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ABSTRACT Shiga toxin-producing Escherichia coli (STEC) is a foodborne pathogen,
and serotype O157:H7 is typically associated with severe disease. Australia is unique
in its STEC epidemiology, as severe cases are typically associated with non-O157
serogroups, and locally acquired O157 isolates are H-negative/nonmotile. The
H-negative phenotype and reduced severity of disease compared to that associated
with H7/motile strains are distinct features of Australian O157 strains, but the molec-
ular mechanism behind this phenotype has not been reported. Accurate character-
ization of the H-negative phenotype is important in epidemiological surveillance of
STEC. Serotyping is moving away from phenotype-based methods, as next genera-
tion sequencing allows rapid extrapolation of serotype through in silico detection of
the O-antigen processing genes, wzx, wzy, wzm, and wzt, and the H-antigen gene,
fliC. The detection and genotyping of fliC alone is unable to determine the motility
of the strain. Typically, most Australian O157:H-negative strains carry an H7 geno-
type yet phenotypically are nonmotile; thus, many are mischaracterized as H7 strains
by in silico serotyping tools. Comparative genomic analysis of flagellar genes be-
tween Australian and international isolates was performed and an insertion at nucle-
otide (nt) 125 in the flgF gene was identified in H-negative isolates. Chi-square re-
sults showed that this insertion was significantly associated with the H-negative
phenotype (P � 0.0001). Phylogenetic analysis was also completed and showed that
the Australian H-negative isolates with the insertion in flgF represent a clade within
the O157 serogroup, distinct from O157:H7 serotypes. This study provides a genetic
target for inferring the nonmotile phenotype of Australian O157 STEC, which in-
creases the predictive value of in silico serotyping.
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Shiga toxin-producing Escherichia coli (STEC) is a foodborne pathogen affecting all
six populated continents and is a serious public health concern (1). Infections can

range from asymptomatic to causing life-threatening disease in humans, where chil-
dren, the elderly, and those with otherwise compromised immune systems are at
severe risk of disease. These strains of E. coli are distinct from commensal strains that
inhabit the human gut due to the presence and expression of Shiga toxin (stx) genes
and other potential virulence factors, which can be responsible for complications such
as gastroenteritis, hemorrhagic colitis, and hemolytic uremic syndrome (HUS) (2).
STEC-related HUS is a life-threatening condition that can affect adults and the elderly
but is most common in children. In developed countries, STEC-related HUS is the
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leading cause of acute kidney failure in otherwise healthy children, and long-term
complications commonly occur such as chronic renal insufficiency, neurological disor-
ders, and cardiovascular diseases (3).

The O157:H7 serotype of STEC is typically associated with severe disease, and is
responsible for the majority of outbreaks in the United States, Japan, and the United
Kingdom (4). Australia is unique in its STEC epidemiology, however, as severe cases of
STEC infection are typically associated with non-O157 serogroups, such as O111, and
locally acquired O157 isolates are H-negative/nonmotile (5–7). Traditional methods of
serotyping involve identifying the immunogenic structures, the lipopolysaccharide (O)
antigen, and the flagellar (H) antigen phenotypically through antisera. With the intro-
duction of next-generation sequencing technology, many laboratories are moving
away from phenotype-based serotyping to extrapolation of serotype through in silico
detection of O-antigen-processing and H-antigen-related genes (8). Detection and
genotyping of the O-antigen-processing genes, wzx, wzy, wzm, and wzt, determines the
serogroup of an isolate, while detection and genotyping of the fliC (flagellin) gene
determines the H type (9). Currently, 53 different H types have been recognized in E.
coli, and this is explained through the genotypic variation in the fliC gene (10); however,
as �60 genes are involved in the expression of the flagellum in E. coli and other related
species, detection and genotyping of the fliC gene alone cannot predict the motility of
the strain (11). Therefore, many Australian O157:H-negative strains are mischaracterised
through in silico serotyping as O157:H7, since they carry an intact fliC gene, yet are
phenotypically nonmotile. The genetic mechanism(s) for the nonmotile phenotype
have not been reported to date.

Epidemiological surveillance requires accurate molecular characterization of patho-
gens to effectively monitor trends in infections and to identify and track sources of
outbreaks, so as to enable rapid public health response. Mischaracterization of O157:
H-negative STEC strains as H7-positive will negatively impact surveillance of STEC, as
the H-negative, nonmotile phenotype is a distinct feature of Australian O157 strains,
which is also associated with reduced severity of disease compared to that associated
with O157:H7 strains (6). To determine the genetic mechanism(s) for the H-negative
phenotype in Australian O157 STEC strains, genomic comparisons between Australian
and international O157 strains were performed. This study provides a potential genetic
basis for the nonmotile phenotype of Australian O157 STEC to assist in the interpre-
tation of in silico serotyping.

MATERIALS AND METHODS
Isolate selection. All O157 isolates identified as stx1- or stx2-positive during routine clinical screening

of referred feces by enrichment cultures and PCR from between 2007 and 2016 at the Queensland Health
Forensic and Scientific Services (QHFSS) Public Health Microbiology reference laboratory were serotyped.
Serotyping was performed by the Microbiological Diagnostic Unit (Melbourne, Australia). Patient travel
history was noted if recorded. The data represent a total of 63 isolates, of which 13 isolates were initially
chosen for whole-genome sequencing to search for motility-related mutations (see Table S1 in the
supplemental material), and 50 further O157 isolates were examined for the specific flgF mutation by
Sanger sequencing (see Table S2 in the supplemental material). These isolates represent all O157:H7 and
H-negative STEC strains isolated from between 2007 and 2016 in Queensland, although only 2 repre-
sentative isolates were included from a large previously reported outbreak (7). International STEC
genomes were obtained from the NCBI GenBank database (https://www.ncbi.nlm.nih.gov/GenBank/) (see
Table S3 in the supplemental material).

Whole-genome sequencing. DNA extraction was performed on the QIAsymphony SP, using the DSP
DNA minikit (Qiagen, Germany), following the Tissue HC 200 V DSP protocol. Extracted DNA was
quantitated on a plate reader using the Quant-IT kit (Thermo Fisher Scientific).

Library preparation of DNA samples was performed by using the Nextera XT library preparation kit
(Illumina). After library preparation, sequencing was performed using the NextSeq 500 Mid Output V2 kit
(Illumina) on the NextSeq 500 sequencer (Illumina, CA, USA).

Sequence reads for the isolates were trimmed with Trimmomatic v0.36 and quality checked by
FastQC v0.11.5 (12, 13). De novo assemblies were generated with the SPAdes assembler, and
assemblies were annotated using the RAST (Rapid Annotations using Subsystems Technology) server
(14, 15).

Comparative analysis of the flagellar genes was done to determine whether consistent differences in
sequence between the O157 motile and nonmotile genomes exist within the flagellar genes, operon
sequences, and promoter regions. Using Geneious R7 (Biomatters, New Zealand) (16) and CLC Genomics
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Workbench 7 (Qiagen, Germany), reference genes from E. coli strains EDL933 and Sakai (obtained from
NCBI) and promoter sequences from E. coli strain K-12 (obtained from RegulonDB; http://regulondb.ccg
.unam.mx/) (17) and cross-referenced in BLAST (http://www.ncbi.nlm.nih.gov/BLAST/) (18) against the
EDL933/Sakai genomes were aligned manually to the sequenced genomes.

In silico serotyping. Genome assemblies from the 13 whole-genome sequenced isolates were
submitted to SerotypeFinder (https://cge.cbs.dtu.dk/services/SerotypeFinder/) in FASTA file format, using
a threshold of 85% identity (ID) and a minimum length of 60% (9).

Sanger Sequencing. A total of 50 O157 STEC isolates were sequenced from DNA prepared as crude
Tris-EDTA buffer boils. The primers used for amplifying (forward primer, 5=-ACAACGAAGGTCTGGCATC
C-3=; reverse primer, 5=-CCGTGGCTTTCACCAGTTTC-3=) and sequencing (forward primer, 5=-GACCAGATC
CTCAACACGCT-3=; reverse primer, 5=-CCTGAATGCTGCCATTACGC-3=) the flgF gene region were designed
using Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) (19) and quality checked with
NetPrimer (Premier Biosoft, Palo Alto, CA). Amplification primers were used to PCR amplify the flgF gene
region, following the AmpliTaq Gold Hot Start PCR protocol (Applied Biosystems). PCR products were
treated with Antarctic phosphatase (New England BioLabs, MA) and exonuclease I (Thermo Fisher
Scientific, MA, USA), and then sequenced with the ABI 3130 genetic analyzer (Applied Biosystems, CA).

The consensus sequences were obtained by aligning both forward- and reverse-sequenced strands
using ChromasPro software (Technelysium, Australia) and further analyzed using Geneious R7.

Phylogenomic analysis. Core single nucleotide polymorphism (SNP) analysis was performed using
Snippy (v3.0) (https://github.com/tseemann/snippy), with the Sakai genome as a reference. Snippy
results for the analyzed genomes were aligned as core SNP alignments and used to generate a
phylogenomic tree using Geneious R7. The phylogenomic tree was constructed with RAxML, based on
36 genomes obtained from NCBI GenBank (n � 23) and sequenced in this study (n � 13), which included
35 STEC O157:H7 and H-negative strains and an outgroup O55:H7 strain. Interactive tree of life (iTOL)
v4.0.2 was used for visualization of the phylogenomic tree (https://itol.embl.de/) (20).

Statistics. Chi-square tests were used to determine if genetic differences identified between O157:
H-negative and H7 isolates were significant. A P value of � 0.05 was considered to represent a significant
difference between the two groups.

Accession number(s). The whole-genome sequence (WGS) data from the 13 isolates sequenced in
this study have been deposited in the European Nucleotide Archive (https://www.ebi.ac.uk/ena) under
the BioProject accession number PRJEB23370.

RESULTS
Identification of flagellar gene sequence differences in Australian O157:H-

negative isolates by comparative genomics. During the period from 2007 to 2016,
there were a total of 213 STEC isolates grown from all STEC cases notified by the
Queensland Public Health Microbiology reference laboratory. Of these, 91 were sero-
group O157 (43%), and 85 were phenotypically serotyped as O157:H-negative (93%).
Thirteen of these O157 isolates (one H7 strain, M74957, and 12 H-negative strains,
M7371, M76137, M75212, M78680, M79992, M76796, M75061, M74378, M71373,
M78862, M76948, and M77548) were whole-genome sequenced and analyzed for
genetic differences that could explain the H-negative phenotype. SerotypeFinder pre-
dicted the serotype for all 13 sequenced isolates as O157:H7, despite 12/13 isolates
phenotypically serotyping as O157:H-negative.

After analyzing �100 genes related to both the structure and regulation of the
flagellum, the most consistent sequence difference between the reference genomes
(EDL933 and Sakai) and the 13 sequenced genomes was identified in the flgF gene, with
10 of the 12 sequenced O157:H-negative genomes containing a single cytosine base
insertion at nt 125, inducing a frameshift mutation resulting in an early stop codon at
nt 280 to 282 (Fig. 1). Other mutations in these genomes were also noted; however,
these were silent and missense mutations, which are less likely to significantly disrupt
the expression or function of any flagellum-related genes. The insertion in flgF was
absent in 2 of the 10 H-negative genomes, strain M76948, and M77548. In isolate
M76948, an isolate from a patient reporting overseas travel, a single base deletion was
found in the fliF gene at nt 35 that may be responsible for its nonmotile phenotype,
inducing a frameshift mutation resulting in an early stop codon at nt 74 to 76. In isolate
M77548, no significant mutations were found (i.e., frameshift or nonsense mutations)
that could explain its nonmotile phenotype. As the insertion in the flgF gene was
present in the majority of the Australian O157:H-negative genomes examined, further
sequence analysis was performed to determine whether this insertion was significantly
associated with Australian O157:H-negative isolates.

Sequencing analysis results. To determine the association of the insertion in the
flgF gene with the O157:H-negative phenotype in Australian isolates, the flgF gene
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FIG 1 Multiple sequence alignments of the flgF gene from H-negative Australian isolates (strains M7371, M75212, M76137, M78680, and M79992), a sequenced
H7 isolate (M74957), and the H7 reference genome (EDL933). The insertion of cytosine at nt 125 and the resulting stop codon at nt 280 to 282 distinguish the
H-negative isolate from the H7 isolates.
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region was sequenced in 50 additional locally acquired O157 STEC isolates. In total, 63
Australian isolates were analyzed (five H7 and 58 H-negative); of the 58 H-negative
isolates, 55 harbored the single cytosine base insertion at nt 125, while none of the 5
H7 motile isolates contained the insertion. Only three H-negative isolates did not
harbor the single cytosine base insertion at nt 125 in the flgF gene, of which two were
whole-genome sequenced and discussed above (strains M76948 and M77548). As the
third isolate had not been whole-genome sequenced, it was not examined further in
this study. Chi-square analysis on all 63 isolates demonstrated the flgF insertion to be
significantly associated with the H-negative phenotype (P � 0.0001) (Table 1).

Phylogenomic analysis. The genetic relationship between publicly available inter-
national O157 genomes, the Australian H-negative isolates lacking the flgF insertion,
and the Australian H-negative isolates containing the flgF insertion was investigated by
SNP typing (Fig. 2). A total of 36 genomes were used in the analysis. This comprised the
13 whole-genome-sequenced Australian isolates, including one H7 isolate (M74957), 10
H-negative isolates with the insertion in flgF (strains M7371, M76137, M75212, M78680,
M79992, M76796, M75061, M74378, M71373, and M78862), and two H-negative isolates
that did not contain the insertion in flgF (M76948 and M77548). A total of 22 genomes
for H7 isolates were obtained from NCBI GenBank, all of which did not contain the flgF
mutation. An O55:H7 serotype, strain CB9615, was included as an outgroup to root the
phylogenomic tree, as the O157:H7 serotype likely emerged from an O55:H7 ancestor
(21).

The phylogenomic tree shows that the H-negative isolates with the insertion in flgF
formed a distinct clade separate from both the H7 isolates and the two H-negative
isolates without the insertion. These two H-negative isolates, M76948 and M77548,
appear genetically distant from the H-negative isolates with the flgF insertion. Overseas
travel history was noted for sources of isolate M76948, whereas those of isolate M77548
had no travel history recorded. The H7 isolate, M74957, clustered with other H7
genomes.

DISCUSSION

The nonmotile/H-negative phenotype is an important distinction for Australian
isolates of O157 STEC, which are misreported through in silico serotyping as H7/motile,
as these isolates typically contain a functional H7 fliC gene. To identify a potential
genetic cause for the nonmotile phenotype, genomic comparisons between Australian
and international O157 isolates were performed to examine the flagellum-related
genetic regions of these strains. The isolates examined in this study were sourced from
the Queensland State Reference Laboratory so the majority of cases are spatially
associated with Queensland, Australia in particular; however, some patients were noted
as originating from other Australian states or reported domestic travel during the
incubation period. The O157:H-negative phenotype has previously been reported in
other Australian states (6, 7, 22), and therefore the O157:H-negative clone characterized
in this study appears to be nationally distributed.

The bacterial flagellum is a highly heterogeneous protein structure that can be
divided into three parts—the basal body, the hook, and the filament—which are all
connected by a rod structure (23). It is formed through a complex regulatory system
that allows for sequential and orderly formation of these three parts. Mutations in any

TABLE 1 Chi-square test results for the association of the insertion in the flgF gene
between H-negative and H7 isolates

Type of cell

Insertion present Insertion absent

�2 P value

Total no. of cells
observed
(expected)

�2 for
each cell

Total no. of cells
observed
(expected)

�2 for
each cell

Motile 0 (4.37) 4.37 5 (0.63) 30.01 37.34 P � 0.0001
Nonmotile 55 (50.63) 0.38 3 (7.37) 2.59
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one of the genes involved in the structure or regulation can have a potentially
deleterious effect on the formation and/or function of the flagellum. A motile pheno-
type is therefore dependent on multiple genes.

The flgF gene codes for one of four structural proteins that comprise the connecting
rod structure, along with flgB, flgC, and flgG. The flgF gene is 756 nt in length and is a
part of the large flgBCDEFGHIJ operon, where the early stop codon at nt 280 to 282
resulting from the frameshift mutation in the H-negative isolates may affect the
translation of downstream genes (24). These downstream genes are involved in the
assembly of the rod (flgG and flgJ) and its supporting ring structures (flgH and flgI),
whereas lack of expression of these genes can disrupt the assembly of the rod and
furthermore, can prevent the initiation of hook assembly (25). It has been shown that
mutants deficient in flagellar rod and ring assembly exhibit reduced levels of FlgE, the
primary protein component of the hook (26). The frameshift mutation in the flgF gene
identified in the O157:H-negative isolates may be the causative mutation responsible
for the H-negative/nonmotile phenotype through disruption of rod assembly and
inhibition of hook assembly; however, further study is required to confirm this.

Whether the insertion in the flgF gene is the causative mutation for the nonmotile

FIG 2 Phylogenomic tree of serogroup O157 E. coli genomes based on SNPs identified by mapping to
the Sakai genome as a reference. The tree was rooted using serotype O55:H7 E. coli strain CB9615.
Isolates highlighted in green are H-negative with the insertion in flgF; isolates highlighted in yellow are
H-negative without the insertion in flgF.

Pintara et al. Journal of Clinical Microbiology

April 2018 Volume 56 Issue 4 e01906-17 jcm.asm.org 6

http://jcm.asm.org


phenotype is yet to be determined, but this insertion is significantly associated with
locally acquired Australian O157:H-negative isolates. The phylogenomic analysis dem-
onstrated that the Australian H-negative isolates with the insertion in the flgF gene
represent a clade within the O157 serogroup that is separate from the O157:H7
serotypes.

With the current transition to whole-genome sequencing for in silico serotyping of
E. coli isolates, it is important that this change of methods does not compromise STEC
epidemiological data. We have shown that 93% of STEC O157 isolates collected
between 2007 and 2016 in Queensland, Australia are H-negative and would be misre-
ported as O157:H7 by in silico serotyping, masking the unique epidemiology of Aus-
tralian STEC cases. Furthermore, with cases of O157:H-negative infections being re-
ported outside Australia (27–29), the transition to in silico serotyping may fail to identify
such cases or to detect emerging O157:H-negative epidemiology in other geographical
regions. This highlights the importance of validating in silico serotyping bioinformatics
approaches against spatially diverse strains to ensure that accuracy and sensitivity is
achieved and that genetic targets are appropriate. At times, customized genomics
solutions rather than broad genomics tools may be necessary to accommodate the
unique geographical epidemiology of strains.

We describe an insertion in the flgF gene that can serve as a useful marker to predict
the Australia-associated O157:H-negative phenotype, improving the concordance of in
silico serotyping with phenotypic motility and thereby ensuring that epidemiological
surveillance is not compromised.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/JCM
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