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ABSTRACT We developed a multiplex PCR method based on multiple-locus variable-
number tandem-repeat (VNTR) analysis (MLVA) that was designed for the rapid typ-
ing of Escherichia coli and Shigella isolates. The method amplifies seven VNTRs and
does not require a sequencing capillary or fluorescent dyes. The amplification prod-
ucts are simply loaded on a standard agarose gel for electrophoresis, and the band-
ing patterns are analyzed visually. We evaluated the method on 220 strains belong-
ing to different collections: the E. coli reference (ECOR) collection (n = 72), O1:K1
isolates causing neonatal meningitis (n = 38), extended-spectrum beta-lactamase-
producing fecal isolates belonging to the worldwide sequence type 131 (ST131)
clone (n = 38), Shiga toxin-producing E. coli (STEC) isolates of serogroups O157:H7
(n=21) and 026 (n = 16, 8 of which belonged to an outbreak), 27 Shigella isolates
(22 Shigella sonnei isolates, including 5 epidemic strains), and 8 reference strains. The
performances were compared to those of multilocus sequence typing (MLST), the
DiversiLab automated repetitive element palindromic PCR (REP-PCR), pulsed-field gel
electrophoresis (PFGE), and whole-genome sequencing (WGS). We found 66 different
profiles among the isolates in the ECOR collection. Among the clonal group O1:K1
isolates, 14 different profiles were identified. For the 37 STEC isolates, we found 23
profiles, with 1 corresponding to the 8 epidemic strains. We found 19 profiles
among the 27 Shigella isolates, with 1 corresponding to the epidemic strain. The
method was able to recognize strains of the ST131 clone and to distinguish the 016
and 025b serogroups and identified 15 different MLVA types among them. This
method allows the simple, fast, and inexpensive typing of E. coli/Shigella isolates
that can be carried out in any laboratory equipped for molecular biology and has a
discriminatory power superior to that of MLST and DiversiLab REP-PCR but slightly
lower than that of PFGE.

IMPORTANCE Fast typing methods that can easily and accurately distinguish clonal
groups and unrelated isolates are of particular interest for microbiologists con-
fronted with outbreaks or performing epidemiological studies. Highly discriminatory
universal methods, like PFGE, optical mapping, or WGS, are expensive and/or time-
consuming. MLST is useful for phylogeny but is less discriminatory and requires se-
quencing facilities. PCR methods, which are fast and easy to perform, also have
drawbacks. Random PCRs and REP-PCR are universal but lack reproducibility. Other
PCR methods may lack the discriminatory power to differentiate isolates during out-
breaks. MLVA combines the advantages of PCR methods with a high discriminatory
power but in its standard form requires sequencing capillary electrophoresis. The
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method that we have developed combines the advantages of standard PCR (simple,
fast, and inexpensive) with the high discriminatory power of MLVA and permits the
typing of all E. coli isolates (either intestinal or extraintestinal pathogenic isolates as
well as commensal isolates).

KEYWORDS Escherichia coli, genotyping, MLVA

scherichia coli is a major human commensal but also the most common cause of

both nosocomial and community-acquired bacterial infections at all ages (1, 2). E.
coli infections are categorized as intestinal or extraintestinal. Intestinal infections occur
as diarrhea, which may eventually be complicated by hemolytic-uremic syndrome
(HUS) when it is caused by Shiga toxin-producing E. coli (STEC) strains. Extraintestinal
infections notably comprise urinary tract infections (UTI), bacteremia, and neonatal
meningitis. Both STEC and extraintestinal pathogenic E. coli (EXPEC) strains harbor
specific virulence factors and belong to a limited number of serotypes and clonal
groups.

Although most E. coli infections are sporadic, large outbreaks of STEC infections
have been described and investigated by use of different genotyping tools to identify
the source of contamination (3). Beyond the investigation of numerous nosocomial
outbreaks, the epidemiology of EXPEC strains, in particular, of those strains producing
extended-spectrum beta-lactamases (ESBL) or carbapenemases, has also required the
use of genotyping tools in order to understand the dissemination in human popula-
tions of clones with particular fitness and virulence, such as the sequence type 131
(ST131) E. coli clonal group (4).

Many genotyping tools have been applied to E. coli, and they all have advantages
and drawbacks. Pulsed-field gel electrophoresis (PFGE), the gold standard, is highly
discriminatory but time-consuming; sequencing methods ranging from multilocus
sequence typing (MLST) to whole-genome sequencing (WGS) remain time-consuming
and expensive; the available PCR methods either are poorly reliable (random PCRs) or
expensive (automated repetitive element palindromic PCR [REP-PCR]) or lack discrim-
inatory power (molecular serotyping, phylogrouping PCR, PCR of several virulence
genes) (5).

Recently, multiple-locus variable-number tandem-repeat (VNTR) analysis (MLVA) has
emerged as a rapid and highly discriminatory method for E. coli and Shigella genotyp-
ing (6-8). This method, based on the polymorphism of the variable-number tandem
repeats (VNTRs) present in several loci dispersed on the bacterial chromosome, consists
of PCRs with primers surrounding each locus, followed by electrophoresis. Some of
these VNTRs display an important degree of polymorphisms, even among highly clonal
strains, such as STEC strains belonging to the major serotype O157:H7. Studies analyz-
ing STEC outbreaks have shown that MLVA can sometimes prove more discriminatory
than PFGE, making it a promising genotyping tool (6, 9). However, in its standard form,
MLVA requires specific equipment. Indeed, as tandem repeats (TRs) can be less than 10
bp long, to accurately differentiate the length of the amplification products, electro-
phoresis is performed on sequencing capillaries. Moreover, multiplexing in a single PCR
tube requires the use of primers tagged with fluorescent dyes to identify each locus.
Thus, although rapid and highly discriminatory, this method cannot be easily per-
formed in most laboratories. Gorgé et al. have proposed a simplified version of the
method adapted for Shigella isolates based on standard electrophoresis using VNTRs
with TRs with long lengths, but each VNTR is amplified in a separate PCR (8). Several
other combinations of VNTR have been proposed, and all of these require either
fluorescent dyes or specific electrophoresis (capillary electrophoresis systems, poly-
acrylamide gels with silver staining) (10-16).

In this study, we modified the method in order, first, to combine in a single-tube
multiplex PCR all VNTRs and, second, to discriminate both EXPEC and STEC strains on
a standard agarose electrophoresis gel. We also validated its usefulness in situations
requiring rapid E. coli genotyping.
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RESULTS

After adjustment of the primer concentrations and annealing temperature, the
multiplex MLVA PCR produced the expected bands on whole-genome-sequenced
reference strains with molecular weights ranging from 102 bp to 1,023 bp by electro-
phoresis on agarose gels (Table 1; Fig. 1). Bands of higher molecular weights were
either faint or not visible and were discarded from analysis.

Evaluation of the MLVA method on the ECOR collection. In order to assess the
global discriminatory power of our MLVA method on unrelated E. coli strains from
various origins, we first used strains from the E. coli reference (ECOR) collection (17). A
total of 66 different MLVA types were recorded among the strains in the ECOR
collection. Each pattern contained between 5 and 7 bands (Fig. 2). Precisely, 51.4%
(37/72), 34.7% (25/72), and 13.9% (10/72) of the patterns possessed 7 bands, 6 bands,
and 5 bands, respectively. In this collection, six pairs of isolates had identical MLVA
types and 60 isolates each produced a unique pattern (Fig. 2). The Hunter and Gaston
diversity index derived from Simpson'’s index of diversity (D) (18) was calculated for the
combined typing set and showed a value of 0.99 (95% confidence interval [Cl], 0.99 to
1.0). The ECOR collection is composed of 49 different sequence types (STs) (Fig. 2). To
assess the congruence between typing methods, the adjusted Rand coefficient (AR)
and adjusted Wallace coefficient (W) were calculated. The overall congruence between
MLVA and MLST, as determined by use of the Rand coefficient, was 0.024, indicating no
agreement between MLST and MLVA typing. The directional congruence, as estimated
by the adjusted Wallace coefficient going from MLVA to MLST, was 0.145, suggesting
that isolates assigned to a cluster by MLVA had a low probability of being assigned to
the same cluster when typed by MLST. Similarly, when examined in the other direction,
the adjusted Wallace coefficient was 0.016, indicating a very low probability that
isolates assigned to the same cluster by MLST would be assigned to the same cluster
when typed by MLVA.

MLVA typing and STEC isolates. A collection of STEC isolates was further typed by
MLVA. A set of strains from major STEC serogroups was previously typed. All these
strains were typeable and showed multiple profiles (data not shown). After this
verification assay, we focused on strains belonging to the worldwide predominant
serotype O157:H7 and the emergent European serotype 026:H11. The two sets of strain
were analyzed separately (Fig. 3 and 4).

All STEC isolates, whatever their serogroups, harbored 6 or 7 bands on gel electro-
phoresis. For the assay with O157:H7 strains, we selected 21 unrelated E. coli O157:H7
strains. Among the 21 isolates, 14 MLVA types were identified, and all 0157 isolates
possessed 7 bands on gel electrophoresis (Fig. 3). The Hunter and Gaston index of
diversity (D) was 0.93 (95% Cl, 0.88 to 0.99).

After analyzing the O157 isolate collection, we focused on the 026:H11 serotype,
which is an emergent serotype of STEC in Europe. The aim of this assay was to evaluate
our MLVA method in epidemic settings. We selected 16 isolates, including 8 isolates
belonging to the same outbreak; the other 8 isolates were unrelated to the outbreak
(19). Nine MLVA types were identified (Fig. 4). The same profile was identified for the
eight isolates belonging to the outbreak (Fig. 4). The eight remaining strains unrelated
to the outbreak harbored different profiles which differed from each other by at least
one band (Fig. 4).

Comparison of PFGE and MLVA typing on 0157 STEC isolates. All the 21
0157:H7 E. coli isolates were also typed by the PFGE method by the Associated National
Reference Center for E. coli (aNRC-EC) for epidemiological purposes. According to the
criteria of Tenover et al,, 17 PFGE profiles were distinguished among the 21 O157:H7 E.
coli isolates, and 15 of the profiles were singletons (20). The remaining 2 clusters
consisted of two and four isolates, respectively. The Hunter and Gaston diversity index
(D) was 0.97 (95% Cl, 092 to 1.0), which is slightly higher than the one obtained by
MLVA. The adjusted Rand coefficient was 0.65, showing reasonable agreement be-
tween PFGE and MLVA typing, and the adjusted Wallace coefficient was 1.0, showing
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FIG 1 MLVA profiles of 8 reference E. coli strains, strains K-12 (GenBank accession number NC_010473),
IAI39 (GenBank accession number NC_011750), UMNO026 (GenBank accession number NC_011751),
0157:H7 EDL933 (GenBank accession number NC_002655), ED1a (GenBank accession number
NC_011745), 536 (GenBank accession number NC_008253), CFT073 (GenBank accession number
NC_004431), and S88 (GenBank accession number NC_011742). Lanes M, molecular weight marker
(100-bp DNA ladder). (A) In silico simulation of expected profiles based on whole-genome sequences. (B)
In vitro actual banding pattern results for the same reference strains.

that PFGE was predictive of MLVA, whereas this was more limited in the reverse
direction, with an adjusted Wallace coefficient of 0.483.

MLVA typing and Shigella isolates. To test our MLVA method on Shigella isolates,
we selected 27 isolates, including 22 Shigella sonnei isolates, 4 S. flexneri isolates, and
1 S. boydii isolate. Among the 22 S. sonnei strains, 5 strains were part of an outbreak in
a religious (Jewish) school. All isolates presented between 5 and 7 bands on gel
electrophoresis. Nineteen MLVA types were identified; of these, 15 were singletons, 2
were shared by 2 isolates, 1 corresponded to 3 isolates, and 1 was shared by 5 isolates
(Fig. 5). Some profiles differed by only one band with minimal molecular weight
variations. Furthermore, outbreak isolates from 5 children attending the same school
presented an identical MLVA type. All S. sonnei isolates were grouped in the same
cluster and apart from the S. boydii and S. flexneri isolates (Fig. 5).

MLVA typing and WGS. ExPEC strains, especially those belonging to ST clonal
complex 95 (STc95), are responsible for invasive diseases, such as meningitis (21). We
focused on serotype O1:K1, which belongs to STc95 and which is emergent among the
predominant K1 serogroup in France. To evaluate the discriminatory power within a
specific pathogenic clonal group, we used isolates previously characterized in a na-
tional study of unrelated neonatal meningitis cases (45). The 38 O1:K1 isolates had been
isolated from the cerebrospinal fluid of neonatal meningitis cases in France. Each profile
contained either 6 or 7 bands on gel electrophoresis. Fourteen MLVA types were
identified; these were composed of 5 singletons, 6 pairs of isolates presenting the same
profiles, 4 isolates presenting an identical profile, a group of 7 isolates harboring the
same profile, and a group of 10 isolates harboring the same profile (Fig. 6). The Hunter
and Gaston index of diversity (D) was calculated to be 0.89 (95% Cl, 0.83 to 0.95),
demonstrating a discriminatory capacity even in a highly clonal E. coli population. In
comparison, MLST distinguished only 5 different STs, all belonging to STc95. This
collection has been previously characterized by WGS, and the phylogeny was per-
formed based on 19,547 single nucleotide polymorphisms. The clusters obtained were
divided into subgroups as described by Gordon et al. (22). According to this method,
2 subgroups, namely, subgroups A and D, were obtained. Subgroup D was further
subdivided into 3 clusters: D-1, D-2, and D-3. The isolates clustered together by MLVA
typing in accordance with the WGS subgroups except for 3 D-1 isolates, which clustered
with isolates of subgroup A (Fig. 6). This resulted in a poor adjusted Rand coefficient
(AR = 0.10). The Wallace coefficient showed that MLVA can predict appropriately the
WGS subgroup (W = 0.57) but that WGS subgroups are poorly predictive of the MLVA
type (W = 0.06).

MLVA typing and E. coli ST131. To evaluate our method on the E. coli ST131 clonal
group disseminated worldwide, we used 38 strains from the study of Birgy et al.
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% Similarity Strain Phy;gﬁ;et'c ST sTe
g.f. B8 .2 8.8 F
ECOR23 A 51 none
: ECOR25 A 10 10
ECOR24 A 52 none
: ECOR26 B1 53 none
ECOR27 B1 53 none
: ECOR63 B2 80 568
ECOR®64 B2 81 14
! ECOR66 B1 83 none
L ECOR67 B1 84 none
! ECORT71 B1 88 23
1 ECOR72 B1 89 none
: ECOR68 B1 85 none
ECOR45 B1 66 none
: ECORS8 B1 75 none
ECOR69 B1 86 86
ECORS6 B2 73 73
ECOR57 B2 73 73
ECORS51 B2 72 405
ECORS52 B2 73 73
ECORS54 B2 73 73
K12 (1) A 98 10
K12 (2) A 98 10
K12 (3) A 98 10
K12 (4) A 9 10
K12 (6) A %8 10
K12(7) A 98 10
M K12 (8) A 9 10
K12 (9) A 9 10
ECOR®65 B2 82 none
ECOR42 E 62 none
ECOR10 A 43 10
ECOR43 AE 64 none
ECOR04 A 63 none
ECOR21 A 48 10
ECOR22 A 50 none
ECORO08 A 10 10
ECORO07 A 87 none
ECORO06 A 7 206
ECORO09 A 10 10
ECORO02 A 49 10
ECORS5 B2 74 73
ECOR46 D 67 none
ECORO05 A 10 10
ECOR31 E 57 350
ECOR17 A 47 none
ECOR19 A 48 10
ECOR®&1 B2 78 none
ECORO01 A 10 10
ECORO03 A 10 10
ECOR18 A 48 10
ECOR14 A 10 10
ECOR20 A 48 10
ECOR12 A 10 10
ECOR11 A 10 10
ECOR13 A 44 10
ECOR15 A 45 none
ECOR16 A 46 46
ECOR44 D 65 none
ECOR48 D 69 69
ECOR62 B2 79 none
ECOR47 D 68 none
ECOR38 D 62 none
ECOR41 D 62 none
ECOR49 D 70 none
ECOR70 B1 88 23
ECORS50 D 7 none
ECOR39 D 62 none
ECOR40 D 62 none
ECOR29 B1 55 155
ECOR30 B1 56 155
ECORS53 B2 12 12
ECORS59 B2 76 none
ECOR60 B2 12 12
ECOR32 B1 56 155
ECOR34 B1 58 155
ECOR33 B1 56 155
ECOR28 B1 54 none
ECOR37 E 61 1"
: ECOR35 D 59 59
: ECOR36 D 60 none

FIG 2 Dendrogram of the MLVA results for the E. coli reference (ECOR) collection and E. coli K-12. The
dendrogram was constructed by BioNumerics software using UPGMA and the Dice algorithm based on
the band profiles on the electrophoresis gel. E. coli K-12 was integrated into each electrophoresis gel. The

(Continued on next page)
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% Similarity Strain  Serogroup PtsgaE % Similarity Strain PtSSaE
A 32197 0157 R 33095 Q
32800 0157 O 32800 O
32733 0157  F 32464 L
32887 0157 T 32733 F
33223 0157 K 32197 R
32464 0157 L 32696 N
32616 0157  E 32508 M
32691 0157 D 32691 D
32617 0157  C 33223 K
32667 0157  C 32616 E
33095 0157  Q 32667 C
33007 0157 U 32617 C
33056 0157  V 32887 T
32508 0157 M 33056 vV
32696 0157 N 33007 U
32031 0157 & 32253 H
32717 0157 S IR VIEE 2070 8
33126 0157 S I s s
33068 0157 S R 2052 s
32079 0157 B T s s
32253 0157  H T L

FIG 3 Dendrogram of the MLVA (A) and PFGE (B) results for E. coli O157:H7 strains. The dendrograms were constructed by BioNumerics software using UPGMA
(A and B) and the Dice algorithm (A) based on the band profile on the electrophoresis gel. The PFGE profile was initially reported by aNRC-EC at the Robert
Debré Hospital. The PFGE types C, C', S, S”, and S"" are profiles differentiated by less than three bands and considered similar according to the criteria of Tenover
et al. (20). The dotted lines correspond to the 95% similarity cutoff.

analyzing the fecal carriage of ESBL-producing E. coli among French children (23).
Among these 38 strains, 29 belonged to the 025b serogroup and 9 belonged to the
016 serogroup. Fifteen profiles were identified; of these, 5 were singletons, 4 groups of
2 isolates each shared identical profiles, 4 clusters contained 3 isolates each, 1 cluster
contained 5 isolates, and 1 cluster contained 8 isolates (Fig. 7). The Hunter and Gaston
diversity index (D) was 0.92 (95% Cl, 0.88 to 0.96). The profiles included 7 bands for
92.1% (35/37) of the strains and 6 bands for 7.9% (3/38) of the strains. All the profiles
of the 025b subgroup harbored 7 bands. Moreover, 4 bands were identical in 97.4%
(37/38) of the strains. The phylogenetic tree was organized into 2 main clusters, except
for one isolate, named L49, which harbored an atypical profile. The profile patterns
differed from each other by 3 bands between the two groups. Typical profiles could be
established for the 025b and O16 subgroups.

Repeatability and stability of MLVA typing. Finally, to assess the stability of the
VNTR loci during laboratory subcultures, 7 strains, including ECOR48, considered a
hypermutator strain (24), were subcultured each day for 14 days and typed at the

FIG 2 Legend (Continued)

phylogenetic group and the ST (Warwick scheme) were reported by Clermont et al. (42), and the STc's
were obtained from http://pubmlst.org/bigsdb?b=pubmist_mlst_seqdef. The dotted line corresponds to
the 95% similarity cutoff.
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% Similarity Strain Serogroup
g g g8 &8
N ISP P EE—— |
I 9197 026

| 9300 026
| o051 026

| o134 o2
— | | | | st o026
_: d 11 32633 026
' | “J 1 or0s 026

41047 026

: | 41049 026
41050 026
i h 41051 026
41054 026
i 41057 026
41058 026
! 41059 026
1 41053 026

FIG 4 Dendrogram of the MLVA results for the E. coli 026 strain. The dendrogram was constructed by
BioNumerics software using UPGMA and the Dice algorithm based on the band profile on the electro-
phoresis gel. The dotted line corresponds to the 95% similarity cutoff. Strains 41047, 41049 to 41051,
41054, and 41057 to 41059 were part of an epidemic outbreak and are indicated by a black box. Strains
9051, 9134, 9197, 9300, 9708, and 9821 were unrelated 026 strains from the Statens Serum Institut,
Denmark (European External quality assessment STEC EQA-8 2017-2018).

beginning and at the 7th and 14th days of subculture. No repeat number variation was
observed during these passages at any of the 7 VNTR loci (data not shown).

DISCUSSION

In this study, we attempted to combine MLVA (which has the advantage of having
a high discriminatory power) with standard agarose electrophoresis of single-tube
multiplex PCR amplification products (which has the advantage of being fast and easy
to perform). With this aim, we definitively abandoned the idea of determining the exact
number of repeats for each VNTR analyzed. The results were analyzed in the same
manner as those of other DNA fragment-generating genotyping methods based on
either digestion (restriction fragment length polymorphism analysis, ribotyping, PFGE)
(25-27) or PCR (randomly amplified polymorphic DNA analysis, arbitrarily primed PCR,
enterobacterial repetitive intergenic consensus sequence-PCR, ribotyping PCR, REP-
PCR) (28-31), that is, a simple visual comparison of band profiles similar to barcodes.
The use of software like BioNumerics is in no case compulsory. If we did use this tool,
it was only to facilitate the analysis of large collections of strains and to draw a visual
representation of the genetic relationships among clonal groups through the use of
dendrograms. The aim of this study was to check if the MLVA method could be a
reliable screening tool for the identification of related/unrelated isolates.

This simplified MLVA assay designed for E. coli and Shigella typing is based on 6 loci
described previously and another locus that we named RDB1 (6-8). Its discriminatory
power and typing capacity were assessed on a large panel of strains responsible for
various biological and medical concerns: intestinal and extraintestinal infections, epi-
demic outbreaks, multidrug resistance, and commensalism.

Thus, we evaluated our method first on strains from the ECOR collection, which is
supposed to represent the global diversity of the species and which comprises both
pathogenic and commensal isolates of various origins in terms of host and geography
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% Similarity Strain Genus  Serovar
SHIGA26 Shigella sonnei
SHIGA4 Shigella sonnei
SHIGA8 Shigella sonnei
SHIGA21 Shigella sonnei
SHIGA11 Shigella sonnei
SHIGA7 Shigella sonnei
SHIGA27 Shigella sonnei
SHIGA12 Shigella sonnei
SHIGA16 Shigella sonnei
SHIGA3 Shigella sonnei
SHIGA2 Shigella sonnei
SHIGA13 Shigella sonnei
SHIGA9 Shigella sonnei
SHIGA20 Shigella sonnei
SHIGA25 Shigella sonnei
SHIGA22 Shigella sonnei
SHIGA23 Shigella sonnei
SHIGA24 Shigella sonnei
SHIGA14 Shigella sonnei
SHIGA18 Shigella sonnei
SHIGAS Shigella sonnei
SHIGA1 Shigella sonnei
SHIGA6 Shigella boydii
SHIGA10 Shigella flexneri
SHIGA15 Shigella flexneri
SHIGA19 Shigella flexneri
SHIGA17 Shigella flexneri

FIG 5 Dendrogram of the MLVA results for the Shigella isolates. The dendrogram was constructed by
BioNumerics software using UPGMA and the Dice algorithm based on the band profile on the electro-
phoresis gel. The dotted line corresponds to the 95% similarity cutoff. The black box indicates the
epidemic strains (SHIGA14, -22, -23, -24, -25) that were isolated from children attending the same school.

(17). The intestinal pathogens assayed were composed of Shigella and STEC strains that
belonged to different serotypes and that were isolated from both sporadic and
epidemic cases. For EXPEC strains, after having checked that reference strains repre-
senting major clonal groups produced different profiles, we specifically focused on an
emergent group of O1:K1 strains causing neonatal meningitis to evaluate the discrim-
inatory power of our method in a clone with restricted genetic diversity that we had
previously characterized by WGS (45). Finally, we confronted our method with the
worldwide emerging clonal group ST131 driving antimicrobial resistance in human
microbiota (4, 23).

The MLVA approach managed to type all E. coli and Shigella strains that were part
of this study; precisely, 76.5% (163/213), 18.3% (39/213), and 5.2% (11/213) of the
strains harbored 7 bands, 6 bands, and 5 bands in their gel electrophoresis profiles,
respectively. One or two of the seven loci of 23.5% (50/213) of the strains typed failed
to be amplified. This may have been due to the fact that the corresponding locus was
missing, that the VNTR was too long (>1,100 bp in the experiment with reference
strains) to be easily amplified, or that sequence divergence resulted in mispriming (32).
This uncertainty may reduce the discriminatory power and impedes determination of
which VNTRs are most discriminating for E. coli in general or for a given E. coli group.
However, among the 202 unrelated isolates, 136 different MLVA types were identified
with a Hunter and Gaston index of diversity (D) of 0.99 (18). This calculated D value is
considered highly discriminatory, even though highly clonal groups like ST131 E. coli or
STc95 E. coli were being investigated.

Lindstedt et al. have developed and validated an MLVA scheme for E. coli and
Shigella genotyping based on only seven VNTRs (7). This method, which is able to
genotype all intestinal pathogenic strains, was also validated on the reference ECOR
collection representative of E. coli species diversity. The use of 7 VNTR-specific PCRs
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. . STc 95
% Similarity Strain Serogroup ST STc subgroups
8.2 8.8 %
$308 o1 2619 95 A
S273 o1 2619 95 A
$269 o1 1568 95 A
S257 o1 95 95 A
S208 o1 95 95 D-1
S311 o1 95 95 D-1
$358 o1 95 95 D-1
S368 o1 95 95 D-1
$384 o1 95 95 D-1
$225 o1 NR 95 D-1
$340 o1 95 95 D-1
S221 o1 95 95 D-1
$377 o1 5484 95 D1
S158 o1 95 95 D-1
S386 o1 95 95 D-1
$247 o1 95 95 D-1
S369 o1 95 95 D-1
$255 o1 95 95 D-1
$136 o1 95 95 D-1
S166 o1 421 95 D-2
s227 o1 NR 95 D-2
S366 o1 421 95 D-2
$245 o1 421 95 D-3
S124 o1 421 95 D-2
S263 o1 95 95 D1
$365 o1 95 95 D1
S397 o1 95 95 D-1
S172 o1 95 95 D1
$260 o1 95 95 D1
$270 o1 95 95 D-1
S271 o1 95 95 D-1
$287 o1 95 95 D-1
$313 o1 95 95 D-1
S314 o1 95 95 D-1
S318 o1 95 95 D1
$328 o1 95 95 D1
$339 o1 NR 95 D-1
$229 o1 421 95 D-3

FIG 6 Dendrogram of the MLVA results for the E. coli O1:K1 isolates. The dendrogram was constructed by
BioNumerics software using UPGMA and the Dice algorithm based on the band profile on the electrophoresis gel.
The WGS subgroups were reported by Geslain et al. (45). The dotted line corresponds to the 95% similarity cutoff.
NR, not reported.

with fluorescent dyes and capillary electrophoresis permitted 63 genotypes to be
distinguished among the 72 ECOR strains. This method was improved by adding 3
additional VNTR loci to increase the discriminatory power for EXPEC and intestinal
pathogenic E. coli (InPEC) strain collections (14, 33). However, these results are similar
to the 66 genotypes that we distinguished among the isolates in the ECOR reference
collection with our simplified method (Fig. 2). None of the strains harboring an identical
profile had the same multilocus enzyme electrophoresis (MLEE) profiles (17), but each
of these clusters was composed of isolates belonging to the same phylogenetic group.
This finding (17) is in agreement with the findings of the study of Lindstedt et al. (7)
showing that the phylogenetic groups, based on MLEE data, are not very well con-
served by MLVA.

Keys et al. developed the first MLVA scheme for E. coli, focusing on Shiga-toxin
producing E. coli (STEC) isolates belonging to serotypes O157:H7 and O55:H7 (6). This
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% Similarity Strain  Serogroup ST
g g = g8 g 8

S ':' L111 025b 131

! L70 025b 131

E: L64 025b 131

: L136 025b 131

! L129 025b 131

. L35 025b 131

— L134 025b 131

L103 025b 131

L106 025b 131

L149 025b 131

L169 025b 131

L88 025b 131

L36 025b 131

L140 025b 131

L146 025b 131

L166 025b 131

L114 025b 131

L58 025b 131

L60 025b 131

L14 025b 131

L148 025b 131

. L155 025b 131

L31 025b 131

L25 025b 131

L102 025b 131

L173 025b 131

L175 025b 131

L176 025b 131

L89 025b 131

L168 016 131

L172 016 131

L150 016 131

L24 016 131

L39 016 131

L110 016 131

L162 016 131

L41 016 131

L49 016 131

FIG 7 Dendrogram of the MLVA results for the E. coli ST131 isolates. The dendrogram was constructed
by BioNumerics software using UPGMA and the Dice algorithm based on the band profile on the
electrophoresis gel. The dotted line corresponds to the 95% similarity cutoff.

scheme was based on an analysis of 30 VNTRs by 6 multiplex PCRs using fluorescent
dye-labeled primers with electrophoresis on polyacrylamide gels. The method proved
as discriminatory as PFGE. Nevertheless, our results for the STEC isolates, notably, for
serotype 0O157:H7, showed that some identical MLVA types exhibited several PFGE
profiles. The use of 7 VNTRs rather than 30 VNTRs may be the reason for the lower
discriminatory power. Also, our MLVA results showed only partial agreement with the
PFGE results, as reported in a previous study that used another MLVA scheme (33). The
Hunter and Gaston index of diversity obtained (D = 0.93) can be considered a high
discriminatory index value, especially in a clonal group such as serotype O157:H7. The
results from the PFGE typing showed that two groups of isolates exhibited similar
profiles according to the criteria of Tenover et al. (20). Interestingly, isolates within each
of the groups also shared the same MLVA profiles (Fig. 3). The index of diversity based
on PFGE data was 0.97, demonstrating a discriminatory power higher than that of MLVA
for this set of isolates.

The studies of both Lindstedt et al. (7) and Keys et al. (6) have shown that MLVA has
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an efficient discriminatory power for genotyping E. coli/Shigella isolates. Their drawback
was the requirement of fluorescent dyes and the need for sequencers to analyze the
results, thus limiting the diffusion of this genotyping method to other laboratories
devoid of these facilities.

Gorgé et al. have tried to make the MLVA method more accessible by use of simple
agarose gel electrophoresis of the amplification products without fluorescent dyes (8).
Their goal was to facilitate the genotyping of Shigella isolates using 15 VNTR-specific
PCRs. As VNTRs with a repeat size of >9 bases were chosen, standard electrophoresis
permitted the correct estimation of the number of repeats for each VNTR, and the
genotype was analyzed using the standard numerical code of MLVA. Although it is
simplified, this protocol has the drawback that each PCR must be performed indepen-
dently, thus requiring 15 different PCRs to genotype the strains. In that study, they
defined four main clusters, with one cluster including all S. sonnei isolates (8). Interest-
ingly, all S. sonnei strains analyzed in our study belonged to the same cluster exclusively
composed of these strains, since the five remaining strains, 4 S. flexneri strains and 1 S.
boydii strain, had completely different profiles (Fig. 5). Moreover, 5 isolates yielding the
same MLVA profile were isolated from 5 patients (Fig. 5), all of whom were schooled in
the same Jewish institution, corresponding to an outbreak phenomenon, as was
previously described for this community (34).

As shown by the results for the O1:K1 E. coli strains, the MLVA results showed
agreement with the WGS data. The MLVA method can predict approximately the
subgroup defined by WGS (22, 45). A study comparing WGS and MLVA in O157 E. coli
isolates showed concordances for identifying epidemiologically related isolates but
discordances in phylogenetic tree reconstruction for unrelated isolates (35).

Multiple MLVA profiles were also identified among the E. coli strains that exhibited
an identical ST. Notably, in the ST131 E. coli subset, the MLVA analysis yielded multiple
profiles organized into two main clusters: one corresponding to the 025b-ST131
isolates and the other corresponding to the O16-ST131 isolates (Fig. 7). Within the same
cluster, discrimination of the profiles would be difficult to see directly from the
electrophoresis gel unless both amplification products were loaded in contiguous wells
and visualized next to each other. In this study, the visualization of the differences
between the profiles was facilitated by the use of BioNumerics software. The identifi-
cation of the ST131 clone can be determined by standard MLST, which requires Sanger
sequencing; by multiplex PCR assay; and by high-resolution melting analysis (36-38).
Besides showing a higher discriminatory power than MLST, MLVA could determine the
serogroup of an ST131 E. coli strain. Indeed, when all the strains of this study (except
01:K1 isolates) were assembled in the same dendrogram, a cluster including exclusively
the ST131 E. coli isolates was present (see Fig. ST in the supplemental material).
Moreover, inside this cluster, the 025b-ST131 and O16-ST131 isolates were separated
into 2 distinct groups (Fig. 7; Fig. S1). These results confirm that our MLVA method can
identify the ST131 clone and classify strains according to their serogroup.

Concerning the reproducibility of the method, the VNTRs appeared to be stable in
our study. No change was observed among the eight strains from the 026 STEC
outbreak or from those from the Shigella outbreak, indicating that genetic occurrence
due to passaging through hosts has no impact on the genotype of the strain (Fig. 4).
No change also occurred in the subculturing experiment that we conducted, even in
the hypermutator ECOR48 strain (data not shown).

In conclusion, the simplified MLVA method developed in the study described here
has multiple advantages. First, this technique was able to type all the strains used in this
study. We recommend a cutoff of a minimum of 5 VNTRs by profile to accept strain
typing, as used by Lindstedt et al. (7). The discriminatory power calculated for different
sets of E. coli and Shigella strains has shown that this method can even distinguish
isolates belonging to the same clonal complex (i.e., ST131 E. coli and O1:K1 STc95 E. coli
isolates). MLVA necessitates a small amount of bacteria and standard molecular biology
equipment, and analysis of profiles can be done by visualization of the band pattern
directly from the gel used for electrophoresis. The results can be achieved within a day
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(~4 h), which is faster than PFGE or WGS, and the cost of typing per strain (<$3) is
lower than that by sequencing methods. These settings are suitable for use in all
molecular biology-equipped laboratories.

The reliability and easiness of this method make it fit to a wide range of applications:
rapid investigation of outbreaks, analysis of the diversity of an E. coli population in a
microbiota, and identification of major clonal groups. It also proved a useful tool in our
labs to easily distinguish transconjugants and mutants in conjugation experiments.

Nevertheless, in the E. coli O157:H7 set, PFGE showed a higher discriminatory power
than MLVA. This finding may result in a false-positive signal suggestive of an outbreak.
During utilization of the assay, we recommend that profiles presenting a similar band
pattern be controlled by performing other highly discriminatory techniques, such as
PFGE or WGS, to assess the similarity of strains.

MATERIALS AND METHODS

Bacterial isolates. A total of 220 isolates were included in this study. Eight reference E. coli strains
whose whole genomes had been sequenced, strains K-12 (GenBank accession number NC_010473), IAI39
(GenBank accession number NC_011750), UMNO026 (GenBank accession number NC_011751), O157:H7
EDL933 (GenBank accession number NC_002655), ED1a (GenBank accession number NC_011745), 536
(GenBank accession number NC_008253), CFT073 (GenBank accession number NC_004431), and S88
(GenBank accession number NC_011742), were used for in silico design and in vitro validation of the
primers. E. coli strain K-12 was also used for quality control. The 72 strains of the ECOR collection were
obtained from a previous study (39). Thirty-eight E. coli O1:K1 isolates that belonged to ST clonal complex
95 (STc95) and that were responsible for neonatal meningitis, including 38 isolates previously charac-
terized in a study described elsewhere (45), were selected. Thirty-seven STEC isolates belonging to
serogroup O157:H7 (n = 21) or 026:H11 (n = 16) were included; all of these isolates were from France,
except for strains 9051, 9134, 9197, 9300, 9708, and 9821, which were unrelated 026 strains from the
Statens Serum Institut, Denmark (European External quality assessment STEC EQA-8 2017-2018). These
strains were not associated with a known outbreak, with the exception of eight 026 isolates from a child
care facility outbreak occurring in southern France. Twenty-seven Shigella isolates were obtained from
the strain collection of the Associated National Reference Center for E. coli (aNRC-EC) at the Robert Debré
Hospital and the strain collection of the National Reference Center for Shigella (Institut Pasteur). The
majority of these were sporadic isolates (n = 22), with five strains being associated with an outbreak at
a single school. Thirty-eight unrelated E. coli ST131 isolates from the feces of healthy infants were
described in a previous study (23).

Extraction of DNA. The bacterial strains were grown overnight at 35°C on Trypticase soy agar (TSA).
A 1-pl loopful of bacteria was suspended in 1 ml of sterile distilled water and boiled for 15 min at 100°C.
The suspension was centrifuged at 3,500 rpm for 3 min. The supernatant was directly used in the PCRs.

VNTR. The available genome sequences of reference E. coli strains K-12 (a commensal isolate,
GenBank accession number NC_010473), CFT073 (a pyelonephritis isolate, GenBank accession number
NC_004431), S88 (a meningitis isolate, GenBank accession number NC_011742), APECO1 (an avian
pathogenic isolate, GenBank accession number NC_008563), UTI89 (a cystitis isolate, GenBank accession
number NC_007946), and EDL933 and Sakai (both 0157:H7 STEC strains, GenBank accession numbers
NC_002655 and NC_002695, respectively) were used to search for VNTRs of interest among those
previously published in the studies of Gorgé et al. (8), Lindstedt et al. (7), and Keys et al. (6), and VNTRs
were identified using the research tool http://minisatellites.u-psud.fr (40). Each VNTR locus was selected
(i) on the basis of its variability of repeats among the reference genomes and (ii) to have a weight range
compatible with the weight ranges of the other VNTRs. A set of seven VNTRs was used for this study. Six
VNTRs were previously described; notably, two were characterized by Gorgé et al. (8), three were from
the study of Lindstedt et al. (7), and one was described by Keys et al. (6). In order to allow a correct
visualization by maximizing the discrimination of the 7 bands on gel electrophoresis after amplification,
we designed new primers for each VNTR locus using alignments of flanking sequences in E. coli reference
genomes and the Primer3 software, available online (41). All the primers were selected so that the weight
ranges allow a repartition of bands and minimize the risk of superposition on the electrophoresis gels.
The main characteristics of the 7 selected VNTR loci are presented in Table 1.

MLVA typing. All 7 VNTR regions were amplified by a single-tube multiplex PCR in a 50-ul volume
using a Qiagen multiplex PCR kit (Qiagen, Valencia, CA) with Q solution, 5 ul of DNA extract (boiling lysis),
and all primers at the concentrations indicated in Table 1. The PCR run conditions included a denatur-
ation step of 95°C for 15 min, followed by 30 cycles of denaturation at 94°C for 30 s, elongation at 55°C
for 90 s, and an extension step of 72°C for 90 s. A final extension of 72°C for 10 min was performed. The
concentrations of the primers were adjusted to obtain the same intensities for all fragments on gel
electrophoresis. Electrophoresis was performed in an ethidium bromide-stained 3% standard agarose gel
for 75 min at 100 V. Each gel was flanked by two lanes loaded with a GeneRuler 100-bp DNA ladder
(Thermo Scientific, Villebon-sur-Yvette, France) for normalization.

Stability of MLVA alleles. Seven strains were subcultured on TSA plates 14 times over a period of
14 days. Every day, a colony was taken and streaked onto the next TSA plate. On the first day, the seventh
day, and the last day, DNA from a bacterial sweep was extracted (see “Extraction of DNA” above) and
subjected to the MLVA assay.
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Phylogrouping, MLST, PFGE, and WGS. The phylogrouping and MLST of the ECOR collection have

been described elsewhere (42). PFGE analysis of Xbal-restricted total DNA of the isolates was performed
according to a standardized protocol by the aNRC-EC at the Robert Debré Hospital (25). WGS of the 38
01:K1 isolates was performed by the Illumina next-generation sequencing method (45).

Data analysis. The PCR products obtained were subjected to agarose gel electrophoresis. The

fingerprints of the PCR fragments were visualized using a Gel Doc 2000 system (Bio-Rad, Marnes-la-
Coquette, France), and a TIFF image file of the gel used for electrophoresis was saved using QuantityOne
software (Bio-Rad, Marnes-la-Coquette, France). In order to compare the fingerprints from different
migrations, gel images were then loaded into a BioNumerics database (Applied Maths, Sint-Martens
Latem, Belgium). The two molecular weight markers included in each gel (100-bp DNA ladder) enabled
normalization between different migrations. The MLVA patterns were compared by use of a tolerance
parameter of 1% and an optimization parameter of 0.5%. Dendrogram analysis by the unweighted pair
group method using average linkages (UPGMA) and by use of the pairwise Dice similarity coefficient was
performed with BioNumerics software (Applied Maths, Sint-Martens Latem, Belgium). Two profiles were
considered identical when they displayed the same banding pattern (corresponding to >95% of
similarity on the dendrograms). Discriminatory power was quantified by the Hunter and Gaston diversity
index derived from Simpson’s index of diversity (D) (18). The concordance between typing methods was
assessed by use of the adjusted Rand (AR) and Wallace (W) coefficients (43, 44). Statistical analysis
(adjusted Rand and Wallace coefficients) was performed using the online tool of the Instituto de
Medicina Molecular of the University of Lisbon (http://www.comparingpartitions.info/).
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