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Recent application of whole genome sequencing in the investigation of foodborne 
illness outbreaks has facilitated the identification of Reoccurring, Emerging, or 
Persistent (REP) bacterial strains that have caused illnesses over extended periods 
of time. Here, the complete genomes of two Escherichia coli O157:H7 (EcO157) 
outbreak strains belonging to REPEXH01 and REPEXH02, respectively, were sequenced 
and annotated. Comparative genomics and phenotypic analyses were carried out 
to identify REP-associated traits. The REPEXH01 strain PNUSAE013245 belonged 
to clade 8 and shared >96% CDSs with the 2006 spinach-associated outbreak 
strain EC4115. A 79-Kb genomic island was identified only in PNUSAE013245, 
and encoded functions related to heavy metals and antibiotic resistances. The 
REPEXH02 strain PNUSAE043864 belonged to clade 2, like the 2006 Taco John’s 
restaurants-associated outbreak strain TW14588 and the REPEXH02 strain 2019C-
3201. These three strains differed mainly in plasmids and prophages repertoire. 
Unlike 2019C-3201, PNUSAE043864 carried only the virulence plasmid pO157; 
unlike TW14588, PNUSAE043864 carried one Stx2a-encoding prophage. Phenotypic 
assays revealed that all clade 2 strains produced greater amounts of biofilms than 
the clade 8 strains, although there were no significant differences in adhesion of 
EcO157 to romaine lettuce. The persistence of EcO157 was further evaluated by 
quantifying populations of culturable cells, persisters, and Viable But Not Culturable 
(VBNC) cells for strains inoculated in river water and incubated at 15°C for 14 weeks. 
The fractions of culturable cells were comparable among the strains tested until 
10 weeks post inoculation, when the three clade 2 strains exhibited significantly 
greater survival than strain PNUSAE013245. The population of persisters for all 
strains except PNUSAE013245 increased when the incubation time increased 
and reached up to 24–30% of the total culturable cells. The population of VBNC 
increased for all strains during the incubation and reached up to 65–80% of the 
total population. Both persisters and VBNC cells represent the dormancy state 
of pathogen cells that have increased tolerance to antibiotics and sanitizers. 
Presence of high portions of persisters and VBNC cells in agricultural environments 
highlights the need to understand the physiology of bacterial pathogens in leafy 
greens production environments and the challenges in developing effective 
control strategies.
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1 Introduction

Shiga toxin-producing Escherichia coli (STEC), primarily the 
serotype O157:H7 (EcO157), is one of the main bacterial causal agents 
of foodborne illness outbreaks associated with leafy greens in the 
United States (Heiman et al., 2015; Marshall et al., 2020). Ruminant 
animals, primarily cattle, serve as a main reservoir, although STEC 
strains have been frequently isolated from other animals including 
feral pigs, wild birds, and wild rodents (Jay et al., 2007; Kilonzo et al., 
2013; Navarro-Gonzalez et  al., 2020). STEC is released into the 
environment by fecal shedding and can be  further dispersed and 
disseminated by runoff into watersheds and agricultural fields. 
Contamination of leafy greens can occur directly or indirectly, via 
contaminated water, runoff, and even dust containing feces (Brandl, 
2006; Berger et al., 2010; Strawn et al., 2013; Cooley et al., 2014). 
Presence of STEC in the food production environment poses a 
potential health risk considering that EcO157 can cause severe 
diseases in humans including hemolytic-uremic syndrome (HUS) at 
a very low infectious dose (Griffin and Tauxe, 1991; Tuttle et al., 1999).

Natural environments are often considered harsh habitats for 
enteric pathogens including STEC due to nutrient limitation, 
fluctuating temperature and humidity, and other stress factors such as 
predators. STEC has evolved various mechanisms to survive in 
challenging environments, including formation of biofilms and 
transition into persisters or a Viable But Not Culturable (VBNC) state. 
Biofilms are surface-attached microbial communities present in 
diverse ecological niches (Watnick and Kolter, 2000; Yan and Bassler, 
2019). Compared with planktonic cells, biofilm-associated cells are 
better at coping with environmental stresses and have increased 
resistance to toxic substances including antibiotics and chemical 
sanitizers. Biofilms of STEC were reported on plants and on the 
surfaces of material commonly used by food industries, and under the 
conditions relevant to fresh produce production (Ryu and Beuchat, 
2005; Yaron and Romling, 2014; Carter et al., 2016; Carter et al., 2019). 
Biofilms of STEC contributed to their environmental persistence and 
were associated with an increased risk of STEC contamination in 
preharvest and food processing environments (Vogeleer et al., 2014; 
Carrascosa et al., 2021; Chitlapilly Dass and Wang, 2022).

Bacterial persisters refer to cells in a transient dormant-like state 
where metabolism is slowed and growth is arrested (Balaban et al., 
2004; Kint et al., 2012). As a result, persisters can survive challenges 
with antibiotics better than the bulk of the population (Balaban et al., 
2004; Lewis, 2010). Unlike antibiotic-resistant mutants, persisters can 
revert to a metabolically active state and resume growth when the 
inducing stress is removed. Although persister cells are thought to 
arise stochastically, studies have suggested that production of 
persisters can be genetically controlled and induced in response to 
antibiotics and environmental stresses (Dorr et al., 2009; Nguyen et al., 
2011; Lewis, 2012; Wu et  al., 2012; Johnson and Levin, 2013). 
Consistently, a large subpopulation of persister cells was detected for 
EcO157 when cells were in the stationary growth phase or in the field 
water when the total population started to decline (Thao et al., 2019). 
Persisters of EcO157 were also detected on the inoculated lettuce 
plants and the level of persisters appeared to be associated with the low 
water availability on the lettuce leaves, a common condition for lettuce 
grown in the field (Munther et al., 2020).

Bacterial VBNC cells are those that remain viable but are unable 
to grow on routine culture media (Xu et al., 1982). A VBNC state can 

be  induced by numerous chemical and physical factors, including 
nutrient starvation, abnormal temperatures, osmotic stress, heavy 
metals, and even exposure to white light (Oliver, 2010). Induction of 
VBNC state is thought to be a common adaptive mechanism that 
allows bacteria to survive in challenging environments. Compared to 
culturable cells, cells in VBNC exhibit a marked difference in cellular 
morphology, membrane composition, metabolism, and physical and 
chemical resistances. Like persisters, VBNC cells are highly tolerant 
to antibiotics and other stress challenges and are thought to arise 
stochastically and can be induced under similar conditions that induce 
persisters (Ayrapetyan et al., 2015; Ayrapetyan et al., 2018). Transition 
of STEC cells into VBNC was reported in response to various 
environmental stresses and under food processing and preservation 
conditions (Li et al., 2014). VBNC cells of EcO157 were detected in 
environmental samples and on lettuce leaves (Wang and Doyle, 1998; 
Dinu and Bach, 2011). Conditions that were reported to induce a 
VBNC state in EcO157 included low temperature, UV disinfection, 
and the common sanitizers used in the fresh produce industry (Zhang 
et al., 2015; Wei and Zhao, 2018; Truchado et al., 2021).

Recent application of whole genome sequencing in the 
investigation of foodborne illness outbreaks has facilitated the 
identification of Reoccurring, Emerging, or Persistent (REP) bacterial 
strains that have caused illnesses over extended periods of time. 
During March–August of 2018, a large, multistate outbreak of EcO157 
infection associated with consumption of romaine lettuce occurred in 
the U.S. and Canada, resulting in 240 people from 37 states being 
infected (Bottichio et al., 2020). An epidemiological and traceback 
investigation revealed that romaine lettuce grown in Yuma, Arizona, 
was the source of the outbreak while irrigation canal water was likely 
the source of contamination. This outbreak EcO157 strain was found 
to be  a persistent strain belonging to REPEXH01 that was first 
reported to PulseNet in 2017. Furthermore, the REPEXH01 strains 
had been linked to 14 different outbreaks in the U.S. from 2017 to 
2022.1 The REPEXH02 strain is a reoccurring EcO157 strain that has 
been linked to multiple leafy greens-associated outbreaks from 2016 
to 2019  in the U.S., including the two large multistate outbreaks 
associated with consumption of romaine lettuce during October–
December of 2018 and September–December of 2019 (Waltenburg 
et al., 2021; Chen et al., 2023). In both outbreaks, sources were traced 
to California growing regions, including Santa Maria in 2018 and the 
Salinas Valley in 2019. Presence of EcO157 REP strains in leafy 
greens-growing regions poses challenges to the development of 
effective mitigation strategies. Currently, little is known about genetic 
loci, molecular factors, and phenotypic traits underlying the 
persistence and reoccurrence of the REP strains. REPEXH01 strains 
belong to clade 8, like the strains linked to the 2006 spinach-associated 
outbreak in the U.S. The clade 8 strains were reported to be associated 
with more severe diseases, as defined by higher HUS and 
hospitalization frequencies (Manning et al., 2008); REPEXH02 strains 
belong to clade 2, a predominant linage which consists of a group of 
genetically diverse strains. In this study, we assembled a group of 
EcO157 outbreak strains belonging to different clades, including 
REPEXH01 and REPEXH02 strains, to assess genetic loci and 

1 https://www.cdc.gov/ncezid/dfwed/outbreak-response/rep-strains/

repexh01.html#print
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phenotypic traits contributing to environmental persistence 
of EcO157.

2 Materials and methods

2.1 Bacterial strains, reagents, and growth 
media

All E. coli strains used in this study are listed in Table 1. The strains 
were routinely maintained and cultured in Luria-Bertani half-salt (5 g 
NaCl/liter) (LBHS). Ciprofloxacin (Sigma-Aldrich) was prepared 
according to the manufacturer’s instructions.

2.2 Genome sequencing, annotation, and 
analyses

Genomes of two EcO157 outbreak strains were sequenced on a 
PacBio Sequel IIe system as described previously (Carter et al., 2023). 
Briefly, bacterial DNA was extracted from exponential phase cultures 
grown in LB broth using Qiagen Genomic-tip  100/G columns 
(Valencia, CA). Purified genomic DNA (10 μg) was sheared to a 30 Kb 
target fragment length using g-TUBEs (Covaris, Woburn, MA) and 
concentrated with 0.45x volume AMPure PB beads (Pacific 
Biosciences). Five μg sheared DNA was used to make PacBio 
sequencing libraries using the SMRTbell Prep Kit 3.0 according to the 
manufacturer’s protocol and barcoded using the SMRTbell barcoded 
adapter plated 3.0. The Sequel II binding kit 3.2 and Sequel II 
sequencing plate 2.0 were used to run the library with the application 
HiFi reads and a 30-h movie time with a 6-h pre-extension. PacBio 
reads were assembled using Microbial Genome Analysis in SMRT 
analysis v 10.1 and contigs imported into Geneious Prime® 
(Dotmatics). The overlapping sequence on the ends of the contigs 
were removed from the 5′ and 3′ ends to generate circularized 
chromosomes and plasmids. Closed chromosomes were reoriented 
using Ori-Finder 2 (Luo et al., 2014) and both genomes were oriented 
to the same start position. The closed chromosome and plasmids were 
manually polished by mapping Illumina and PacBio reads to the 
chromosome and known plasmids using Geneious mapper. Unused 
reads were de novo assembled using the Geneious assembler for small 
plasmid identification. All genomes and plasmids were annotated with 
the NCBI Prokaryotic Genome Annotation Pipeline (Tatusova et al., 
2016). The GenBank accession numbers are listed in Table 1. The 
complete genome sequences were submitted to PHASTER (Arndt 
et al., 2016) for identification of prophage and prophage-like elements. 
Clade association was determined based on the SNP profile reported 
previously (Riordan et al., 2008).

2.3 Curli production and biofilm formation

Curli fimbriae were examined by growing each strain at 26°C for 
48 h on the Congo Red indicator (CRI) plates, consisting of LB agar 
plates without sodium chloride and supplemented with 40 μg/mL of 
Congo Red dye and 10 μg/mL of Coomassie Brilliant Blue, as described 
previously (Carter et al., 2011). Curli-producing strains were indicated 
by red colonies, whereas curli-deficient strains were indicated by white 

colonies on CRI plates. Biofilm assays were carried out as described 
previously (Carter et al., 2016; Carter et al., 2018). Briefly, 1 ml of Luria-
Bertani no-salt (LBNS) broth inoculated with 1 × 106 cells/ml was 
aliquoted into a borosilicate glass tube and then incubated statically at 
26°C for 48 and 120 h. At the end of each incubation, the planktonic 
cells were removed carefully, and the tubes were rinsed twice with 1 ml 
sterile distilled water and then stained with 1 ml 0.1% crystal violet at 
room temperature for 30 min. The dye was then removed gently, and 
the tubes were washed twice with sterile distilled water. The crystal 
violet bound to the glass tube was solubilized in 0.5 mL of 33% acetic 
acid and the absorbance was determined at 570 nm using a BioTek 
Synergy HT microplate reader (Agilent, Santa Clara, CA). Tubes with 
uninoculated media served as negative controls. Each data set was the 
average of results from at least three biological replicates. The differences 
in attached biomass, represented by the absorbance at 570 nm, among 
the strains were assessed by the adjusted p-value of the Tukey’s multiple 
comparisons test after a One-way ANOVA test (p ≤ 0.05).

2.4 Lettuce attachment assay

Single colonies of each EcO157 strain grown in LBNS medium at 
28°C for 18 h were used to prepare cell suspensions in potassium 
phosphate buffer (10 mM, pH 7.0) (KP buffer) at a concentration of 
0.05 OD600 for lettuce inoculation. The actual concentration of each 
cell suspension was determined by plate count on CHROMagar™ 
O157 (DRG International, Springfield, NJ) agar plates. Organic 
romaine lettuce heads were purchased from a local retail store. On the 
day of experiment, lettuce disks were cut with a 2 cm cork borer from 
the middle of each leaf on both sides of the main vein. Four disks were 
taken from each leaf, and each disk was inoculated with one biological 
replicate. A total of eight biological replicates were examined for each 
strain. For plate count, two technical replicates were plated out for 
each sample. EcO157 cells were spot inoculated onto each disk with 
10 spots on each disk, 5.0 μL of cell suspension per spot, at the outside 
face of the lettuce leaf. The inoculated disk was placed in a covered 
petri dish and incubated at 25°C for 1 h. At the end of the incubation, 
each disk was transferred into a 50 mL conical tube containing 10 mL 
KP buffer. The tube was inverted gently five times to wash off 
unattached cells. The disk was transferred to a new tube containing 
10 mL KP buffer. The EcO157 cells attached to the disk were released 
into 10 mL KP buffer by vortexing the tube on a Vortex (Scientific 
Industries Vortex Genie 2 with a 3-inch platform) at 3200 RPM for 
1 min. The released cells, termed as “loosely attached cells,” were 
quantified by plate count on CHROMagar™ O157 agar plates. The 
same disk was then transferred into a new tube containing 10 mL KP 
buffer. The tube was then sonicated in an Ultrasonic Cleaner Water 
Bath (VWR Scientific Aquasonic 75 T) at full strength for 1 min to 
release cells that were tightly attached to the disk, which was termed 
as “tightly attached cells.” The released cells were quantified by plate 
count on CHROMagar™ O157 agar plates.

2.5 Quantification of Escherichia coli 
O157:H7 persisters

The assay for persister enumeration was carried out as described 
previously using the Ciprofloxacin-based lysing method with slightly 
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TABLE 1 Strains used in this study.

Strainsa Associated 
outbreaks/
location and 
year

Cladeb SNP clusterc stx genes Genomic features (GenBank Accession #) References

Chromosome 
(bp)

Virulence 
plasmid 

pO157 (bp)

Other 
plasmids (bp)

PNUSAE013245 Romaine lettuce/U.S., 

2018

8 PDS000181369.83 stx2a + stx2c 5,557,287 (CP126906.1) 94,623 

(CP126907.1)

None This study

EC4115 (RM6069) Spinach/U.S., 2006 8 PDS000181369.83 stx2a + stx2c 5,572,075 (CP001164.1) 94,644 

(CP001163.1)

37,452 

(CP001165.1)

Eppinger et al. (2011)

PNUSAE043864 Romaine lettuce/U.S., 

2019

2 PDS000035073.188 stx2a 5,450,859 (CP126904.1) 92,750 

(CP126905.1)

None This study

PNUSAE020169(2019C-3201) Romaine lettuce, 

multiple outbreaks/

U.S., 2016–2019

2 PDS000035073.188 stx2a 5,488,442 (CP090856.1) 92,724 

(CP090859.1)

87,920 

(CP090857.1); 

61,933 

(CP090858.1)

Chen et al. (2023)

TW14588 Taco John (Iceberg 

lettuce)/U.S., 2006

2 PDS000035067.11 stx1a + stx2a + stx2a 5,578,816 (CM000662.1) 92,381 

(DS999999.1)

None Eppinger et al. (2011)

EDL933 Ground beef/U.S., 

1982

3 PDS000004368.90 stx1a + stx2a 5,528,445 (AE005174.2) 92,077 

(AF074613.1)

None Burland et al. (1998), 

Perna et al. (2001)

aLike strain EC4115, strain RM6069 is a clinical isolate linked to the 2006 spinach-associated outbreak in U.S. and used in the phenotypic assays described in this study.
bClade was determined in silico using the SNP profiles described previously (Riordan et al., 2008).
cThe SNP cluster was identified using the “E. coli and Shigella” database in Pathogen Detection available at NCBI website.
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modification (Thao et al., 2019). The minimal inhibitory concentration 
(MIC) for ciprofloxacin for each EcO157 strain was determined using 
the broth microdilution method (Wiegand et al., 2008), except that 
LBHS broth medium was used. River water was collected from the 
Salinas River, California (Location: 36°7′0.32″N, 121°1′41.57″W) in 
April 2023. About two liters of river water was autoclaved twice, each 
at 121°C for 1 h, and stored at 4°C for the following experiments. Total 
carbon, organic carbon, and nitrogen in river water was 47.5 mg/L, 
4.0 mg/L, and 1.03 mg/L, respectively, and pH at 15°C was 8.47.

Overnight cultures of EcO157 strains grown in LBHS medium 
were used to inoculate the sterile river water. Three biological 
replicates were examined for each strain and two technical replicates 
were plated out per sample for plate count. Briefly, cells of each culture 
were collected by centrifugation at 8,000 g for 3 min and resuspended 
in 50 mL sterile river water at an OD600 of 0.5. The actual inoculated 
E. coli O157:H7 cells were determined by plate enumeration. The 
inoculated river water was incubated at 15°C statically for 14 weeks 
(98 days). The population of persisters in each river water culture was 
determined weekly for 6 weeks then sampled monthly for an 
additional 2 months. On the day of sampling, the total population of 
E. coli O157:H7 was determined by plate count. An aliquot of 2 ml 
river water culture was transferred to a new culture tube and 
ciprofloxacin was added at a concentration of 10 × MIC. Each culture 
tube was returned to 37°C and incubated with gentle shaking for 24 h. 
At the end of incubation, each culture was first centrifuged at 8,000 × g 
for 3 min, washed once with an equal volume of KP buffer, and then 
resuspended in an equal volume of KP buffer for plate count. The 
CFUs on LBHS agar plates represent the drug tolerant persisters that 
survived the ciprofloxacin challenge.

2.6 Quantification of Escherichia coli 
O157:H7 VBNC cells

The abundance of VBNC cells in the river water was assessed for 
all cultures that were sampled for persister quantification using 
viability PCR (vPCR) described previously (Zhao et al., 2021) with 
minor modifications. Briefly, on the day of sampling, an aliquot of 
5 mL river water culture was transferred to a 5 mL centrifugation tube. 
The EcO157 cells were collected by centrifugation at 10,000 g for 
3 min and the cell pellet was resuspended in 400 μL of river water 
supernatant. The resuspended cells were then treated with 25 μM 
PMAxx™ (Biotium Inc., Fremont, CA) in the presence of PMA 
Enhancer for Gram Negative Bacteria (Biotium Inc) in 500 μL total 
volume in the dark for 10 min followed by exposing the cell suspension 
to light for 15 min in a PMA-Lite™ 2.0 LET Photolysis Device 
(Biotium Inc.). The treated cells were then collected by centrifugation 
at 8,000 g for 3 min and the cell pellet was used for genomic DNA 
(gDNA) extraction using a Qiagen DNeasy PowerWater extraction kit. 
The purified gDNA was eluted in 100 μL EB buffer and stored in 
−20°C for digital PCR. The digital PCR was performed in a 12-μl 
volume containing 1x Qiacuity EvaGreen PCR mastermix (Qiagen 
Inc), 1 μL of 100-fold diluted genomic DNA, 0.4 μM of forward 
(5′-GCACTAAAAGCTTGGAGCAGTTC-3′) and reverse primer 
(5′-AACAATGGGTCAGCGGTAAGGCTA-3′) that are specific to 
E. coli O157:H7 (Biotium Inc.), and 0.25 U restriction enzyme 
EcoRI-HF (New England Biolabs, Ipswich, MA). DNA samples were 
digested by EcoRI-HF to improve random template partitioning 

during dPCR. The PCR reaction mixture was first incubated at room 
temperature for 15 min, then loaded to a QIAcuity Nanoplate (8.5 k 
24-well) (Qiagen Inc.). Thermal cycling was run on a QiAcuity Eight 
(Qiagen Inc.) with 40 cycles of 15 s at 95°C, 30 s at 52°C, and 15 s at 
72°C, and a final incubation at 40°C for 5 min. The data were analyzed 
using the QiAcuity Software Suite. Three biological replicates were 
examined for each strain and vPCR was run in duplicates for each 
sample. The VBNC population is the difference between the total 
population derived from digital PCR and the culturable population 
derived from the plate counts.

3 Results

3.1 Genome signature of Escherichia coli 
O157:H7 REPEXH01 strain PNUSAE013245

Strain PNUSAE013245 is a clinical isolate linked to the large 
multistate outbreak associated with romaine lettuce in the spring of 
2018 in the U.S. and Canada (Bottichio et al., 2020). The genome of 
strain PNUSAE013245 is composed of a 5,557,287 bp chromosome 
and a large plasmid, pO157 (94,623 bp) (Table 1). PHASTER analysis 
revealed a total of 24 prophage and prophage-like elements on the 
chromosome, of which, 13 were intact, including a Stx2a-prophage 
and a Stx2c-prophage (Table  2; Supplementary Table S1). Clade 
lineage analyses revealed that strain PNUSAE013245 belonged to 
clade 8, like the EcO157 strains linked to the 2006 spinach-associated 
multistate outbreak in the U.S. Pairwise genome alignment of 
PNUSAE013245 with the spinach-associated outbreak strain EC4115 
revealed that the two chromosomes shared a great number of syntenic 
regions (Figure 1A). The virulence plasmid pO157s in the two strains 
were nearly identical (Data not shown). Consistently, nearly 96% of 
total annotated CDSs were present in both strains (Figure  1B). 
Variations between the two genomes were mainly attributed to three 
chromosomal regions and the second plasmid harbored only by 
strain EC4115, which mainly encoded conjugation function (Table 1). 
Note that this small plasmid was not reported in genomes of other 
2006 spinach-associated outbreak strains including TW14359 
(BioSample number: SAMN02604255). In strain PNUSAE013245, a 
79-Kb genomic island (GI) was identified immediately downstream 
of the tRNA gene pheV, which carried genes related to heavy metal 
resistance, such as mercury resistance genes merR and merTPCADE, 
and antibiotic resistance genes, such as sul1, qacE, aadA1, and dfrA1 
that are often found on integrons, and aph(3′)-Ib, aph (6)-Id, floR, 
sul2, tetR, and tetA (Figure  1C; Supplementary Table S2). This 
genomic site remains unoccupied in strain EC4115 (Figure  1C). 
BLASTn search of all genes located on this GI against the EC4115 
genome identified homologs of several genes related to mobile 
genetic elements (MGEs) but failed to reveal any homologs of the 
heavy metal resistance genes or AR genes. A homolog of the complete 
GI (79 Kb) was not detected in any of the other EcO157 strains 
examined in this study. A search of the NCBI nr database by 
Megablast revealed homologs of a complete GI in strains 
PNUSAE013304 that was isolated by CDC (GenBank accession 
number, CP034936.1) and belonged to the same SNP cluster as the 
strain PNUSAE013245, and Z1323MEC0002 that was isolated in 
South Korea (GenBank accession number, CP148314.1). The GIs in 
both strains are nearly identical to the GI in strain PNUSAE013245 
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(% Identity, 99.98). A partial GI (26–30 Kb) that carries the mercury 
resistance genes (merR, merTPCADE) was found in a Salmonella 
enterica Newport strain (GenBank accession number, CP074217.1) 
and in a clinical enterotoxigenic Escherichia coli (ETEC) strain that 
was isolated in Saudi  Arabia (GenBank accession number, 
CP035826.1).

Furthermore, two large deletions were identified in the 
chromosome of strain PNUSAE013245 when compared with the 
chromosome of strain EC4115. The first one was about 45 Kb and 
located within a prophage genome in strain EC4115 (Chromosomal 
location: 2,880,663–2,999,662) (Figure 1D). Deletion of this GI in 
REPEXH01 strain PNUSAE013245 was likely to be mediated by the 
recombination between the two DRs (5′-AAACAAAACGGAAAA-3′) 
within the two border genes (Locus_tags: ECH74115_3147 and 
ECH74115_3214), both encoding a conserved hypothetical protein 
that shared 98.3% identity in their coding sequences. Genes within 
this 45-Kb GI were mainly involved in biosynthesis of phage structural 
proteins. The second deletion was also about 45 Kb and belonged to a 
prophage genome in strain EC4115 (Chromosome location: 
1,678,881–1,782,574) (Figure  1E). Deletion of this GI in strain 
PNUSAE013245 was likely to be  mediated by the recombination 
between the two DRs (5′- CAGTGTGGTACATGGATATCGAT 
ACCAC -3′) within the two truncated ompW genes. Most genes on 
this GI encoded phage structural proteins.

The Stx2a-prophage in strain PNUSAE013245 exhibited high 
sequence similarity (~93.3% sequence identity) with the Stx2a-
prophage in strain EC4115 and inserted adjacent to the tRNA gene 
argW, like the Stx2a-prophage in strain EC4115 (Table 2); Similarly, 
the Stx2c-prophage in strain PNUSAE013245 was nearly identical to 
the Stx2c-prophage in strain EC4115 (~99.9% sequence identity) and 
inserted within the gene sbcB, like the Stx2c-prophage in strain 
EC4115 (Table 2).

3.2 Genome signature of STEC O157 
REPEXH02 strain PNUSAE043864

Strain PNUSAE043864 is a clinical isolate linked to the two 
multistate outbreaks which occurred in 2018 and 2019 
(Waltenburg et al., 2021). The genome of strain PNUSAE043864 
contains one chromosome (5,450,859 bp) and a large virulence 
plasmid pO157 (92,750 bp) (Table 1). PHASTER analysis revealed 
a total of 22 prophage and prophage-like elements on the 
chromosome, of which, 13 were complete, including a Stx2a-
prophage (Table  2; Supplementary Table S1). Clade lineage 
analyses revealed that strain PNUSAE043864 belonged to clade 2, 
like strain TW14588, a lettuce isolate linked to the 2006 Taco 
John’s restaurants-associated outbreak of EcO157 infection in 

TABLE 2 Genomic characteristics and chromosomal positions of Stx-prophages in EcO157 strains.

Strains Clade SNP cluster Stx-prophagesa

stx genes Chromosomal 
locations

Size (bp) %GC CDS

PNUSAE013245 8 PDS000181369.83 stx2a argW - (1,605,930–

1,664,899) - yfdC

58,970 49.2 84

stx2c sbcB* - (2,134,108–

2,191,309) - sbcB*

57,202 51.0 81

EC4115 8 PDS000181369.83 stx2a argW - (3,297,022–

3,234,765) - yfdC

62,258 49.3 79

stx2c sbcB* - (2,720,133–

2,662,926) - sbcB*

57,208 51.0 70

PNUSAE043864 2 PDS000035073.188 stx2a wrbA* - (3,424,922–

3,360,914) - wrbA*

64,009 50.0 92

PNUSAE020169 

(2019C-3201)

2 PDS000035073.188 stx2a wrbA* - (1,032,480–

1,095,175) - wrbA*

62,696 49.9 91

TW14588 2 PDS000035067.11 stx1a btsS mlrA* - (3,889,622–

3,941,374) - mlrA*

51,753 52.4 73

stx2a argW - (3,579,351–

3,640,522) - yfdC

61,172 50.4 81

stx2a wrbA* - (5,388–1; 

5,578,816–5,522,473) - 

wrbA*

61,732 50.0 82

EDL933 3 PDS000004368.90 stx1a btsS mlrA* - (2,966,157–

3,015,072) - mlrA*

48,916 52.0 64

stx2a wrbA* - (1,330,836–

1,392,491) - wrbA*

61,663 49.4 69

aProphages were initially identified by PHASTER and manually corrected by mapping the corresponding bordering regions in the genome of K-12 sub-strain MG1655. Genes represent the 
ones flanking the prophage genome. *truncated genes.
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FIGURE 1

Genomic features of the REPEHX01 strain PNUSAE013245. (A) LASTZ alignments of chromosomes of the REPEXH01 strain PNUSAE013245 and the 
2006 spinach-associated outbreak strain EC4115. The numbers indicate the aligned base pair position and the black blocks and lines at the bottom 
represent the 358 target DNA sequences used in the pairwise alignment. The alignment was performed in Geneious Primer®2024.0.5 using LASTZ 
(Version 1.04.15) with the following parameters: Step Length: 20; Seed Pattern: 12 of 19; and HSP Threshold Score (upper limit): 3,000. (B) Venn 
Diagram of shared and strain specific CDSs between the two genomes. Numbers of shared and strain specific orthologs were calculated in EDGAR 3.2 
using default parameters. (C) Chromosomal location of the large insertion in the REPEXH01 strain PNUSAE013245 and the corresponding 
chromosomal position in strain EC4115. Pink arrows represent tRNA genes; Blue blocks within the tRNA gene pheV represent the putative integration 
site (5′-ATTCCGAGTCCGGGCACCA-3′). An identical integration sequence was identified on the right border of the large insertion in the REPEXH01 
strain PNUSAE013245. Red blocks represent mercury resistance genes (1), integron encoded AMR genes (2), and other AR genes (3). (D) Chromosomal 
position of the 45-Kb genomic island (GI) present in strain EC4115 but absent in the REPEXH01 strain PNUSAE013245. Deletion of this GI in strain 
PNUSAE013245 was likely to be mediated by the recombination between the two DRs (blue blocks) within the border genes (Locus_tags: 
ECH74115_3147 and ECH74115_3214), both encoding a conserved hypothetical protein and share 98.3% identity in their coding sequences. Pink 
arrows represent tRNA genes. (E) Sequence comparison of the chromosomal regions containing a large deletion in strain PNUSAE013245. Blue blocks 

(Continued)
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Iowa and Minnesota, and the REPEHX02 strain 2019C-3201 
linked to multiple outbreaks from 2016 to 2019  in the 
U.S. (Table 1).

Alignment of the chromosomes of the three strains revealed a 
large inversion (~ 433 Kb) in strain PNUSAE043864 (Figure 2A). The 
corresponding region in strain 2019C-3201 spanned the chromosomal 
positions from 1,608,107 to 2,041,794, containing a partial genome of 
prophage14, a complete genome of the prophage 15, and a partial 
genome of prophage 16. In strain TW14588, the corresponding region 
spanned the chromosomal positions from 4,595,581 to 4,986,609, 
containing a partial genome of prophage 17, a complete genome of 
prophage 18, and a partial genome of prophage 19. Comparative 
genomic analysis revealed that strain PNUSAE043864 shared more 
common genes with strain 2019C-3201 than with strain TW14588 
(Figure 2B). Genes that were present in strain 2019C-3201 but not in 
strain PNUSAE043864 were mainly located on the secondary 
plasmids, 2019C-3201_p1 and 2019C-3201_p2, and several prophage 
genomes. Of the 34 genes that had no homologs in strain 2019C-3201, 
most of them were scattered across the chromosome, either encoding 
a hypothetical protein or a function related to MGEs. Other functions 
encoded by the PNUSAE043864 specific genes included heavy metal 
resistance, oxidative stress, virulence, and small toxic proteins 
(Supplementary Table S3). Specifically, the amber mutation identified 
in gene encoding As (III)-sensing metalloregulatory transcriptional 
repressor ArsR in strain 2019C-3201(TA*G) was not present in strains 
PNUSAE043864 and TW14588 (Figure 2C). Genes that were present 
in strain TW14588 but not in strain PNUSAE043864 were mainly 
found in prophage genomes, including the Stx1a-prophage and the 
Stx2a-prophage integrated next to tRNA gene argW (Table 2). Most of 
the functions encoded by TW14588 specific genes were phage related. 
Others included transcriptional regulators, adherence factors, and 
TTSS effectors.

The Stx2a-prophage in strain PNUSAE043864 was nearly identical 
to the Stx2a prophage in strain 2019C-3201 (97.9% identity) and 
exhibited higher sequence similarity with the Stx2a prophage inserted 
within the wbrA gene (94.7% Identity) in strain TW14588 than the 
Stx2a-prophage inserted next to argW gene (66.9% Identity). The 
Stx1a prophage in strain TW14588 was inserted at the same 
chromosome site as the ones utilized by the Stx1a-prophage in strain 
EDL933 (Table 2).

3.3 Biofilm formation on abiotic surfaces

Biofilm formation by EcO157 strains was evaluated quantitatively. 
Following 48 h incubation, a small amount of surface-associated 
biomass was detected for most of the strains examined, however, 
quantitative analyses revealed there were no significant differences 
among the strains examined (Figure 3A). When the incubation time 
increased to 120 h, a great strain variation in biofilm formation was 
observed (Figure 3B). Strain EDL933 produced the greatest amount 
of biofilm, followed by the three clade 2 strains. All three strains in 

clade 2 including the REPEXH02 strains PNUSAE043864 and 2019C-
3201 produced greater amounts of biofilms than any of the two clade 
8 strains, including the REPEXH01 strain PNUSAE013245 (One-way 
ANOVA, adjust p < 0.05). Consistent with a positive role of curli 
fimbriae in EcO157 biofilm formation on the glass surfaces (Carter 
et al., 2016), strains EDL933 and all three clade 2 strains were curli-
expressing whereas both clade 8 strains were curli-deficient under the 
conditions used to test biofilm formation in this study.

3.4 Attachment to lettuce surfaces

The capability of each EcO157 strain in adhesion to romaine 
lettuce surfaces was assessed by a spot inoculation method for loosely 
and tightly attached pathogen populations at the room temperature. 
For the six strains tested, the average of the loosely attached cells was 
between 1.3 and 2.8 percent of the inoculated cells (Figure 4A). The 
greatest amount of loosely attached cells was detected for the 
REPEXH02 strain PNUSAE043864, followed by the REPEXH01 
strain PNUSAE013245, although the differences among the strains 
examined were not statistically significant (One-way ANOVA, 
adjusted p > 0.05). Furthermore, there were large variations in the 
attached cell population among the biological replicates of the same 
strain. For example, the percent loosely attached cells of the two 
outliers identified for the REPEXH01 strain PNUSAE013245 was 6.8- 
and 4.1-fold of the average (Figure 4A). The average of the tightly 
attached cells was between 0.7 and 2.1 percent of the inoculated cells 
(Figure 4B). The greatest amount of the tightly attached cells was 
detected for REPEXH01 strain PNUSAE013245 and strain TW14588, 
followed by the REPEXH02 strain PNUSAE043864, although the 
differences were not statistically significant (One-way ANOVA, adjust 
p > 0.05). More outliers were identified in the tightly attached cells 
compared with the loosely attached cells, including one for the 
REPEXH01 strain PNUSAE013245, two for the REPEXH02 strain 
2019C-3201, and two for strain EDL933 (Figure 4B).

3.5 Population dynamics of Escherichia coli 
O157:H7 culturable cells in river water

The population of EcO157 culturable cells in river water was 
examined by plate count during a 14-week cold incubation (15°C). 
Distinct survival trends were observed for the two clade 8 strains. For 
REPEXH01 strain PNUSAE013245, a significant reduction in 
culturable cells was detected following the first 2 weeks of incubation 
(Figure 5A). The culturable population continued to decease to 41.4, 
21.0, and 3.9% of the total inoculated cells following 3-, 6-, and 
10-weeks of incubation, respectively, and then remained stable 
following an additional four-week of incubation. A significant 
reduction in the culturable population of strain RM6069 was detected 
at week 3 post inoculation. The average culturable population was 
42.9, 26.8, and 30.7% of the inoculated RM6069 cells following six, 10, 

represent DRs while pink arrows represent tRNA genes. In strain EC4115, three DRs are located within an intact ompW gene (Locus_tag, 
ECH74115_1743; 639 bp) and two truncated ompW genes (Locus tags, ECH74115_1820 and ECH74115_1887; 117 bp). In strain PNUSAE013245, two 
DRs are located within an intact ompW gene (Locus_tag, DDA95_16160; 639 bp) and a truncated ompW gene (Locus_tag, DDA95_15755; 117 bp).
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FIGURE 2

Comparative genomic analyses of the REPEXH02 strain PNUSAE043864. (A) Mauve alignment of chromosomes of strain PNUSAE043864 and the 
other two clade 2 strains, 2019C-3201 and TW14588. The numbers indicate the aligned base pair position. Both chromosomes of strains 2019C-3201 
and TW14588 were re-oriented to the same start position as the chromosome of strain PNUSAE043864 prior to the analysis. The alignment was 
performed in Geneious Primer®2024.0.5 using Mauve Genome with progressive Mauve algorithm as described previously (Darling et al., 2004) with 
automatically calculating seed weight and the minimum LCB score. (B) Venn Diagram of shared and strain specific CDSs among the three genomes. 
Numbers of shared and strain specific orthologs were calculated in EDGAR 3.2 using default parameters. (C) Sequence analysis of the gene encoding 
ArsR, the As (III)-sensing metalloregulatory transcriptional repressor. The amber mutation present in strain 2019C-3201 (TGG to TAG) was not detected 
in arsR genes of strains PNUSAE043864 and TW14588.
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and 14 weeks of incubation, respectively, which were significantly 
greater than the corresponding ones of the REPEXH01 strain 
PNUSAE013245 (One-way ANOVA adjust p < 0.05) (Figure  5B). 
Strain EDL933 exhibited a similar population dynamic as the 2006 
spinach-associated outbreak strain RM6069 (Figure 5A, Clade 3). A 
significant decrease in the culturable population of EDL933 was 
detected following 3 weeks of cold incubation, and then followed by a 
slow reduction in the total culturable population through the entire 
incubation period although the differences were not statistically 
significant. The percent survivals for strain EDL933 at the week 10 and 
14 post inoculation were all comparable with that of the strain 
RM6069 and significantly greater than that of the REPEXH01 strain 
PNUSAE013245 (Figure 5B).

Unlike the two clade 8 strains, the three strains within the clade 2 
exhibited a similar survival trend in the river water. A significant 
decrease in the total culturable population was observed following 1 
week of incubation for REPEXH02 strain PNUSAE043864 and 2 weeks 
of incubation for strains 2019C-3201 and TW14588. Following 3 weeks 
of incubation, the total culturable population decreased significantly 

for all three clade 2 strains, and then decayed slowly but not significantly 
till the end of incubation (Week 14). The average percent of survival on 
week 14 post inoculation was 12.8, 15.5, and 15.4 for strains 
PNUSAE043864, 2019C-3201, and TW14588, respectively (Figure 5A), 
which were all significantly lower than that of strain RM6069 but 
greater than that of the REPEXH01 strain PNUSAE013245 (Figure 5B).

3.6 Abundance of Escherichia coli O157:H7 
persister cells in river water

Consistent with the distinct population dynamics of cultural cells 
between the two clade 8 strains, the dynamics of the persister populations 
differed greatly during the 14-week incubation (Figure 6A, Clade 8). For 
the REPEXH01 strain PNUSAE013245, the population size of persister 
cells decreased nearly 10-fold following the first week incubation and 
then remained in the range of 0.2–0.6% of total culturable cells over the 
period of 14 weeks (Figure 6B). In contrast, the persister population of 
the 2006 spinach-associated outbreak strain RM6069 started to increase 
significantly following the first three-week incubation and continued to 
increase significantly at week 10 post inoculation (Figure 6, RM6069). 
At the end of incubation, the persister population of strain RM6069 
reached up to 26.6% of total culturable cells, which was more than 
60-fold greater than the persister population of strain PNUSAE013245 
although the fraction of persister cells in the initial inoculum was 
comparable for both strains (5.3% for strain PNUSAE013245 and 5.0% 
for RM6069). Unlike the clade 8 strains, the clade 2 strains exhibited a 
similar trend in production of persister cells during the 14-week 
incubation period. The population size of persister cells remained 
comparable with that in the initial inoculum (3.6–5.5%) during the first 
2 weeks but started to increase at the week three post inoculation. For all 
three strains, the greatest persister population size was detected following 
10 weeks of incubation, which was 24.1-, 24.4-, and 26.0% of the total 
culturable cells for strain PNUSAE043864, 2019C-3201, and TW14588, 
respectively (Figure 6B, Clade 2). A similar trend was detected for strain 
EDL933 (Clade 3). The largest persister population of EDL933 was 
detected during week 10 post inoculation which was nearly 6-fold of the 
persister fraction in the initial inoculum (5.0%).

Comparison of the dynamics of the persister populations among the 
EcO157 strains belonging to different clades did not reveal any clade-
associated traits (Figure  6B). The persister population in the initial 
inoculum was at a similar level for all six strains examined, within a range 
of 3–5% of total culturable cells. Following the first week incubation, the 
persister populations of the REPEXH01 strain PNUSAE013245 and the 
REPEXH02 strain 2019C-3201 were significantly lower than that of any 
other strains. At 2 weeks of incubation, the persister population of strain 
PNUSAE013245 remained the lowest, while the persister population of 
strain 2019C-3201 started to increase and reached to a level comparable 
to all the other EcO157 strains except TW14588. The persister 
populations of strain PNUSAE013245 remained significantly lower than 
most of the other strains during the rest of incubation period (Figure 6B).

3.7 Abundance of Escherichia coli O157:H7 
VBNC cells in river water

The population of VBNC cells for each EcO157 strain produced 
during the cold incubation in river water was evaluated by calculating 

FIGURE 3

Biofilm formation by E. coli O157:H7 strain on glass surfaces. 
Quantitative analyses of biofilms under a static growth condition for 
48 h (A) and 120 h (B). The attached biomass on each tube was 
stained by crystal violet and quantified by the absorbance at 570 nm 
as detailed in Material and Methods. Each data set represents the 
mean and SD of three biological replicates. Differences that are 
statistically significant (One-way ANOVA followed by a Tukey’s 
multiple comparisons test, adjust p < 0.05) are indicated by the 
different letters.
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the percent VBNC cells in the total population, which was a sum of 
culturable cells and the VBNC cells. An increase in VBNC population 
was observed for all EcO157 strains at week three post inoculation when 
compared with the corresponding VBNC population at week one 
(Figure 7A). The increase was significant for all strains except EDL933. 
The VBNC population continued to increase when the incubation time 
increased and reached to the highest level at week 10 for strains 
PNUSAE013245 and 2019C-3201, which were 82.6 and 69.4% of the 
total population, respectively. The greatest VBNC population for other 
strains were detected at week 14, which were in a range of 65–75% of the 
corresponding total population (Figure  7B). Unlike formation of 
persister cells, there were no significant differences in VBNC populations 
among the six strains tested at most sampling times (Figure 7B).

4 Discussion

EcO157 has been linked to numerous large outbreaks of 
gastrointestinal illness for more than 30 years. Strains of EcO157 differ 

in both genetic makeup and virulence potential. Comparative 
genomic analyses of over 500 clinical EcO157 strains led to the 
identification of 96 SNPs that grouped EcO157 strains in nine clades, 
among which, strains belonging to clade 8 appeared to be associated 
with higher rates of hospitalization and the development of HUS 
(Manning et al., 2008). Furthermore, the clade 8 strains are likely 
carrying a Stx2c-prophage. Consistent with this report, the two clade 
8 strains examined in this study carry a Stx2a-prophage that are highly 
similar (% Identity, 93.5) and a Stx2c-prophage that are nearly 
identical (% Identity, 99.9). Both strains appeared to be hypervirulent 
when considering the rates of hospitalization and the number of HUS 
cases. During the 2006 spinach-associated outbreak, a total 225 people 
from 27 states were infected, 116 were hospitalized, 39 had HUS, and 
five died (Sharapov et al., 2016); During the 2018 lettuce-associated 
outbreak, a total of 240 people from 37 states were infected, 104 were 
hospitalized, 28 had HUS, and five died (Bottichio et  al., 2020). 
Although the two strains were isolated over one decade apart and the 
environmental source of contamination was traced to California and 
Arizona, respectively, these two strains were genotypically highly 
related when their core genomes were compared. Both strains were 
placed in the SNP cluster PDS000181369 using NCBI Pathogen 
Detection pipeline (Table 1). As of September 5, 2024, a total of 3,960 
EcO157 strains isolated from Europe, North America, and Asia, were 
placed in this SNP cluster. Among the 3,873 strains documented with 
isolation sources, 588 (15.2%) were environmental strains isolated 
from diverse samples including beef products, leafy greens, cattle, 
wildlife, animal waste, water, sediment, soil, and air dust. Interestingly, 
78% environmental strains within this SNP cluster were isolated from 
California during 1994–2023, implying the persistence of EcO157 in 
leafy greens-growing environments.

Although the two clade 8 strains examined differed only in 64 loci 
based on the cgMLST analysis (Pathogen Detection), they belonged 
to different clusters when wgMLST was used for genotyping 
(EnteroBase, wgMLST, 3,393 for EC4115 and 68,417 for strain 
PNUSAE013245). Compared with the 2006 spinach-associated 
outbreak strain EC4115, the notable genomic features for the 
REPEXH01 strain PNUSAE013245 include the acquisition of a large 
GI carrying multiple antibiotic resistance (AR) genes and heavy metal 
resistance genes. The AR genes on this GI include sul1, qacE, aadA1, 
and dfrA1 that are often found on integrons, implying a potential to 
spread these AR genes to other bacterial strains. This difference in the 
accessory genes repertoire between the two clade 8 strains 
demonstrated the rapid divergence driven by HGT among the EcO157 
strains that are genotypically highly related. Acquisition of this large 
GI in the 2018 romaine lettuce-associated outbreak strains likely 
conferred the pathogen a fitness trait and contributed to the 
persistence and emergence of the REPEXH01 strains.

The REPEXH02 strain PNUSAE043864 belonged to the SNP 
cluster PDS000035073.188 that contains a total of 561 isolates as of 
September 5, 2024, including the REPEXH02 strain 2019C-3201 
described previously (Chen et al., 2023). Most strains (459, ~ 82%) 
within this cluster are clinical. Although the REPEXH02 strains linked 
outbreaks were traced to 2016–2019, two clinical strains within this 
SNP cluster were isolated in Canada as early as 2011 (Biosample 
numbers, SAMN09738498 and SAMN09738483) and differed from 
the REPEXH02 strain PNUSAE043864 in less than 30 SNPs based on 
the cgMLST analyses. Of the 102 environmental strains within this 
SNP cluster, 83 were isolated from environmental samples collected 
in California during 2013–2021. The two water strains, RM19258 and 

FIGURE 4

Attachment of E. coli O157:H7 to romaine lettuce surfaces. 
Quantitative analyses of loosely (A) and tightly (B) attached EcO157 
cells on the lettuce leaves following spot inoculation as detailed in 
Material and Methods session. The data represent the average of 
eight biological replicates expressed as the percent of the 
corresponding initial inoculum. The data points marked with a “*” 
were outliners identified using ROUT method in Identify Outliers 
(Prism 10 version 10.2.3) when the aggressive value Q was at the 
default value (1%).
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RM19262, isolated by our research group in 2016, were placed into 
two branches within the SNP cluster PDS000035073.188. Strain 
RM19258 was grouped with the clinical strain PNUSAE043855 that 
was reported to PulseNet in December 2019, while strain RM19262 
was grouped with the clinical strains reported to PulseNet in 
December 2016. Examining accessory genomes of the EcO157 strains 
linked to different outbreaks may reveal bacterial factors contributing 
to the reoccurrence of the REPEXH02 strains.

While the two REPEXH02 strains examined in this study 
share a highly conserved core genome (< 10 SNPs by cgMLST), 
they differed considerably in the content of plasmids and 
prophages. For example, strain PNUSAE043864 does not harbor 
any of the two secondary plasmids carried by the strain 2019C-
3201. Furthermore, the amber mutation identified in gene 
encoding As (III)-sensing metalloregulatory transcriptional 
repressor ArsR in strain 2019C-3201(TA*G) was not present in 
strain PNUSAE043864. BLASTn search of nr Database in 
GenBank identified a sediment strain, 2018C-5284a, isolated in 
November 2018 in California, carries the same mutation in the 

arsR as in strain 2019C-3201. The arsR encodes a transcriptional 
repressor that binds to the promoter region of the ars operon. 
Upon interaction with arsenite, the ArsR repressor dissociates 
from the promoter region thus initiating the transcription of ars 
genes (Busenlehner et al., 2003). Therefore, disruption of ArsR in 
strain 2019C-3201 may lead to an increased expression of other 
ars genes. The ars operons examined in this study are composed 
of three genes, arsRBC, and located on the chromosomes. Deletion 
of chromosome-borne arsRBC in E. coli led to increased sensitivity 
to arsenite, antimonite, and arsenate; when the chromosome-
borne arsRBC genes were expressed from a multicopy plasmid, 
they conferred E. coli cells a moderate-level of resistance to 
arsenite and antimonite (Carlin et al., 1995). Interestingly, a larger 
ars operon, arsRDABC, were detected in some STEC strains 
including several environmental strains isolated in the Salinas 
Valley. The arsRDABC operon was initially discovered on the 
E. coli plasmid R773 and has been associated with high-level 
arsenic resistances (Hedges and Baumberg, 1973; Ben Fekih et al., 
2018). Additional studies are required to understand the functions 

FIGURE 5

Population dynamics of E. coli O157:H7 culturable cells in river water. Survival of EcO157 in river water during incubation at 15°C for 14 weeks (A) and 
comparative analyses of the EcO157 survival in river water among strains belonging to different clades (B). The population dynamics of EcO157 
culturable cells were quantified by plate count for six strains inoculated in river water and incubated at 15°C for 14 weeks. Data represent the average 
percentage of EcO157 cells recovered on LB plates from three independent experiments. The error bars represent the standard deviation. Different 
letters represent the differences that are statistically significant determined by One-way ANOVA followed by a Tukey’s multiple comparisons test (adjust 
p < 0.05).
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of two ars operons in STEC and to examine if the mutation in the 
arsR gene would lead to the increased arsenic resistance in STEC.

The three clade 2 strains including the two REPEXH02 strains 
appear to be better biofilm producers than any of the clade 8 strains 
including the REPEXH01 strain when tested on the glass surfaces. 
This biofilm-producing proficiency appeared to be correlated with the 
curli fimbriae since, under the conditions tested for biofilms, curli 
fimbriae were detected for the three clade 2 strains and the control 
strain EDL933, but not for any of the clade 8 strains. This observation 
is consistent with our previous report on the roles of curli in surface 
attachment and biofilm formation that curli fimbriae enhanced 
biofilms of EcO157 on glass surfaces over 20-fold averagely (Carter 
et al., 2016). However, unlike our previous report that curli fimbriae 
significantly enhanced initial attachment of EcO157 to spinach leaves, 
there were no significant differences in the attachment of EcO157 to 
the lettuce surfaces among the six strains examined in this study. This 
discrepancy can be explained by the differences in the attachment 
assay systems. First, in our previous study that focused on illustrating 
the roles of curli fimbriae in attachment to various biotic and abiotic 
surfaces, the inoculation cultures were prepared under a condition 

that ensured the expression of curli fimbriae (Carter et al., 2016). 
Second, unlike the dip-inoculation method used in our previous 
study, the spot-inoculation method was used in this study to mimic a 
scenario of leafy greens contamination that could happen in 
preharvest fields, such as the deposition of fecal-droppings onto plant 
leaves. The 1-h incubation at 25°C used in the lettuce attachment assay 
might not fully facilitate the expression of curli fimbriae in EcO157. 
Following the surface washes, the cells released from the inoculated 
lettuce disks by vortexing were defined as “loosely attached” and by 
sonicating were defined as “tightly attached.” All six strains were 
comparable in the amounts of both “loosely” attached and “tightly” 
attached cells, suggesting that all EcO157 strains examined in this 
study share comparable proficiency in adhesion to lettuce surface. 
Besides genes encoding curli fimbriae, all EcO157 strains carried 
genes encoding E. coli common pilus (ECP), hemorrhagic E. coli pilus 
(HCP), type 1 fimbriae, and several protein adhesins such as Cah, 
EaeH, EhaA, and EhaG. Mutations in several adhesins genes in the 
EcO157 REPEXH02 strains reported previously including bigA, fdeC, 
and yeeJ (Cherry, 2022), were detected in the two REPEXH02 strains 
examined in this study but not in other strains, implying a minimal 

FIGURE 6

Abundance of E. coli O157:H7 persister cells in river water. Changes in EcO157 persister population in river water during incubation at 15°C for 
14 weeks (A) and comparative analyses of the EcO157 persister population in river water among strains belonging to different clades (B). The persister 
cells were determined for each sample including the inoculum of each strain by plate counts following the ciprofloxacin treatment. Therefore, the 
persister population was expressed as the percentage of total culturable cells (total CFUs). The data represent the mean and SD of survivals following a 
24 h ciprofloxacin treatment from three biological replicates. Differences that are statistically significant (One-way ANOVA followed by a Tukey’s 
multiple comparisons test, adjust p < 0.05) are indicated by different letters.
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impact of these mutations on the attachment of EcO157 to lettuce 
leaves. The large variations in lettuce adhesion among the biological 
replicates of the same strain were likely attributed to the variations in 
the topographical and physiochemical properties of the lettuce 
surfaces. Attachment of Salmonella to different lettuce leaf regions is 
highly variable and impacted by the lettuce age (Kroupitski et al., 
2011). Retention of E. coli on the spinach leaf surfaces was reported to 
be impacted by leaf vein density, available nutrients, leaf age, and leaf 
axis (Doan et al., 2020). Therefore, interactions between the EcO157 
cells and the leave surfaces are complex and likely impacted by 
physical, chemical, and biological factors including bacterial surface 
properties, leafy surface properties, and the environmental conditions. 
Failure to remove EcO157 from the inoculated lettuce leaves by 
sonication highlights the challenges in the development of effective 
intervention strategies to ensure microbial safety of leafy greens.

Although bacterial persister cells were first discovered due to their 
increased antibiotic resistances, persisters display high tolerance to 
other stresses such as sanitizers, starvation, and UV irritation (Harms 
et  al., 2016; Van den Bergh et  al., 2017). Therefore, formation of 
persisters by foodborne pathogens would enhance their environment 

persistence and pose significant challenges to food safety. Formation 
of EcO157 persister cells were reported in field water, spinach leaf 
wash, and on lettuce plants grown in laboratory (Thao et al., 2019; 
Munther et al., 2020). In both studies, a high level of persister cells was 
detected when EcO157 displayed a slow growth or within a declining 
population. Consistent with our previous report, a high level of 
EcO157 persisters (25–30% of inoculated population) was detected 
for five out of six EcO157 strains examined (Figure 6). The level of 
persisters in both REPEXH02 strains was similar to that in non-REP 
strains, while the level of persisters in the REPEXH01 strain 
PNUSAE013245 during the late stage of incubation were significantly 
lower than that in any other EcO157 strains. Variation in formation of 
persisters were reported for different species and strains (Van den 
Bergh et al., 2017). Persister cells are produced stochastically and can 
be induced in response to environmental cues, such as the conditions 
that promote the production of (p)ppGpp, or signals that activate 
stress responses (Harms et al., 2016). Therefore, mutations in genes 
involved in the cellular signaling upstream of the persister formation 
may lead to defect in producing persister cells. For example, mutants 
unable to produce (p)ppGpp, exhibited reduced levels of persisters in 

FIGURE 7

Abundance of E. coli O157:H7 VBNC cells in river water. Changes in EcO157 VBNC population in river water during incubation at 15°C for 14 weeks 
(A) and comparative analyses of the EcO157 VBNC population in river water among strains belonging to different clades (B). The VBNC population was 
determined by calculating the difference between the total population determined by vPCR and the culturable population determined by plate counts 
and expressed as percentage of total population. The data represent the mean and SD of the VBNC population determined from three biological 
replicates. Differences that are statistically significant (One-way ANOVA followed by a Tukey’s multiple comparisons test, adjust p < 0.05) are indicated 
by different letters.
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Pseudomona aeruginosa (Viducic et al., 2006). Mutants defective in 
amino acid biosynthesis or metabolism were reported to display 
altered persister formation in E. coli (Girgis et al., 2012). Additional 
studies are required to understand the mechanism underlying the 
persister formation in REP strains, and how the persister 
sub-population contributes to persistence and re-emergence of 
REP strains.

Like persisters, VBNC cells are another form of physiological 
variants and can be induced by various chemicals and environmental 
factors (Oliver, 2010; Liu et al., 2023). Unlike the formation of persister 
cells, the VBNC population for all six strains examined in this study 
were comparable after 3 weeks of incubation in river water. 
Interestingly, the VBNC population of the REPEXH01 strain 
PNUSAE013245, which was defective in the formation of persisters, 
was larger than any of the other strains at the late stage of incubation 
(Figure 7). At the end of the 14-week incubation, the VBNC population 
of EcO157 strains were in the range of 65–80% of the total population, 
implying VBNC cells may be a reservoir of pathogen cells in the natural 
environment. Presence of VBNC cells of human pathogens in the food 
production environments is a big concern considering their potential 
to resuscitate to actively growing and infectious cells. VBNC cells of 
EcO157 were reported in the phyllosphere of lettuce and in the process 
water treated by peroxyacetic acid, chlorine dioxide, and chlorine, the 
common disinfectants used in the fresh-cut industry (Dinu and Bach, 
2011; Truchado et al., 2021; Truchado et al., 2023). Resuscitation of 
L. monocytogenes VBNC cells on shredded lettuce was observed during 
storage (Truchado et al., 2023). Resuscitation of L. monocytogenes’ 
VBNC cells was also reported in the nematode intestinal tract, where 
resuscitated cells were infectious (Highmore et al., 2018). Information 
about resuscitation of EcO157 VBNC cells is limited. Research on 
conditions promoting resuscitation of EcO157 VBNC cells induced in 
the leafy greens pre- and postharvest environments are desired since 
such knowledge will be fundamental in advancing safety of leafy greens.

The persistence of STEC in leafy greens production environments 
poses significant challenges in the efforts to reduce STEC contamination 
and outbreaks. Recent identification of EcO157 REP strains emphasizes 
the need to understand the underlying mechanisms of reoccurrence, 
emergence, and persistence. EcO157 has adopted various mechanisms 
to maximize their survival in natural environment. Genetic 
diversification through mutations and HGT is a known key factor 
driving virulence evolution in EcO157. Although the REPEXH01 
strain PNUSAE013245 linked outbreaks were traced back to 2017, a 
food strain belonging to the same SNP cluster (Table 1) was isolated as 
early as 1993. It will be informative to reveal temporal genetic changes 
among the strains belonging to the SNP cluster PDS000181369, 
especially those linked to the 2006-spinach associated outbreak and to 
the 2018 romaine lettuce-associated outbreak. Besides genetic 
diversification, phenotypic diversification has been reported in EcO157 
populations for improved fitness (Carter et al., 2011). Unlike mutation-
mediated phenotypic diversification, a bet-hedging strategy was 
suggested for the production of persisters and VBNC cells (Lennon and 
Jones, 2011), the two highly stress-tolerant physiological states, 
representing a continuum between actively growing and dead cells, 
with VBNC cells being in a deeper state of dormancy than persister 
cells (Ayrapetyan et al., 2015; Ayrapetyan et al., 2018). This dormancy 
allows pathogen cells to survive under stressful conditions and to revive 
once the condition becomes permissive. Persisters and VBNC cells 
share certain physiological properties and the molecular mechanisms 

underlying the induction of dormancy, however, persisters appear to 
exit dormancy and be resuscitated more rapidly than the VBNC cells. 
Persisters and VBNC cells of EcO157 represent two subpopulations 
with common and distinct properties that are needed to be considered 
in risk assessment and in the development of control strategies.
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