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Traditional methods of phenotyping Escherichia coli bacteria
include the serotyping of surface O antigens (lipopolysaccha-
rides), capsule K antigens, and H antigens found on the bacteria’s
flagellar filaments (1). Despite their usefulness, these conventional
antibody-based assays can be costly and laborious to perform due
to the wide-ranging quality of antibodies (serum) and the number
of antibody agglutination reactions needed to assign a final classi-
fication (2, 3). H serotyping is further lengthened by the motility
induction required before typing among many distinctive flagellar
antigens (H1 to H56; designations H13, H22, and H50 are no
longer in use [2, 3]).

Molecular typing methods using PCR-based amplification and
genetic sequencing are gaining popularity for serotype classifica-
tions of E. coli due to their potential for high throughput and
accuracy (4, 5). Problems with this approach, however, arise be-
cause genetics do not necessarily indicate phenotypes and because
multiple primers need to be used for amplifying the sequences of
unknown antigens. Matrix-associated laser desorption/ionization
time of flight (MALDI-TOF) mass spectrometry (MS) usage for
whole-bacterial-protein profiling to classify and type bacteria has
also shown some promising results due to its ease of use and high-
throughput potential (6, 7). This platform can currently produce
data for some successful bacterial subtyping at the species level but
hardly the strain level (i.e., the H and O antigen levels [8]).

Recently, we reported a new approach called MS-H for H typ-
ing E. coli by purifying and digesting E. coli flagella of reference
strains of all 53 known H types on a 0.22-pm-pore-size filter
membrane, followed by online liquid chromatography-tandem
mass spectrometry (LC-MS/MS) of the resulting flagellin pep-
tides. The H-antigen serogroups from flagellin peptide data were
identified using a minimum of two sequence-specific peptides (9),
and MS-H types were assigned as the top-scoring hit in the iden-
tified protein list possessing the highest confidence score (10). An
example of data output is shown in Fig. S1 in the supplemental
material. This novel approach is thoroughly evaluated here by
using 127 clinical isolates, including both motile and nonmotile
strains collected from three provinces in Canada over the 1-year
period 0f 2012, and by employing a standardized high-throughput
method. The evaluation process comprises two steps: preliminary
tests and confirmation assays. Preliminary tests were conducted
using both the previously described MS-H typing method and the
ISO-certified serotyping method in parallel (10). Rather than test-
ing samples of known H types one by one, however, MS-H was
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conducted in a blind, high-throughput, batch-by-batch mode in
order to replicate the clinical-sample scenario. In the absence of
motility induction, flagella of 8 isolates of unknown motilities per
batch were extracted and digested, together with 2 reference
strains of known H types as control samples. Flagellar peptide
sequence data were searched against an updated custom database
containing all E. coli flagellar protein sequences extracted from the
publicly available database NCBI nr (see Text S1 in the supple-
mental material [FASTA file type]). MS-H types were designated
the top hit based on the number of H-type-specific peptide se-
quences identified with confidence. The serotyping procedure in-
volved motility induction and antigen-antibody agglutination re-
actions to designate an H type (see Text S2). Confirmation assays
were conducted with different techniques 1 year after preliminary
tests were completed in order to determine correct types if the H
types assigned to any isolates by the two methods did not agree.
The results of this clinical-sample evaluation are summarized
in Table 1. Detailed isolate information is presented in Tables S1
through S6 in the supplemental material. For 75 of the 127 clinical
isolates preliminarily tested (59%; 61 motile and 14 nonmotile by
serotyping) (Tables S1 and S2 combined), the results of MS-H and
traditional serotyping were in agreement with regard to the H type
or absence of flagella. For an additional 5 samples (4%) (Table S3),
there was agreement on the isolate H type between the two meth-
ods when MS-H typing was performed on motility-induced iso-
lates during confirmation assays. For the remaining 47 samples
(37%) (Tables S4, S5, and S6), for which traditional serotyping
results were contradicted by MS-H results obtained from prelim-
inary tests, motility induction and/or genetic sequencing of the
fliC gene (11) was used to conclusively establish the H types of the
isolates during confirmation assays. For samples whose genetic
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sequence data could not be obtained following traditional PCR (9
isolates), whole-genome sequencing (WGS) was used to obtain
fliC sequences (12). In 17 instances (Table S6), different H types
were assigned to an isolate by preliminary serotyping and MS-H
testing. In these situations, fliC analyses demonstrated that the
preliminary MS-H method had accurately typed 14 of the isolates
(3 were mistyped due to the need for motility induction, 1 of
which was also mistyped due to sample carryover), while serotyp-
ing correctly identified only 3. After a refinement of the MS-H
protocol was established (described in Text S2) in confirmation
tests, all 17 isolates were successfully identified by MS-H. The
remaining 30 isolates were classified as either undetermined (Ta-
ble S5) or nonmotile (Table S4) by traditional serotyping. Using
MS-H, 23 were assigned an H type during preliminary testing
(Tables S4 and S5 combined). Retesting motility during confirma-
tion assays indicated that 4 of the 20 isolates classified as undeter-
mined by serotyping and only 6 of the 10 isolates classified as
nonmotile were nonmotile. MS-H typing results for the remain-
ing 20 motile isolates were confirmed as correct by genetic se-
quencing of the fliC gene, including 2 “sluggish” (13) isolates clas-
sified as nonmotile in preliminary serotyping tests. Thus, MS-H
correctly H typed 20 samples that could not be typed by conven-
tional means but at the same time incorrectly assigned an H type
to 1 confirmed motile and 5 confirmed nonmotile samples during
preliminary tests based on the traditional protein identification
standard of a minimum of two sequence-specific peptides (9). We
hypothesized that these misclassifications were due to sample car-
ryovers from previous motile sample runs. Sample carryover is a
common phenomenon in high-throughput LC-MS/MS (14, 15),
and this problem was identified and solved during confirmation
assays using repeated blank washes and a higher sequence cover-
age requirement (rather than the requirement of two sequence-
specific peptides used in conventional protein identification [9]),
for the assignment of MS-H types (Text S2 and Table 1). In brief,
blank washes consisted of one rigorous wash comprising several
organic solvent cycles, followed by a second wash applying a sol-
vent gradient like that of a sample run. Regarding higher sequence
coverage, the need for exponentially modified protein abundance
index (emPAI) values of 1 or greater was enforced, indicating that
at least 30% of detectable peptides were indeed detected (16).
With this refined method, MS-H correctly typed 93 of the 127
isolates (73.2%) without motility induction or 103 of 127 (81.1%)
if the 10 H types correctly identified after motility induction were
included. This is in contrast to the performance of traditional
serotyping, which correctly assigned 69 of the 127 isolates (54.3%)
with routine motility induction. Even without motility induction,
MS-H identified 19% more isolates than did conventional sero-
typing. One possible reason is that antibody serum quality affected
the agglutination reaction (17, 18) and final serotype assignment.
It is also possible that increasing the length of motility induction
serves to identify certain isolates during serotyping, albeit in a
prolonged manner not suitable for emergency situations. Provid-
ing an extra wash step between samples and raising the threshold
of protein identification eliminated the false positives produced
by MS-H due to sample carryover that occurred during the high-
throughput LC-MS/MS step of the procedure. Notably, the in-
creased threshold did not affect the H typing results of motile
strains due to the high protein sequence coverage (often 30% or
above) already provided by the quality of the MS-H data (10). Itis
conceivable that had this modification been made prior to the
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start of this study, only 2 isolates would have been wrongly iden-
tified by MS-H and its accuracy could have been 115 of 127 isolates
(90.5%) without motility induction (10 isolates), compared to that of
serotyping with motility induction at 89 of 127 isolates (70.1%, with
20 undetermined and 18 wrongly identified). Since O-antigen sero-
typing is more stable than H-antigen typing and does not require
motility induction (1, 13), its combination with MS-H will certainly
render the process of E. coli typing more efficient.

In conclusion, this 1-year study of 127 clinical isolates showed
that MS-H is more diagnostically sensitive for E. coli H typing than
is serotyping. MS-H is also faster and easier with regard to sample
preparation and detection, resulting in more accurate data output
at the protein sequence level. Of utmost importance, this is a mo-
lecular-level detection platform with phenotypic properties con-
sidered. Using a refined standard operating protocol with flagellar
preparation, high-throughput LC-MS/MS with extra wash steps,
and a higher threshold for protein identification, MS-H should
prove a valuable supplementary or independent method for E. coli
H typing, particularly in outbreak situations.
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