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In this study, we developed a new rapid, economic, and automated microarray-based genotyping test for the standardized sub-
typing of Shiga toxins 1 and 2 of Escherichia coli. The microarrays from Alere Technologies can be used in two different formats,
the ArrayTube and the ArrayStrip (which enables high-throughput testing in a 96-well format). One microarray chip harbors

all the gene sequences necessary to distinguish between all Stx subtypes, facilitating the identification of single and multiple sub-
types within a single isolate in one experiment. Specific software was developed to automatically analyze all data obtained from
the microarray. The assay was validated with 21 Shiga toxin-producing E. coli (STEC) reference strains that were previously
tested by the complete set of conventional subtyping PCRs. The microarray results showed 100% concordance with the PCR re-

sults. Essentially identical results were detected when the standard DNA extraction method was replaced by a time-saving heat
lysis protocol. For further validation of the microarray, we identified the Stx subtypes or combinations of the subtypes in 446
STEC field isolates of human and animal origin. In summary, this oligonucleotide array represents an excellent diagnostic tool
that provides some advantages over standard PCR-based subtyping. The number of the spotted probes on the microarrays can
be increased by additional probes, such as for novel alleles, species markers, or resistance genes, should the need arise.

higa toxin-producing Escherichia coli (STEC) organisms are an

important causative agent of diarrhea, hemorrhagic colitis
(HC), and hemolytic-uremic syndrome (HUS), and they are the
most common cause of acute renal failure in children (1-5). Clin-
ical STEC isolates that resemble (with regard to clinical, epidemi-
ological, and pathogenetic characteristics) the prototype strain E.
coli O157:H7 are also designated enterohemorrhagic E. coli
(EHEC) (6). EHEC O157:H7 is one of the predominant STEC
serovars responsible for several food-transmitted outbreaks and
epidemics all over the world (7, 8). However, non-O157 STEC
serogroups, such as 026, 0103, O111, and 0145, contribute sig-
nificantly to cases of HC and HUS (4). In early summer 2011, a
massive outbreak in Germany caused by a hitherto rare EHEC
serotype O104:H4 (9-12) was reported. This outbreak led to
>3,800 known cases, including 855 patients with HUS and 53
deaths (13), and it was the largest outbreak of HUS in recorded
history. The most likely source for the outbreak was contaminated
fenugreek sprouts (9).

Major virulence factors of STEC that contribute to pathogen-
esis include the phage-encoded Shiga toxins (Stx), also known as
Vero toxin or verocytotoxins (VT). The Stx toxins are typical ABs
toxins with an operon structure (i.e., the StxA subunit is immedi-
ately upstream of the StxB subunit, with a short intergenic se-
quence). The enzymatic N-glycosidase activity of the StxA subunit
is responsible for the cytotoxicity by cleavage of adenine residues
in the rRNA of host cell ribosomes, causing the inhibition of pro-
tein biosynthesis and cell death (14, 15). The five StxB subunits are
able to bind to specific glycolipid receptors. Shiga toxins show a
remarkable degree of sequence variation. Within the Stx family,
two major types are distinguished based on their antigenic differ-
ences: Stx1, which is nearly identical to Stx from Shigella dysente-
riae type 1, and Stx2. The Stx1 and Stx2 alleles do not display
DNA-DNA cross hybridization under conditions of high strin-
gency. In the past, many subtypes and toxin variants have been
described in either branch. Several authors (16—18) have shown
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that some subtypes or variants of Stx2 appear to be clearly associ-
ated with serious sequelae of EHEC infection, namely, with HC or
HUS, while other subtypes or variants of Stx1 and Stx2 are mainly
associated with a milder course of disease. Nevertheless, a previ-
ous lack of uniform guidelines for defining and naming subtypes
and the significant diversity among sequences within the main
families has caused much confusion (19). Consistent nomencla-
ture and subtyping strategies are essential for surveillance and for
predicting the risks associated with particular STEC infections.
Scheutz et al. (19) developed a molecular protocol for the detec-
tion and subtyping of both Stx1 and Stx2 using a set of defined
PCRs and created a standardized nomenclature for the Shiga tox-
ins and their subtypes. Thus, Stx1 is divided into three subtypes,
Stxla, Stxlc, and Stx1d. The more heterogeneous Stx2 is grouped
into seven subtypes, designated Stx2a, Stx2b, Stx2c, Stx2d, Stx2e,
Stx2f, and Stx2g (19).

The aim of the study was to develop a new, rapid, economic,
and automated microarray-based genotyping test for standard-
ized subtyping of Shiga toxins 1 and 2 of E. coli, based on the
nomenclature described by Scheutz et al. (19). The primers and
probes were designed and processed by biomathematical meth-
ods. The microarray was established based on the ArrayStrip for-
mat by Alere Technologies GmbH (Jena, Germany), which allows
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Microarray-Based DNA Subtyping Assay for Stx1 and Stx2

TABLE 1 Comparison of the results of the PCR described by Scheutz et al. (19) and the microarray results of selected reference strains

Results of PCR for stx, Results of PCR for stx,
Reference strain Results of microarray Stxla Stxlc Stx1d Stx2a Stx2b Stx2c¢ Stx2d Stx2e Stx2f Stx2g
CB168_120310" Stxla + — — - — — - — _
PT199_120310" Stxlc - + — - — — — — —_
DSM15856" Stx1d - - - - - - - - -
EDL933 (ATCC 700927)° Stxla, Stx2a + - + - - — — — _
1760/98 (0129:H-)° Stxla, Stx2b + - - + - _ _ _ _
WH-01/26/021-57 Stxla, Stx2c + - - - + - - _ _
DD_1380/99_156_#311°¢ Stxla, Stx2d + - — - — + - — _
12 (0128:H2)° Stxlc, Stx2b - + - + - _ _ _ _
13 (O172:H-)¢ Stx1a, Stx2a, Stx2c + — + — + — — _ _
17 (O8:H20)°¢ Stx1a, Stx2a, Stx2d + - + — — + _ _ _
CB5805“ Stx2a — - + — — — — — _
20 (O146:H28)° Stx2b - - — + — — — — —
02_23877 (0157) Stx2c - - - - + - _ _ _
CB12533° Stx2d - - - - - + - - _
11 (O101:H-)¢ Stx2e - - — — — — + _ _
T4-97¢ Stf - - - - - - _ " _
7VE Stx2g — - - — — — — — +
01_23209 (0157) Stx2a, Stx2c - - + - + - _ _ _
45_28154 (0174) Stx2a, Stx2d - - + - — + _ _ _
43 (0O116:H-)° Stx2a, Stx2g — — + — — — — _ +
21 (02:H29)¢ Stx2b, Stx2c - - — + + — — _ _
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high-throughput tests in a 96-well format as well as fully auto-
mated microarray imaging analysis and Stx subgroup assignment.
Moreover, the test protocol was optimized. Subsequently, we ver-
ified the performance of the microarray by testing STEC reference
and field strains of human and animal origin.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and genomic DNA extraction. The
microarray was validated with a set of 21 reference strains from 7 different
reference laboratories that were previously tested by the complete set of
conventional subtyping PCRs described by Scheutz et al. (19) (Table 1).
Additionally, 446 STEC strains of human and animal origin were analyzed
to determine their Stx subtype using the newly developed test.

The strains were cultivated on tryptone yeast agar or blood agar (VWR
International GmbH, Darmstadt, Germany). A full 1-ulloop (diameter, 1
mm) of the clonal colony material of each strain was picked from solid
medium, resuspended in 200 pl lysis reagents (lysis enhancer A2 dissolved
in 200 pl lysis buffer A1; Alere Technologies GmbH, Jena, Germany), and
incubated for 30 to 60 min at 37°C and 550 rpm in a thermomixing device
(Eppendorf GmbH, Hamburg, Germany). RNA-free unfragmented
genomic DNA was extracted with the Qiagen DNeasy blood and tissue kit
(Qiagen GmbH, Hilden, Germany), according to the manufacturer’s in-
structions. The DNA concentration was determined spectrophotometri-
cally at 260 nm and finally analyzed for fragmentation by use of electro-
phoresis in a 1% nondenaturing agarose gel.

Heat lysis protocol for DNA extraction. In order to reduce costs and
save time, a fast and robust heat lysis protocol was developed. Fifty mi-
croliters of molecular-grade water was used to homogenize a loop full
(1-pl loop size) of fresh clonal bacterial culture directly harvested from a
tryptone yeast agar or blood agar plate (VWR International GmbH,
Darmstadt, Germany). The mixture was heated in an Eppendorf Safe-
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Lock Tube for 15 min at 99°C in an Eppendorf ThermoShaker (Eppen-
dorf, Hamburg, Germany). After centrifugation (for 5 min at 16,000 X g),
25 pl supernatant was used for subsequent RNase A treatment (for 5 min
at 37°C), with a final concentration of 200 g/l RNase (Qiagen GmbH,
Hilden, Germany). Five microliters of recovered genomic DNA was used
directly for the internal biotin-labeling procedure and subsequently for
hybridization.

Multiplex linear DNA amplification and labeling. For multiplex lin-
ear DNA amplification, a set of 46 primers was used. The primers are
shown in Table 2. These oligonucleotides are located in a nonoverlapping
but as close as possible fashion on the complementary strand, upstream of
the position of the oligonucleotide probe with which it is covalently cou-
pled on the microarray. For labeling and biotinylation of the genomic
DNA, a site-specific labeling approach was used (20) (see Fig. S1 in the
supplemental material). The primer elongation reaction was performed
using the primer mixture, the HybPlus kit (Alere Technologies, Jena, Ger-
many), and 0.5 to 1.5 pug unfragmented RNA-free genomic DNA of the E.
coli isolates, according to the manufacturer’s instructions. The reaction
was started with a denaturation step (for 5 min at 96°C). Next, 50 cycles of
60sat 96°C, 20 s at 50°C, and 40 s at 72°C were performed. The sample was
finally cooled down to 4°C.

Hybridization of the ArrayStrips. The ArrayStrips were manufac-
tured using the probes listed in Table 3. For hybridization, the HybPlus kit
was used with an adapted and optimized protocol. Each ArrayStrip was
initially washed with 200 pl double-distilled water and then with 150 pl of
buffer C1 using a thermomixing device, the BioShake iQ (QInstruments
GmbH, Jena, Germany) or the Eppendorf ThermoShaker (Eppendorf
GmbH, Hamburg, Germany), for 5 min each at 50°C and 550 rpm. For the
hybridization, 10 .l labeled amplification product and 90 wl buffer C1
were mixed, transferred into the ArrayStrip, and incubated for 60 min at
50°C and 550 rpm. The sample was then removed from the tube, and the
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TABLE 2 Primers for internal labeling with biotin-dUTP

TABLE 3 Probes spotted on the microarray

GenBank accession no. (defined

GenBank accession no. (defined

Primer DNA sequence positions within Probe DNA sequence positions within the
no. Primer name Species the reference sequences) no. Probe name Species reference sequences)
1 gad_11 Escherichia coli AAJT02000001.1 1 gad_10 E. coli U00039.1 (81049-81071-1)
(76948-76969-1) 2 hp_basC-391 A. baumannii CU459141.1 (1165074-1165104-1)
2 ipaH9.8_21 E. coli AAKB02000001.1 3 hp_basC-392 A. baumannii AY571146.1 (7569-7596-1)
(5059278-5059295-r) 4 hp_cfa-491 C. freundii ANAV01000025.1 (15036-15062-r)
3 lacY_04 E. coli AA(I\IAZKS(;ZS(A)IOT;;?;O : 5 hp_cfa-492 C. freundii CACDO01000086.1 (28997-29021-r)
_ o .
4 Ib_basC_721 Acinetobacter ACYR02000085.1 (5172-5192) 5 EE::EZE::E E EZZ Szgiii E;gég;_;g;g;
s b basC. 720 N iZZ:ZZ:Z ABXKOL000012.1 8 hp_ecfX-231 P. aeruginosa FM209186.1 (4293685-4293709-1)
- - ’ (117503—117'524—1') 9 hp_ecfX-232 P. ueruginascALA FM209186.1 (4293251-4293276-1)
6 Ib_cfa_741 Citrobacter freundii ~ ANAV01000025.1 10 hp_efp-321 A. baumannii CP003856.1 (3111621-3111648-r)
(14988-15008) 11 hp_efp-323 A baumannii  AMST01000070.1 (255118-255148)
7 Ib_cfa_742 C. freundii U09771.1 (65-84-1) 12 hp_kheS11 K. pneumoniae  JH930438.1 (5083526-5083553-1)
8 Ib_dnaE_651_rv  E. coli AAJW02000003.1 13 hp_lacY_04 E. coli X56095.1 (1348-1373-r)
9 b dnaF 652 rv E coli Mﬁﬁgg&ggéﬁf) 14 hp_pld-281 A. baumannii CU459141.1 (515551-515582-1)
- — = . (8271—8287—r)' 15 hp_pld-282 A.A bqumannilj CU459141.1 (515134-515164-1)
10 Ib_ecfX_371 Pseudomonas DQ996551.1 (44-60-) 16 hp_rrs_611 Vlb?‘l(? splendidus  FM954972.2 (3252371-3252397-1)
aeruginosa 17 hp_rrs_612 E. coli U18997.1 (209197-209222-1)
18 hp_stx1_g10n01 E. coli AY170851.1 (229-253)
1 Ib_ecfX_372 P. aeruginosa DQ996551.1 (511-527-1) 19 hp_stx1_g20n02 E. coli CP001925.1 (2853382-2853407-r)
12 Tb_efp_301 A baumannii CU468230.2 20 hp_stx1_g30n03 E. coli 736901.1 (968-994)
. (1055312-1055330-r) 21 hp_stx1_g30n04 E. coli AE005174.2 (2996142-2996166-r)
13 Ib_efp_302 A- baumannii Ah/({gg;)llé);)ogé)ﬁ) 6-1) 22 hp_stxl_g40n06 E. coli AY170851.1 (927-956)
14 Ib_khe_431 Klebsiella AF293352.1 (323-343-1) 23 hp_stxl_g40n07 E. col AB083044.1 (922-945)
preumoniae 24 hp_stx1_g40n08 E. coli 736901.1 (1078-1100)
15 Ib_pld_381 A, baumannii CP000863.1 25 hp_stx2_g11n01 E. coli AY286000.1 (371-397)
(3397120-3397142-1) 26 hp_stxz_g] 1n02 E. coli FN182286.1 (181-207)
16 1b_pld_382 A. baumannii CP000521.1 27 hp_stx2_gl2n01 E. coli AY286000.1 (383-411)
(3478048-3478071-r) 28 hp_stx2_g12n02 E. coli AJ313016.1 (425-451)
17 Ib_rrs_651 E. coli U70214.1 (55203-55222-1) 29 hp_stx2_g21n01 E. coli AB472687.1 (417-437)
18 Ib_stx1_gl0n52 E. coli AY170851.1 (274-294-1) 30 hp_stx2_g23n03 E. coli AB472687.1 (495-517)
19 Ib_stx1_g20n51 E. coli AM230663.1 (566—584-1) i
20 Ib_stx1_g30n53 E. coli 736901.1 (996-1014-r) 31 hp;ztz";f;‘;;‘oslg neu E. coli X61283.1 (1094-1124)
21 Ib_stx]_g30n54 E. coli AM230663.1 (962-980-1) 32 hp;ztz’(;f;;; OFZIE E. col L11079.1 (1104-1138)
22 Ib_stx1_g30n55 E. coli AY170851.1 (851-869-r) 33 hp_stx2_g44n01_ E coli X61283.1 (1109-1137)
23 Ib_stx1_g40n56 E. coli 736901.1 (1128-1152-) 2297 E
24 Ib_stx1_g40n57 E. coli AM230663.1 (1093-1114-1) 34 hp_stx2_gd4n03_ E. coli CP003301.1 (3342104-3342130-1)
25 Ib_stx1_g40n58 E. coli AY170851.1 (988-1011-1) 22297 K
26 Ib_stx1_g50n59 E. coli AM230663.1 (1150-1169-1) 35 hp_stx2_gd4n04 E. coli X81418.1 (948-977)
27 Ib_stx2_g11n01 E. coli FM998838.1 (230-250-1) 36 hp_stx2_g44n05 E. coli AY286000.1 (1141-1167)
28 Ib_stx2_g11n02 E. coli AB048236.1 (222-241-1) 37 hp_stx2_gd6n01 E. coli M29153.1 (1254-1279)
29 Ib_stx2_g21n01 E. coli AB472687.1 (468-488-1) 38 hp_stx2_g51n04_ E. coli EF441605.1 (1060-1090)
30 Ib_stx2_g22n01 E. coli FM998851.1 (471-491-1) aa34-36
39 hp_stx2_g51n05_ E. coli AB472687.1 (1061-1093)
31 Ib_stx2_g23n01 E. coli AB472687.1 (523-541-1) aa34-36
32 Ib_stx2_g23n02 E. coli AY443052.1 (659-678-1) 40 hp_stx2_g51n06_ E. coli M29153.1 (1315-1346)
33 Ib_stx2_g44n01 E. coli AY443052.1 (1101-1124-1) aa34-36
34 Ib_stx2_g44n02 E. coli L11078.1 (1156-1179-r) " hp_stx2_g51n07_ E coli 237725.1 (1237-1267)
35 Ib_stx2_g46n01 E. coli AB472687.1 (1030-1047-1) 2334-36
36 Ib_stx2_g51n01 E. coli AY443052.1 (1235-1250-1) 0 hp_stx2_g51n08_ E coli EF441618.1 (1064-1092)
37 Ib_stx2_g51n02 E. coli L11078.1 (1288-1304-1) 2a34-36
38 lbfstx27g51n03 E. coli FM998838.1 (1111-1129-1) 43 hp_stxZ_gSlnll_ E. coli X65949.1 (1632-1661)
39 Ib_stx2_g63n01 E. coli AY443052.1 (1331-1349-r) 2a34-36
40 1b-2156-manC Salmonella enterica ~ AE014613.1 (857318-857336-r) 44 hp_stx2_g63n03 E. coli X65949.1 (1748-1775)
45 hp_stxA2_611 E. coli M29153.1 (670-692)
41 1b-2278-galF S. enterica AM933173.1 46 hp_stxA2_613 E. coli M29153.1 (747-770)
(2174904-2174924) 47 hp_stxA2_616 E. coli X81418.1 (198-225)
42 1b-2291-invA S. enterica CP000880.1 (74624—74646-1) 48 hp_stxA2_617 E. coli GU244510.1 (198-224)
43 1b-3317-invA Salmonella bongori FR877557.1 (2759648-2759674) 49 hp-3165-manC S. enterica FQ312003.1 (2186375-2186399-1)
44 Ib-3319-invA S. eﬂlfefifﬂ gPOOOSSO'l (74907-74932-1) 50 hp-3300-galF S. enterica FQ312003.1 (2176996-2177023-1)
45 rim_gapA_651_rv  E. coli U928164.2
PR (1341195-1341215-r) 51 hp-3314-invA S. bongori FR877557.1 (2759714-2759739-1)
46 prim_ihfA_651_rv  E. coli CU928164.2 52 hp-3315-invA S. enterica CP000880.1 (74841-74867)
(1407630-1407654-r) 53 hp-3316-invA S. bongori FR877557.1 (2759962-2759995-r)
54 ipaH9.8_20 Shigella flexneri ~ M76445.1 (1148-1170)
55 prob_gapA_611 E. coli X02662.1 (495-523-1)
56 prob_ihfA_611 E. coli U00096.3 (1795548-1795575-1)
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array was washed twice with buffer C2 for 10 min on a shaker at 550 rpm.
With the BioShake iQ, washing was performed at 40°C, while for the
Eppendorf ThermoShaker, a washing temperature of 45°C was used. Af-
terwards, 100 wl conjugate solution (1 wl C3 horseradish peroxidase
[HRP] conjugate plus 99 wl C4 conjugation buffer) was added and incu-
bated for 10 min at 30°C and 550 rpm, followed by a washing step with 200
wl buffer C5 for 5 min at 30°C and 550 rpm. The ArrayStrip was then
stained with 100 pl substrate solution D1 (at 25°C for 10 min, with no
agitation). After complete removal of the liquid, the microarrays were
photographed using the ArrayMate instrument (Alere Technologies
GmbH, Jena, Germany) and automatically analyzed with an assay-specific
software script (see Fig. S1 in the supplemental material). The hybridiza-
tion signals were processed using the IconoClust software version 3.2r1.
All spots were recognized and subsequently normalized automatically by
the software according to the equation NI = 1 — (M/BG), where NI is the
normalized intensity, M is the average intensity of the automatically rec-
ognized spot, and BG is the intensity of the local background (21-23). The
output range of the signals was from 0 to 1, with 0 being negative and 1
being the maximum possible signal value. Resulting values of <0.1 were
considered to be negative and >0.3 to be positive. Values between 0.1 and
0.3 were considered inconclusive. The calculated data were combined in a
gray value table for all probes. Finally, an HTML report is provided by the
ArrayMate instrument (see Fig. S1 in the supplemental material), giving
information on the presence of stx genes and the affiliation to one of the
more common species.

RESULTS

Target gene selection and assay design. We have constructed
multisequence alignments of the DNA sequences derived from the
62 reference isolates, as defined by Scheutz et al. (19). The se-
quences were clustered into groups corresponding to the sub-
types. The exceptions were Stx2a, Stx2¢, and Stx2d, which fell into
a single group named Stx2acd in our study. Next, we identified
sites that are highly conserved within a given group but that are
divergent from those in other groups. We placed hybridization
probes onto these characteristic sites. The length of the probes in
the initial design varied between 25 and 30 nucleotides in order to
have probes with very similar melting temperature (7T,,) values.
T, values were calculated applying the method of SantaLucia (24).
The biological activities of mature Stx complexes encoded by gene
sequences of the Stx2acd group differ widely, and Scheutz et al.
(19) have related this to the amino acid constitution at two sites,
the StxA activatable tail and the END motif within StxB (see Table
S2 in the supplemental material). In order to discriminate sub-
types Stx2a, Stx2¢, and Stx2d, we have further constructed a set
of probes to detect single nucleotide polymorphisms at these
two sites. Our search for conserved sites has also revealed that
GenBank accession no. AM904726.1, classified as Stx2e by
Scheutz et al. (19), is in fact a chimera between six,. (5" end,
nucleotide positions 1 to 400) and stx,, (3" end, nucleotide posi-
tions 400 to 1242). Instead of assigning it to subtype Stx2e, we
designated it by an additional subtype Stx2exa, with X’ being a
mnemonic for its chimeric character. Another notable finding is
that the 3’ end (nucleotide positions 1050 to 1240) of regular stx,,
is identical to that of stx,. Thus, either stx,. or stx,, originated
from a recombination event.

The DNA microarray was manufactured using 56 probes. Each
probe was spotted in triplicate. A staining control (a biotinylated
marker), specific controls for the family Enterobacteriaceae (hp_
dnaE_613, prob_gapA_611, and prob_ihfA_611), genus-specific
probes for Citrobacter (hp_cfa-491 and hp_cfa-492), Salmonella
(hp-3314-invA, hp-3315-invA, and hp-3316-invA), Shigella
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(ipaH9.8_20), and species-specific probes for Acinetobacter bau-
mannii (hp_basC-391, hp_basC-392, hp_efp-321, hp_efp-323,
hp_pld-281, and hp_pld-282), Klebsiella pneumoniae (hp_khe-
511), Pseudomonas aeruginosa (hp_ecfX-231 and hp_ecfX-232),
as well as a species control for E. coli (gad_10 and hp_dnaE_612)
completed the array. DNA-free spotting buffer was used as the
negative control.

A probe-matching matrix was used to construct theoretical
hybridization patterns of the fully sequenced strains listed in
the NCBI database (GenBank accession no. Z36900, Z36901.1,
AY170851, EF441578, AB048224, AF291819, X61283, AJ313016,
M29153, and AY286000). The definition of the theoretical signal
intensity was 0.9 for a perfect match, 0.6 for 1 mismatch, 0.3 for
2 mismatches, =0.1 for 3 mismatches, and no signal for more
mismatches. For each of these sequenced strains, at least one
reference strain was used to assign the expected pattern with the
pattern of the real hybridization experiments (Fig. 1). The final
hybridization protocols for the BioShake iQ and the Eppendorf
ThermoShaker were optimized by a comparison of the theoretical
and real hybridization patterns at different hybridization temper-
atures (40°C to 50°C) and washing temperatures (40°C to 45°C).

Development of a specific software. To automatically analyze
all data obtained from the microarray, a software tool was compiled
in which specific probes for different Stx subtypes were summarized.
For instance, to identify Stx subtype 2g, the probes hp_stx2_g11n01,
hp_stx2_g12n01, hp_stx2_g44n05, and hp_stxA2_617 were to be
positive. To identify Stx subtype 2e, the probes hp_stx2_g11n02,
hp_stx2_g12n02, hp_stx2_g44n04, and hp_stxA2_616 were to be
positive. The software summarized each set of probes with one
value and compared these values with each other. When one of
these values (Stx2g or Stx2e) was above the threshold of 0.3, a
positive was given for either Stx2g or Stx2e in a final result sheet in
html format.

Validation of the test with reference strains. A set of 21 Shiga
toxin-producing E. coli reference strains representing all known
Stx1 and Stx2 subtypes (Table 1) were used to evaluate the probes
printed on the array and the primers in the labeling mixture. All
reference strains were first screened by applying the complete set
of conventional subtyping PCRs described by Scheutz et al. (19).
The microarray results showed 100% identity with the PCR results
(Table 1). Ten E. coli reference strains harbor only one Stx sub-
type, while nine and two E. coli reference strains simultaneously
were found to carry two and three different Stx subtypes, respec-
tively (Table 1). A comparison of the results of the PCR described
by Scheutz et al. (19) and the microarray results (microarray im-
age and bar graph) of selected STEC reference strains is shown in
Fig. 1. Two examples of microarray images and bar graphs for
STEC strains that produce two Shiga toxin subtypes are shown in
Fig. S2 in the supplemental material.

Field study of the test with Stx-positive strains. In total, 446
Stx-positive E. coli field isolates were analyzed to determine their
Stx subtype using the newly developed microarray. Stx2-positive
isolates were detected more often (n = 255) than Stx1-positive
isolates (n = 121) or isolates positive for both Stx1 and Stx2 (n =
70). The most frequently detected subtypes were Stx2a (n = 180),
followed by Stxla (n = 117) and the combination of Stxla-Stx2a
(n = 32). While the subtypes Stx2c (n = 26), especially the com-
binations Stx2a-Stx2c (n = 24), Stxla-Stx2¢ (n = 19), and Stx1c-
Stx2b (n = 15) were also found frequently, the subtypes Stxlc
(n = 4), Stx2b (n = 4), Stx2d (n = 7), Stx2e (n = 11), and the
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FIG 1 Comparison between PCR and microarray results (microarray image and bar graph) of selected STEC reference strains. The white bars represent the
expected hybridization values from theoretical experiments obtained from the matching of all array probes to the known sequence of all Stx alleles. The black bars
represent experimental data under optimized and stringent hybridization conditions.
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combinations Stxla-Stx2b (n = 4), Stx2a-Stx2d (n = 2), and
Stx2b-Stx2c¢ (n = 1) were rarely detected. The subtypes Stx1d,
Stx2f, and Stx2g did not occur in the field strain population (see
Table S3 in the supplemental material). A number of the 47 se-
lected field isolates with usually less frequent Stx subtypes or com-
binations of Stx subtypes detected by the microarray were tested in
parallel using the PCRs described by Scheutz et al. (19) (5 with
Stxla, 1 with Stx1c, 2 with Stx2a, 2 with Stx2b, 8 with Stx2c, 6 with
Stx2d, 5 with Stx2e, 1 with Stxla/Stx2a, 2 with the combination
Stxla-Stx2c, 4 with the combination Stxlc-Stx2b, 10 with the
combination Stx2a-Stx2c, and 1 with the combination Stx2a-
Stx2d). The PCR results were completely in concordance with the
microarray results (data not shown).

Comparison of the heat lysis protocol with the standard
DNA isolation protocol. A set of 20 reference strains (all strains
listed in Table 1, except DD_1380/99) was used to compare a
commercial DNA extraction kit (Qiagen, Hilden, Germany) and a
new developed heat lysis protocol in different laboratories and
with different technical assistants. The signals and the local back-
ground of the microarrays were highly similar between the meth-
ods, and no significant differences were observed. In all cases, the
same Stx subtype was detected (data not shown).

DISCUSSION

The commonly used nomenclature to discern variants of Stx pro-
teins has evolved historically over several decades. Sequence vari-
ants differing in only a few amino acid positions may show altered
biological activity. Scheutz et al. (19) recently reviewed and uni-
fied the nomenclature. They assigned their unified subtypes to
>110 DNA sequences publically available in GenBank. The as-
signment of types and subtypes is based on two criteria: the overall
sequence similarity of the concatenated StxA and StxB subunit
sequences and the presence of certain amino acids in two protein
motifs, the StxA activatable tail and the END motif within StxB.
Most Stx subtypes, except Stx2a, Stx2¢, and Stx2d, can be classified
based solely on their overall sequence similarities. These three
exceptions are defined by their amino acid constitution in the
StxA activatable tail and the END motif within StxB. To match
these definitions, we have developed a set of DNA primer-probe
combinations for a microarray-based assay. The assay was vali-
dated on a panel of STEC reference strains that had been tested
previously applying the complete set of conventional subtyping
PCRs described by Scheutz et al. (19). The results of the tests
matched 100%. This was also true when we detected more than
one Stx subtype per reference strain. Additionally, we determined
the subtypes of 446 STEC-positive field strains. All subtypes or
combinations of subtypes were identified correctly. No uncertain
reactions were observed.

The multiplex primer extension reaction used for labeling is
highly specific, but the assay has a lower sensitivity based on the
linear (nonexponential) amplification of single genes than that of
the exponential DNA amplification performed in classic standard
PCRs. However, this is not an issue for the typing of colony ma-
terial of quickly growing organisms, such as E. coli. The use of
colony material instead of original field samples allows one to
obtain the necessary amount of DNA and to ensure the pureness
and clonality of the cultures to be genotyped. Besides, the limited
amplification can prove to be an advantage under routine condi-
tions, as the assay becomes less susceptible to contamination. The
advantage of the linear DNA amplification is the possibility of
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amplifying and detecting virtually any number of target genes si-
multaneously in a single-tube reaction.

The microarray-based technique described here provides a
couple of advantages over standard PCR based subtyping. Alere
Technologies provides two platforms, ArrayTubes and Array-
Strips, for use with these special DNA microarrays. ArrayStrips
have the advantage of facilitating the screening of up to 96 samples
in parallel in a standard 96-well format. The reading device for
both platforms analyzes the microarrays by taking images and
automatically assigning the observed pattern to a Stx subtype us-
ing a designated software. One microarray chip harbors all gene
sequences needed to distinguish between all Stx subtypes, and
even the identification of multiple subtypes within one isolate can
be performed in a single experiment. It requires significantly less
hands-on time compared with the PCRs described by Scheutz et
al. (19), because with those methods, almost every subtype must
be determined in a single PCR. In order to save more time, a heat
lysis protocol was developed that provides ready-to-use genomic
DNA in <30 min. In contrast, a standard commercial kit for DNA
isolation takes >1h. We observed no significant differences in the
signal and background quality of the microarray between the
methods, which allows the conclusion that the DNA isolated by
heat lysis is sufficiently pure and highly concentrated (0.5 to 1.5
pg) in order to be used in the standard protocol for labeling and
hybridization. A further advantage of the microarray is that the
number of spotted probes on the array can be extended by addi-
tional probes, e.g., for resistance genes or markers for further
characterization of E. coli or the identification of other Gram-
negative bacteria that we have described before (12, 25-27).

In summary, the microarray is an excellent tool for fast and
accurate identification of all Shiga toxin subtypes based on the
standardized nomenclature. Furthermore, this diagnostic tool is
user-friendly and can be used in almost every STEC diagnostic
routine lab. Moreover, it may be easily expanded and standard-
ized.
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