connector 30.97 16 88.90%
Sa45lw_157 DNA end protector protein 31.63 12 50.00%
Sa45lw_53 Sliding clamp DNA polymerase accessory protein 24.89 8 44.30%
N Sa45lw_178 Tail tube protein 18.46 13 70.60%
Sa45lw_156 Tail completion and sheath stabilizer protein 19.71 4 22.20%
o Sa45lw_124 Putative Ip4 internal head protein 17.74 7 49.70%
P Sa45lw_29 Small outer capsid protein 8.53 7 92.30%
Sa45lw_196 Baseplate wedge subunit 15.10 7 61.40%

(17). Primary efforts toward antimicrobial intervention development focus on E. coli O157:
H7, frequently associated with STEC-related infection and foodborne outbreaks, even though
the top six non-0157 STEC have also contributed to a similar scale of foodborne outbreaks as
well as the severity of illness (19, 25). A similar phenomenon happens to the phage-based
intervention development in the agricultural field. Although several studies isolated different
non-0157 STEC-infecting phages from the samples of animal origins, the phages lytic against
STEC 045 were barely found; thus, further isolation and characterization of novel phages for
antimicrobial potential are needed (26, 27). Luckily, our previous studies found that in no spe-
cific pattern, the lytic phages specific to STEC 045 strains were present in various agricultural
environments with minimum to moderate animal activities, such as in surface water from a
produce-growing area and different environmental samples from an organic farm (28-30).
This study evaluated a new member of T4-like phage, vB_EcoM-Sa45Iw, via biological and
genomic characterization for the biocontrol potential on STEC 045 adulterated mung bean
seeds. The information could provide valuable insights into the diversity of lytic phages and
the effects of phage application on produce seeds contaminated with the top six non-0157
STEC foodborne pathogens.

Based on morphological and genomic evidence, phage Sa45lw is a new member of
T4-like phage belonging to the genus Tequatrovirus and has the highest whole-genome
sequence similarity (over 90%) with phage AR1. However, the primary difference of the
sequence regions between these two phages includes the genes encoding a large distal
long tail fiber and a tail fiber adhesion, both proteins associated with the binding specificity to
the receptor proteins on bacterial membranes. As a result, Sa45lw has a different host range
(E. coli K-12, STEC 045, STEC 0157, Salmonella Montevideo, and Salmonella Thompson) from
phage AR1 (STEC 0157, Shigella dysenteriae, and Salmonella enterica subsp. enterica serovars
Choleraesuis and Enteritidis) (31, 32). In addition, the phylogenetic analysis indicated that
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TABLE 2 Host range and efficiency of plating (EOP) of phage Sa45Iw against various Shiga
toxin-producing Escherichia coli (STEC) and Salmonella enterica strains

Strains Strain ref. no. EOP“
STEC 026 E. coli 026:H— (RM18132), E. coli 026:H— (RM17133) R*
STEC 045 E. coli O45:H— (RM10729) 0.39
E. coli O45:H16 (RM13752) 0.56
Clinical E. coli 045:H2 (SJ7), E. coli O45:H2 (96-3285) R
STEC 0103 E. coliO103:H— (RM10744), E. coli 0103:H2 (RM13322) R
STECO111 E. coliO111:H— (RM11765), E. coli O111:H— (RM14488) R
STEC 0121 E. coliO121:H19 (96-1585), E. coli O121:H— (RM8082) R
STEC 0145 E. coli O145:H+ (RM9872), E. coli O145:H- (RM10808) R
STEC O157 E. coliO157:H7 (RM18959) 0.17
E. coliO157:H7 (ATCC 35150) 0.19
E. coliO157:H7 (ATCC 43888) 0.76
Generic E. coli ATCC 13706 HA
DH5«a R
Salmonella Salmonella Montevideo 0.11
Salmonella Newport R
Salmonella Heidelberg R
Salmonella Enteritidis R
Salmonella Typhimurium R
Salmonella Thompson 1.05
Salmonella Anatum <0.001

9EOP was conducted on the spot test-positive strains and is presented with a value that was calculated by the
ratio of phage titer on test bacterium relative to the phage titer on the primary bacterium used for isolation.
High production efficiency is EOP = 0.5, medium production efficiency is 0.5 > EOP = 0.1, low production
efficiency is 0.1 > EOP > 0.001, and the inefficiency of phage production is EOP = 0.001. * R denotes no lysis
from the spot test assay. AH was the primary bacterial strain used for isolation.

Sa45lw contained a long tail fiber gene similar to that of various E. coli 0157:H7-specific
phages, with the highest evolutionary relationship with Escherichia phage KIT03, able to
lyse both E. coli O157:H7 and S. Choleraesuis (33). On the other hand, Sa45lw harbored a
unique gene coding for a tail lysozyme (gp5), which contained a C-terminal domain re-
sponsible for recognizing and adsorbing lipopolysaccharide on the host membranes
(34). This gene may contribute to a stronger affinity of Sa45lw to adsorb onto the mem-
branes of STEC 045 than STEC O157 compared to other STEC O157-infecting phages
without harboring the gene, such as phages KIT03 and AR1. However, Sa45lw was not
able to infect two clinical E. coli 045:H2 strains used in this study; the bacterial resistance
to Sa45lw infection was likely due to the genetic relatedness of these two STEC 045
strains to serogroup 0103 (23). Sa45lw contained a tRNA cluster at a similar region in the
phage genomes of other T4-like phages. Among 11 Sa45lw-encoded tRNAs, there are 7
tRNAs, including Arg (TCT), His (GTG), Asn (GTT), Tyr (GTA), Met (CAT), Thr (TGT), and Ser
(TGA), also found in the genome of phage AR1 with the same sequence order. A previous
study has indicated that tRNAs in the phage AR1 genome are closely related to the opti-
mal codon usage for the expression of late genes for the structural proteins, in particular,
to increase both phage protein synthesis rate and burst size (31). In this study, the pres-
ence of tRNAs is likely relevant to the lytic effects, broad host range, and pH stability (pH
4 to pH 10.5) of phage Sa45lw to enhance the phage fitness under various environments
and external stresses (35, 36). Like most T4-like phages, Sa45lw does not involve horizon-
tal gene transfer during infection due to the lack of segB gene, first reported in T4 phage
and coding for homing endonucleases associated with the evolution of T4 phage via
horizontal gene transfer during the co-infection process (37). Most importantly, Sa45lw
does not harbor virulence-related genes, antibiotic-resistance genes, or any lysogenic
factors, such as integrase, recombinase, repressors, or excisionase, which are closely asso-
ciated with the insertion of a phage genome into a bacterial chromosome (38, 39). These
findings corroborate the great potential of phage Sa45lw as a novel antimicrobial agent
in food and food-related environment.

Phage stability is a critical factor in ensuring phage viability and must be assessed
prior to the application under various environments. Previous studies indicated that
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Bacterial count

Bacterial count
(Log,;, CFU/ml)

FIG 8 Antimicrobial activities of phage Sa45lw against (A) E. coli 045:H16 (RM13752) and (B) E. coli
0157:H7 (RM35150) at an MOI of 10 in LB at 25°C for 24 h. The control group contained bacterial
culture without phages (blue solid line), and the treatment group contained bacterial culture treated
with phage Sa45lw (green dashed line). Data of each time point (0, 2, 4, 6 or 24 h) were analyzed
separately, and asterisk indicates a significant difference at P < 0.05 between the control and
treatment groups. The error bars present the SEM for each time point of the control and treatment.

multiple phages possessed a variety of susceptibilities when exposed to different pH
and temperature ranges (40-42). In the current study, Sa45lw can maintain infectivity
at a pH range from pH 4 to pH 10.5 and withstand thermal treatment up to 65°C and
50°C for 1 h and 24 h, respectively. In addition, phage Sa45lw is stable to store at both
refrigeration temperature and —80°C for 164 days. Furthermore, a previous study conducted

FIG 9 Application of phage Sa45lw on the mung bean seeds contaminated with 4.8 log CFU/g of E. coli
045:H16 (RM13752) at an MOI of 1,000 for 15 min. Treated mung bean seeds were stored at room
temperature (25°C) for 24 h. Asterisk indicates a significant difference at P < 0.05 between the time
point (6 or 24 h) and the initial treatment (0 h). The error bars present the SEM for each time point.
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in our lab demonstrated that Sa45Iw lyophilized with cryoprotectants, such as sucrose or
trehalose, was sustainable during 6-month storage at —80°C without the loss of its infec-
tivity (43). These characteristics of Sa45lw completely accommodate the thermal and pH
settings commonly used in the produce industry and for sprout production (44).

In this study, the lytic cycle characterization indicates that phage Sa45lw has a relatively
short latent period (27 min) and medium burst size (80 phages per infected cell) against a
generic E. coli (ATCC 13706) in contrast to other STEC O45-infecting phages from another
study (45). A large burst size is highly favorable for a lytic phage combating target bacteria
by propagating a large number of phage progenies for diffusion and the subsequent infec-
tion (46). An earlier study conducted by Gallet et al. found that a small burst size generally
resulted from a shorter phage infection cycle (47). However, the burst size of a phage may
vary when coming in contact with various bacterial hosts (48) or the same bacterial strain at
different life cycle stages, affecting the phage adsorption rate (49). For future scale-up phage
production, the capability of phage Sa45lw to propagate with a nonpathogenic strain is a
critical criterion in selecting adequate phage candidates to avoid acquiring unwanted genes
from the pathogenic strains and to ensure the safety of phage application (50, 51).

To assess in vitro antimicrobial activity through lytic infection of phage, the MOI of 10,
without causing LO (52), is used in this study. Phage Sa45lw (MOI of 10) reduces both E. coli
045:H16 and E. coli 0157:H7 in liquid broth to the minimum levels of 0.33 and 3.92 log CFU/
ml, respectively, in 6 h at room temperature. However, the bacterial reductions of both STEC
045 and STEC O157 by Sa45Iw are hindered at 4°C. The phenomenon is likely because bac-
teria slow down their growth rate at refrigeration temperature and subsequently affect the
Iytic cycle of the phage. In addition, our previous study indicated that a STEC O145-infecting
phage, Ro145clw, with MOI = 100 was able to mitigate E. coli 0145:H28 in LB broth to a mini-
mum level in 4 h (42). The difference in the time required for the maximum bacterial reduction
between the current and our previous study may be due to different MOIs and the phage’s
burst sizes (both phages Sa45lw and Ro145clw have a similar length of single infection cycle).
The findings potentially suggest that a high concentration of lytic phage within the level
of LO can render a better antimicrobial effect than a low-dose phage. Nevertheless, for
biocontrol purposes, the use of high MOIs with LO may provide additional antimicrobial
effects of phage treatment at refrigeration temperature.

With regard to microbial contamination on sprouts, most studies focus on phage
application for the control of Salmonella rather than non-O157 STEC on the contaminated
seeds (8, 53). The current results demonstrate a significant antimicrobial effect of Sa45lw in
reducing E. coli 045:H16 upon application for 15 min on the contaminated mung bean seeds
(by 2 log) at room temperature (25°C), representing the temperature setting commonly used
in the sprout production (54). The 15-min phage application used in this study is based on the
time commonly used for chlorinated compound application in the sprout industry (54).
Concerning the phage application, Sa45lw at MOI = 1,000 did not cause a further bacterial
reduction on the mung bean seeds after 24 h in this study. The phenomenon could be due to
the limited phage-bacterial contact time, compared to the in vitro study, and dryness during
the storage period hindered the free movement of phage Sa45lw and the target bacteria to
encounter and initiate the subsequent killing effect (55). However, the bacterial reduction on
mung bean seeds achieved by phage Sa45Ilw is close to the level of Salmonella strains reduced
on lettuce seeds treated with a six-phage commercial cocktail (MOI = 1,000) for 1 h (53). The
finding suggests the biocontrol potential of phage Sa45lw reducing pathogenic STEC 045
with a short contact time. According to the National Advisory Committee on Microbiological
Criteria for Foods regarding sprout seeds, the treatment time for seed disinfection using chem-
ical-based disinfectants is restricted based on the chemical types and the concentrations to
prevent potential phytotoxic effects on the growing sprouts (54, 56). Additionally, these chem-
icals need to be approved by Environmental Protection Agency (EPA) and registered under
Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA) to ensure their safe use as seed
disinfectants (44). In contrast, phage application is safer than these chemicals and less
likely to affect sprout quality and yield (8). In the current study, no cosmetic difference was
observed between the phage-treated and untreated mung bean seeds.
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In this study, a trace amount of E. coli O45:H16 recovered from the phage-treated
mung bean seeds became resistant to Sa45lw infection. Phage resistance is a natural event
but a common problem from phage-treated bacteria (57). Bacteria develop resistance to
phage infection via mechanisms to inhibit phage adsorption, including changes of phage
receptors, such as bacterial outer membrane protein (OMP) and lipopolysaccharide (LPS)
(58, 59). Maffei et al. also confirmed that T4-like phages infecting E. coli used OmpA and
OmpC as primary receptors to initiate lytic infection (60). However, bacteria in exchange for
developing resistance to phage infection might have a fitness cost due to the mutated
genes, resulting in decreasing bacterial growth (61), loss of virulence (62), or less resistance
to environmental stress (63). Therefore, the low-frequent occurrence of Sa45lw resistance is
less likely to compromise its application. Recent studies indicated that using a phage cocktail
or combination of a hurdle intervention method with phage application significantly
reduced the development of phage resistance (24, 53). On the other hand, phages can co-
evolve with their bacterial hosts to counteract the resistance of phage-resistant strains and
sometimes increase phage efficiency after mutation of tail-associated genes to target differ-
ent receptor proteins (64, 65). All evidence shows lytic phages have the potential to be
implemented as alternative antimicrobial agents to prevent the spread of antibiotic-resistant
superbugs as a long-term solution. Although promising, future studies are necessary to opti-
mize the effectiveness of Sa45lw upon application on mung bean seeds via phage cocktail
formulation and/or hurtle intervention methods.

MATERIALS AND METHODS

Bacteriophage preparation. Escherichia phage vB_EcoM-Sa45Ilw (or Sa45lw) was previously isolated
and purified from surface water collected in a produce-growing area using the primary host of E. coli ATCC
13706 strain (30). The phage was propagated with a fresh overnight bacterial culture of ATCC 13706 in 40 ml
tryptic soy broth (TSB; Difco, Becton, Dickinson, Sparks, MD USA), supplemented with CaCl, at a final concentra-
tion of 10 mM, at 37°C for 24 h. Subsequently, the propagated phage was centrifuged at 8000 x g for 10 min,
followed by filtration through a 0.22-um filter membrane to remove bacterial debris before the experimental
phage antimicrobial activity test(s). For TEM, proteomic analysis, and DNA extraction, the phage lysate was fur-
ther concentrated via a 50 kDa cutoff Amicon Ultra-15 Centrifugal Filter Unit (Merck Millipore, Billerica, MA,
USA) and purified by CsCl gradient ultracentrifugation as previously described (66).

Bacterial strains. A panel of nonpathogenic E. coli, including ATCC 13706, ATCC 43888, and DH5«,
and STEC strains, including serogroups of 026, 045, 0103, 0111, 0121, 0145, and 0157, were obtained
from the Produce Safety and Microbiology (PSM) Research Unit at the U.S. Department of Agriculture
(USDA), Agricultural Research Service (ARS), Western Regional Research Center, Albany, CA, USA (Table S2).
These strains were used for the host range, efficiency of plating, and bacterial reduction tests in this study.
E. coli ATCC 13706 was the primary host of Sa45lw and was used for phage propagation, the one-step
growth curve study, and phage quantification from stability experiments. Fresh overnight culture of each
selected strain was prepared by inoculating a sterile test tube containing 10 ml of TSB with 1 ul loopful of
each strain and incubated at 37°C for 18 h prior to use.

Genomic analysis. Phage Sa45lw was previously sequenced using a MiSeq reagent kit v2 (500-cycle) on
the MiSeq platform (lllumina, San Deigo, CA, USA), generating approximately 5 million 2 x 250-bp paired-end
reads (67) and deposited on National Center for Biotechnology Information (NCBI) with the accession number
MK977694.

The whole-genome phylogenetic tree of Sa45lw and the phages belonging to the Tevenvirinae subfamily,
obtained from the International Committee on Taxonomy of Viruses (ICTV; Table S3), was conducted using the
Genome-BLAST Distance Phylogeny (GBDP) method (68) with the Virus Classification and Tree Building Online
Resource (VICTOR) server at the default settings for prokaryotic viruses (69) and further visualized using
Interactive Tree of Life (iTOL) webserver (70). The genome comparison between phage Sa45lw and its close
related reference phage genome was visualized using the EasyFig tool (71).

Comparative analysis of the predicted amino acid sequences encoded by long-tail fiber (gp37), tail
lysozyme (gp5), endolysin, and terminase large subunit genes was conducted to align with the similar sequen-
ces from the Universal Protein Resource (UniProt) database (72) using the ClustalW (version 1.2.3). The termi-
nase large subunit genes used for the analysis were experimentally determined with phage DNA packaging
mechanisms from other studies (Table S4) (73). The phylogenetic tree was generated using MEGA7 program
with the maximum composite likelihood method and 500 bootstrap replications (74). The presence of antibiotic-
resistance genes in the phage genome was identified using the ResFinder (version 4.1) database (75).

Transmission electron microscopy. The CsCl-concentrated phage was used to observe the phage
morphology using a sample preparation method and transmission electron microscope (FEI Tecnai G,)
as previously described (30).

One-step growth curve. One-step growth curve of phage Sa45lw was performed with generic E. coli
ATCC 13706 according to the procedures as previously described with slight modification (42). Briefly, E. coli
ATCC 13706 culture was prepared in 10 ml of TSB and incubated at 37°C overnight, which was subcultured in
20 ml TSB at 37°C to reach OD,,, of 0.3 to 0.5. Later, phage Sa45Ilw was added to the bacterial solution at an
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MOI of 0.01 and then incubated at 37°C for 5 min for phages to absorb onto the bacterial membranes. After
phage adsorption, the mixture was centrifuged at 10,000 x g for 4 min at 4°C. After removing the supernatant,
the bacterial pellet containing the phage-infected cells was gently washed three times with 2 ml TSB before
being resuspended in 20 ml TSB and subsequently incubated at 37°C for 45 min. Immediately after resuspen-
sion, the phage-infected bacterial cells were determined by mixing 10 | of the sample (resuspended culture)
with 0.99 ml of overnight E. coli ATCC 13706 culture and 3 ml of molten 50% tryptic soy agar (TSA) for double-
layer plaque assay (76). Meanwhile, an aliquot of 1 ml of the phage-infected bacterial sample was obtained ev-
ery five min and filtered through a 0.22-um pore-size membrane filter. The phage titers at each time point
were determined using a double-layer plaque assay with duplication, as described above. Simultaneously, an
additional sample set of 1 ml was collected and treated with CHCI, for 2 min. After centrifugation at
10,000 x g for 2 min, the supernatant was obtained and subjected to a double-layer plaque assay. All plaque
assay plates were incubated at 37°C overnight. The experiment was conducted in three replications to estimate
the latent period, eclipse period, and burst size of phage Sa45lw (77).

Phage stability (pH, temperature, and storage). A wide range of pH was used to test the stability
of phage Sa45lw at different temperatures using a similar method as previously described (42). In brief,
200 wl of phage Sa45lw lysate, with approximately 8.5 log PFU/mI, was added to 1.8 ml of SM buffer
with the final pH values of 3, 5, 7.5, 9, 10.5, and 12. Samples were incubated at 25 and 4°C for 24 h before
the viable phage particles were enumerated using the double-layer plaque assay. The experiment was
conducted in three replications.

For the temperature stability test, one part of the phage lysate was mixed with 9 parts of SM buffer
before dispensing 1 ml of phage solution in sterile microcentrifuge tubes. The tubes containing the phage
Sa45lw were submerged in different water baths with the temperature set to 30 (control), 40, 50, and 65°C,
accordingly, for 24 h. The selected temperatures covered all possible conditions in the pre-harvest produce envi-
ronmental settings, including extreme weather conditions. Phage concentrations were determined after 24 h of
treatment using the double-layer plaque assay. The experiment was performed in three replications.

For frozen storage stability, an aliquot of 500 ul phage lysate was mixed with glycerol at a final con-
centration of 30% and stored at —80°C for 164 days (about 5 and a half months). For refrigeration stor-
age, phage lysate was mixed with SM buffer at the ratio of 1:9 (vo/vo) and stored at 4°C for 164 days.
The experiment was conducted in three replications.

Structural protein analysis. The purified and concentrated phage lysate was subjected to gel elec-
trophoresis, in-gel digestion with trypsin, reverse phase nanoflow high-performance liquid chromatogra-
phy with tandem mass spectrometry (HPLC-MS-MS), and data analyses as previously described (42). In brief, the
CsCl-purified phage lysate was reduced with 0.5% 2-mercaptoethanol in Laemmli buffer per manufactures'
instructions (Bio-Rad, Hercules, CA, USA) and subsequently subjected to SDS-PAGE using a 1D Bio-Rad 12% TGX
gel (Bio-Rad, Hercules, CA, USA). The gel was stained using Imperial™ Protein Stain (ThermoFisher, Waltham, MA,
USA). Protein bands were excised and subsequently digested in gel with Trypsin (Promega, Madison, WI, USA)
using a Digest Pro robot (Intavis, KéIn, Germany). Sample digests were subjected to nanoflow reversed-phase
chromatography with an Eksigent NanoLC (Sciex, Framingham, MA, USA) using Picochip columns (New
Objectives, Woburn, MA, USA). Tandem mass spectra (MS-MS) were obtained in positive ion mode with an
Orbitrap Elite mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). Mascot software (Matrix Science,
Boston, MA, USA) was used to match the MS-MS data to amino acid sequences derived from nucleotide sequen-
ces previously obtained from the phage isolates.

Host range and efficiency of plating. Phage Sa45lw was subjected to the host range test against
nonpathogenic E. coli and STEC strains, as described above, using spot test assay as previously described (42).
As a result, the strains susceptible to phage infection were further tested for EOP to determine productive
infection of phage Sa45lw by measuring the phage progenies produced from these strains versus the phage
progenies produced from the primary host strain (ATCC 13706), as previously described (42). In brief, fresh
overnight cultures were prepared in TSB at 37°C for 18 h. For each bacterial strain, the diluted phage Sa45Iw
with four successive dilutions (1073 to 1077) was used to mix with the bacterial culture for the phage quantifi-
cation using a double-layer plaque assay. The plates were incubated at 37°C overnight. The whole experiment
was conducted in three replications. Generally, EOP of 0.5 or higher was classified as a high phage-producing
efficiency; EOP above 0.1 but below 0.5 indicated a medium-producing efficiency; EOP between 0.001 and 0.1
indicated a low-producing efficiency; any value under 0.001 represented inefficient phage production.

Lysis from without. The lysis from without (LO) of the phage Sa45lw against E. coli O45:H16 strain
was determined at different MOIs using a spectrophotometer. A fresh overnight culture was prepared in
10 ml of TSB and diluted in TSB to the final concentration of 1 x 10° CFU/ml before dispensing 180 ul of
the diluted bacterial culture to a 96-well plate. Subsequently, an aliquot of 20 ul of phage Sa45lw was
added to each well containing the bacterial culture at MOIs of 10, 100, and 1000 with three replications.
The bacterial culture added with the same volume of SM buffer without phage was used as the control.
The optical density at 600 nm (ODy,,) reading was recorded every 5 min for 20 min at room temperature.

Antimicrobial activity test in LB. The culture of E. coli 045:H16 was prepared in 10 ml TSB at 37°C
for 18 h and subsequently diluted in LB broth (Invitrogen, Carlsbad, CA, USA) to reach the final concen-
tration at 1 x 10° CFU/ml for the experiment. For the treatment group, the bacterial solution was treated
with phage Sa45lw at an MOI of 10. For the control, SM buffer, with the same volume of phage used in
the treatment, was added to the bacterial solution. Both control and treatment groups were incubated
at 25°C, and the bacterial counts were quantified at various time points (0, 2, 4, 6, and 24 h) during the
incubation. In brief, the samples were serially diluted in sterile 0.1% peptone water and spread plated
on MacConkey agar (BD, Franklin Lakes, NJ) overlayered thin TSA (Thin Agar Layer Method, TAL) (78).
The plates were placed at 37°C overnight for incubation and subsequent bacterial quantification.
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Phage application on mung bean seeds. Mung beans seeds, purchased from a local store, were
disinfected by using 2% of NaClO for 15 min and then rinsed with sterile water five times to remove
NaClO residue. The sterilized seeds were air dry in a biosafety hood before use. Prior to the experiment,
the mung bean seeds (5 g) were homogenized with 20 ml of sterile 0.1% peptone water and plated on
MacConkey plates to determine if the seeds were properly sterilized.
Bacterial inoculum of E. coli 045:H16 was prepared by mixing 0.2 ml of the overnight culture with
40 ml of sterile LB broth. For bacterial inoculation, mung bean seeds (50 g) were submerged in the bac-
terial solution for 1 h at room temperature and air dry under a biosafety hood. Later, 10 grams of the
inoculated seeds were homogenized with 20 ml of 0.1% peptone water for 1 min, and the bacterial inoc-
ulation levels were quantified using the spread plate method on MacConkey plates. At the same time,
the inoculated seeds (20 g) were treated with phage Sa45lw in SM buffer at an MOI of 1,000 for 15 min
at room temperature. Later, phage solution was removed, and both Sa45lw-treated and untreated
mung bean seeds were dried and stored at room temperature (25°C) for 24 h, and the bacterial counts
were subsequently determined after 6 and 24 h of storage. Briefly, 10 g of samples (untreated or treated)
were homogenized with 20 ml of 0.1% peptone water and then diluted before plating on MacConkey
TAL plates. The plates were incubated overnight at 37°C before bacterial quantification.

Determination of bacteriophage-insensitive mutant. A total of 40 colonies on the MacConkey
TAL plates were obtained from the Sa45lw-treated mung bean seeds spiked with E. coli 045:H16 after 24 h of
storage at room temperature. The bacteriophage-insensitive mutants (BIM) were determined by adding the
selected colonies and original E. coli 045:H16 with Sa45lw at MOI of 1 in the individual well, containing TSB, of
a 96-well plate and measuring the ODy,, using a spectrophotometer after incubation at 30°C overnight. The
culture of E. coli 045:H16 with and without Sa45lw was used as the control. The presence of BIM was con-
firmed if the ODy,, value of the phage-treated colonies was similar to that of the cultures without Sa45lw. The
experiments were conducted in three replications.
Statistical analysis. Experiments were performed with three individual repetitions. Bacterial colony
counts and phage titers were calculated as CFU/ml or PFU/ml and logarithmically transformed for statistical
analysis. One-way analysis of variance (ANOVA) with the statistical significance at a 5% level was used to evalu-
ate the effects of pH and temperature tests on the recovery of phage titers. The Student's t test was used to
determine the in vitro antimicrobial activity of Sa45lw between the control and phage-treated groups at each
time point, and the application of Sa45lw on the mung bean seeds contaminated with E. coli O45:H16
between the initial treatment and the treated seeds during different post-treatment storage time points.

Data availability. The genome sequence of Escherichia phage vB_EcoM-Sa45Iw was deposited in
GenBank under accession number MK977694. The raw sequence reads were submitted to the NCBI
sequence read archive (SRA) with accession number PRJNA544313.
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