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Cronobacter sakazakii is a foodborne pathogen associated with rare but often lethal infections in neonates. Powdered infant for-
mula (PIF) represents the most frequent source of infection. Out of the identified serotypes (O1 to 07), O1, 02, and O3 are often
isolated from clinical and PIF samples. Serotype-specific monoclonal antibodies (MAbs) suitable for application in enzyme im-
munoassays (EIAs) for the rapid detection of C. sakazakii have not yet been developed. In this study, we created specific MAbs
with the ability to bind to C. sakazakii of serotypes O1, 02, and O3. Characterization by indirect EIAs, immunofluorescence,
motility assays, and immunoblotting identified lipopolysaccharide (LPS) and exopolysaccharide (EPS) as the antigenic determi-
nants of the MAbs. The established sandwich EIAs were highly sensitive and were able to detect between 2 X 10> and 9 X 10°
CFU/ml. Inclusivity tests confirmed that 93% of serotype O1 strains, 100% of O2 strains, and 87% of O3 strains were detected at
low cell counts. No cross-reactivity with >100 strains of Cronobacter spp. and other Enterobacteriaceae was observed, except for
that with C. sakazakii serotype O3 and Cronobacter muytjensii serotype O1. Moreover, the sandwich EIAs detected C. sakazakii
in PIF samples artificially contaminated with 1 to 10 bacterial cells per 10 g of sample after 15 h of preenrichment. The use of
these serotype-specific MAbs not only allows the reliable detection of C. sakazakii strains but also enables simultaneous serotyp-

ing in a simple sandwich EIA method.

Cmnobacter spp. are Gram-negative opportunistic foodborne
pathogens of the family Enterobacteriaceae that cause rare but
severe infections in patients of all age groups. In adults, Cronobac-
ter spp. are often associated with nosocomial infections, including
pneumonia, septicemia, wound infections, and osteomyelitis,
while causing invasive disease in young infants and neonates (1—
4). Among the seven identified Cronobacter species, C. sakazakii,
C. malonaticus, C. muytjensii, C. turicensis, C. dublinensis, C. con-
dimenti, and C. universalis (5-8), C. sakazakii plays a prominent
role due to it causing life-threatening infections in neonates (9—
11). Clinically manifested infections present as necrotizing en-
terocolitis, sepsis, and meningitis, with a mortality rate as high as
80% (1, 12, 13). Although C. sakazakii has been isolated from a
variety of different plant- and animal-based food products (14,
15), the presence in powdered infant formula (PIF) seems crucial
in the infection of neonates (9, 12, 16). According to an established
O-antigen serotyping scheme based on rabbit antisera and a PCR-
based serotyping method (17-21), seven serotypes (O1 to O7)
have been identified for C. sakazakii. Serotypes O1 and O2 seem to
be most prevalent in PIF samples and in clinical cases, whereas
serotype O3 has been isolated quite frequently from PIF but not as
often from clinical cases (19, 22-24).

Today, the contamination of PIF by C. sakazakii is being de-
tected using conventional microbiological methods. Optimized
procedures for the isolation and identification of Cronobacter spp.
(25) have been published by the International Standards Organi-
zation (ISO) and the International Dairy Federation (IDF). How-
ever, these methods are very laborious, and the isolation and iden-
tification of C. sakazakii can take up to 6 days. In addition, a rapid
detection method combining real-time PCR, chromogenic agars,
and biochemical tests has been published and is recommended by
the U.S. FDA (Food and Drug Administration) (26). All reference
detection methods are based on the identification of presumptive
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colonies with characteristic pigmentation. These criteria have
been shown to be unreliable, since several pathogens of other gen-
era grow as presumptive Cronobacter colonies, whereas some
Cronobacter species isolates fail to grow on chromogenic agar (En-
terobacter sakazakii isolation agar [ESIA] or chromogenic Crono-
bacter isolation agar [CCI]) or do not exhibit yellow colony pig-
mentation on tryptic soy agar (TSA) (27). In light of the need for
a reliable and inexpensive rapid detection method, several PCR-
based protocols for the identification of C. sakazakii at the genus,
species, and serotype levels have been established (28). Despite
their rapidity, some molecular methods lack specificity, depend-
ing on the chosen primers (22, 29). The recent reassignment of C.
sakazakii serotypes O5 and O6 to C. malonaticus highlights the
unreliability of PCR-based serotyping for the detection of all se-
quence-based variations of the O antigen of C. sakazakii (21, 22,
30). Additionally, PCR methods may be not convenient for
smaller laboratories, since they require expensive equipment and
highly trained employees.

Therefore, various attempts to detect Cronobacter spp. based
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on immunochemical methods have been made, including an in-
direct enzyme immunoassay (EIA) using monoclonal antibodies
(MAbs) and sandwich EIAs using polyclonal rabbit or chicken
antibodies. These assays allow the detection of Cronobacter spp. or
C. sakazakii, regardless of the serotype (31-33).

Due to the lack of availability of high-affinity MAbs, until now,
there has been no rapid detection method available for the indi-
vidual serotypes of C. sakazakii (29). The objective of this study
was to develop highly sensitive MAbs that are reactive with C.
sakazakii serotypes O1, 02, and O3 in order to establish sandwich
ElAs for the specific detection and identification of these sero-
types. Lipopolysaccharide (LPS), as the most varied and abundant
(70% of the outer membrane) component of the bacterial surface
(34, 35), is highly immunogenic and is the best target for the de-
velopment of specific antibodies. For this reason, in contrast to
previous methods, not whole-cell preparations but cell-free LPS
preparations were used for the immunization of mice. In order to
evaluate the specificities of the produced MAbs, a large selection of
Cronobacter spp. and other Enterobacteriaceae was screened in in-
direct EIAs. The ability of the established sandwich EIAs to specif-
ically detect C. sakazakii was confirmed by directly analyzing arti-
ficially contaminated PIF samples after enrichment in buffered
peptone water. These new assays show great promise for replacing
time-consuming culturing methods and represent the first step
toward the establishment of a monoclonal antibody-based C.
sakazakii serotyping scheme.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains used in this
study are listed in Table 1. In general, all strains were cultivated in Luria-
Bertani (LB) medium at 37°C, with constant agitation. For solid medium,
15 g/liter agar was added. For use in the indirect enzyme immunoassay
(EIA) as a coating antigen, bacteria were harvested from 50 ml of over-
night culture by centrifugation at 4,600 X g for 20 min at 4°C, washed with
15 ml of sterile phosphate-buffered saline (PBS), and resuspended in 2 ml
of PBS. The preparations were stored at —20°C until further use. Strains
used in the sandwich EIA to determine the limit of detection (LOD) were
prepared as glycerol stocks (final concentration, 15% [vol/vol] in PBS)
and stored at —80°C. To determine the number of CFU, 10-fold serial
dilutions of bacterial cells were plated on LB agar plates.

Identification and molecular characterization of Cronobacter spe-
cies. The isolation of genomic DNA as a template for PCR was carried out
according to standard protocols (36). To identify Cronobacter strains at
the genus, species, and serotype levels, the proposed schema for Crono-
bacter spp. (29) was applied using molecular detection techniques: an
alpha-glucosidase-based PCR assay was performed to confirm the bacte-
rial genus (37), and the species of the Cronobacter strains were identified
using rpoB and cgcA as the gene targets for the PCR amplification (7, 38).
Only strains that were confirmed to be C. sakazakii were then subjected to
multiplex PCR to identify the serotype. The PCR conditions and primers
were applied as described previously by Sun et al. (20). For serotyping of
the other Cronobacter species, the conditions and primers were used as
described by Jarvis et al. (18).

Immunogen preparation, immunization, and hybridoma cell pro-
duction. The immunizations of mice for generating monoclonal antibod-
ies were conducted in compliance with the German law for the protection
of animals. Study permission was obtained by the Government of Upper
Bavaria (permit no. 55.2-1-54-2531.6-1-08). For each of the serotypes O1,
02, and O3, one C. sakazakii strain (Table 1) was randomly chosen to
prepare cell-free immunogenic extracts for the immunization of three
different groups of mice. The preparation of protein and LPS extracts by
treating bacterial strains with polymyxin B-sulfate and the immunization
of female mice [BALB/c strain and a hybrid strain of BALB/c X (NZW X
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NZB)] was conducted as described before (39). The fusion of splenocytes
and X63-Ag8.653 myeloma cells was performed as published by Dietrich
etal. (40). The culture supernatant of the hybridoma cells was screened for
serotype-specific antibodies using a standard EIA protocol (39, 41), with
concentrated bacterial preparations serving as the solid phase. Positive
clones were separated by limiting dilution and subsequently mass pro-
duced in miniPERM (Sarstedt, Nimbrecht, Germany) or CELLine (In-
tegra Biosciences AG, Zizers, Switzerland) bioreactors. The immunoglob-
ulin subtype of the MAbs was determined by using mouse MAD isotyping
reagents purchased from Sigma-Aldrich (St. Louis, MO). The isolation
and purification of MAbs were performed by affinity chromatography on
protein A or protein G agarose (Sigma-Aldrich), as described before (41).

Monoclonal antibody characterization. Mass-produced and purified
MAbs were characterized using immunoblot analysis of LPS extracts, im-
munofluorescence, and motility assays.

Preparation of LPS extracts, SDS-PAGE, and immunoblot analysis.
LPS was isolated using the phenol-chloroform method described previ-
ously (39, 42, 43), with the following modifications. Before subjecting the
cell suspension to the phenol-chloroform procedure, 25 pl of proteinase
K (10 pg/ml) was added, and the preparation was incubated for 30 min at
55°C. The precipitated and dried extracts were dissolved in 70 pl of dis-
tilled water. For SDS-PAGE analysis, the LPS preparations were mixed
with XT sample buffer and reducing agent (Bio-Rad), incubated for 10
min at 100°C, and stored at —20°C until use. Twenty microliters of each
LPS extract was separated by SDS-PAGE and subsequently transferred to
a polyvinylidene difluoride (PVDF) membrane. These steps and the sub-
sequent detection of bound MAb by immunoblotting were performed as
described earlier (39).

Immunofluorescence. The reactivities of serotype-specific MAbs with
membrane components of untreated live cells of all C. sakazakii serotype
01, 02, and O3 strains and cells of other bacterial species were tested
using immunofluorescence microscopy, as described by Schauer et al.
(39).

Motility assay. Motility assays were performed as described previ-
ously (39). Briefly, petri dishes (6-cm diameter) with LB soft agar (0.3%
agar) containing the specific MAD at a concentration of 17 wg/ml were
stab-inoculated with 1 .l of an overnight culture in the centers and incu-
bated upright at 37°C. The motility of the bacteria was determined by
measuring the diameter of the motility zone after 8 h of incubation.

Inclusivity and exclusivity tests. The inclusivity and exclusivity of the
MAbs were determined by analyzing a broad range of bacterial strains in
indirect ETA. The reactivities of 14 serotype O1 strains, 20 serotype O2
strains, and 15 serotype O3 strains were analyzed. In addition, a broad
range of different strains, including 18 C. sakazakii strains from serotypes
04 and O7, 23 Cronobacter species strains, and 20 more distantly related
bacteria, were analyzed (Table 1). In EIAs, bacterial preparations at a
concentration of 1 X 10”7 CFU/ml served as the solid phase and were
serially diluted in PBS. After incubation of EIA plates at 4°C overnight,
free binding sites were blocked with 150 pl per well of 3% caseinate-PBS
for 30 min. Subsequently, plates were washed (distilled water with 0.15 M
NaCl and 0.02% Tween 20), and 100 pl of the MAbs was added (1 pg/ml
in PBS) for 1 h. After another washing step, bound MAb was detected with
100 pl of secondary polyclonal rabbit anti-mouse immunoglobulins—
horseradish peroxidase (HRP) (Dako Denmark A/S, Glostrup, Denmark)
solution (1:2,000 in 1% caseinate-PBS). Following another washing step,
100 pl/well of substrate-chromogen solution (I mmol 3,3,5,5-tetra-
methylbenzidine, 3 mmol H,0, per liter potassium citrate buffer [pH
3.9]) was added and incubated for 20 min. The reaction was stopped by
adding 100 pl of 1 M H,SO, to each well. The absorbance was measured at
450 nm using an EIA plate reader (Ridawin, Tecan Deutschland GmbH).
The absorbance data were analyzed using the Ridawin EIA calculation
software (r-Biopharm GmbH, Darmstadt, Germany).

Establishment of an optimized sandwich EIA system. In order to
establish a sandwich EIA, the specific MAbs were conjugated using acti-
vated horseradish peroxidase (Roche Diagnostics, Rotkreuz, Switzer-
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TABLE 1 Bacterial strains used in this study

Strain Species Origin Source/reference(s)” Serotype
MHI 975 Cronobacter sakazakii ATCC 29544 Human 6,27 01
MHI 996 C. sakazakii Baby food LMU 01
MHI 21000 C. sakazakii Baby food LMU 01
MHI 2100154 C. sakazakii Baby food LMU 01
MHI 21008° C. sakazakii Baby food JLU 01
MHI 21011° C. sakazakii Baby food LMU 01
MHI 21012° C. sakazakii Baby food LMU 01
MHI 21028° C. sakazakii E655 Human UzZ o1
MHI 21030 C. sakazakii E789 Human Uz 01
MHI 21038 C. sakazakii ATCC BAA 893-1 Milk powder 55 01
MHI 21039° C. sakazakii ATCC BAA 894 Human 56 o1
MHI 21040 C. sakazakii CDC 0996-77 Human 17 01
MHI 21086° C. sakazakii Milk powder LMU 01
MHI 21172° C. sakazakii Baby food LMU 01
MHI 977> C. sakazakii NCTC 8155 Tin of dried milk 6 02
MHI 978 C. sakazakii NCTC 9238 Human 6 02
MHI 988" C. sakazakii Baby food LMU 02
MHI 989 C. sakazakii Baby food LMU 02
MHI 995> C. sakazakii Baby food LMU 02
MHI 998 C. sakazakii Baby food LMU 02
MHI 999 C. sakazakii Baby food LMU 02
MHI 21003° C. sakazakii Baby food JLU 02
MHI 21004° C. sakazakii Baby food JLU 02
MHI 21009 C. sakazakii Baby food JLU 02
MHI 21010 C. sakazakii Baby food JLU 02
MHI 21027 C. sakazakii E604 Human UzZ 02
MHI 21029%¢ C. sakazakii E785 Human Uz 02
MHI 21032 C. sakazakii E796 Human uz 02
MHI 21035° C. sakazakii E886 Human UzZ 02
MHI 21037 C. sakazakii E786 Human Uz 02
MHI 21041 C. sakazakii CDC 1123-79 Human 17 02
MHI 21042 C. sakazakii ES5 Human 57 02
MHI 21098 C. sakazakii E767 Milk powder uz 02
MHI 21122° C. sakazakii ATCC 12868 Unknown 5 02
MHI 21125 C. sakazakii 0306-E-L-1031 Milk TUM 02
MHI 21126 C. sakazakii Animal food LMU 02
MHI 982 C. sakazakii Baby food LMU 03
MHI 99054 C. sakazakii Baby food LMU 03
MHI 21006° C. sakazakii Baby food JLU 03
MHI 21007¢ C. sakazakii Baby food JLU 03
MHI 21013 C. sakazakii Baby food LMU 03
MHI 21014° C. sakazakii Baby food LMU 03
MHI 21036 C. sakazakii E535 Human uz 03
MHI 21129 C. sakazakii Food JLU 03
MHI 21130 C. sakazakii Food JLU 03
MHI 21131 C. sakazakii Food JLU 03
MHI 21132 C. sakazakii Food JLU 03
MHI 21166° C. sakazakii Baby food JLU 03
MHI 21167 C. sakazakii Food JLU 03
MHI 21168 C. sakazakii Food JLU 03
MHI 21169 C. sakazakii Baby food JLU 03
MHI 21051 C. sakazakii Milk powder LMU 04
MHI 21052 C. sakazakii Milk powder LMU 04
MHI 21053 C. sakazakii Milk powder LMU 04
MHI 21067 C. sakazakii Milk powder LMU 04
MHI 21106 C. sakazakii SU12_107; H1619/1 Food 21 04
MHI 21107 C. sakazakii SU12_106; H1602 Food 21 04
MHI 21170 C. sakazakii Baby food JLU 04
MHI 993 C. sakazakii Baby food LMU o7
MHI 21066 C. sakazakii Milk powder LMU 07
MHI 21109 C. sakazakii SU12_70; H2496 Food 21 o7
MHI 21110 C. sakazakii SU12_120; H1651 Environment IFM factory 21 o7

(Continued on following page)
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TABLE 1 (Continued)
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Strain Species Origin Source/reference(s)” Serotype

MHI 21111 C. sakazakii SU12_27; A31 Environment IFM factory 21 o7

MHI 21133 C. sakazakii Food JLU 07

MHI 21134 C. sakazakii Food JLU o7

MHI 21135 C. sakazakii Food JLU o7

MHI 21136 C. sakazakii Baby food JLU o7

MHI 21171 C. sakazakii Baby food JLU 07

MHI 21173 C. sakazakii Milk powder LMU o7

MHI 21097 C. condimenti LMG 26250" Food 8

MHI 979 C. dublinensis subsp. lausannensis NCTC 9844 Unknown 5

MHI 980 C. dublinensis NCTC 9846" Unknown 5

MHI 21093 C. dublinensis subsp. dublinensis LMG 23823" Milk powder 5

MHI 21094 C. dublinensis subsp. lausannensis LMG Water 5 02
238247

MHI 21095 C. dublinensis subsp. lactaridi LMG 23825" Milk powder 5 01

MHI 986 C. malonaticus Baby food LMU 02

MHI 987 C. malonaticus Baby food LMU 02

MHI 992 C. malonaticus Baby food LMU 02

MHI 994 C. malonaticus Baby food LMU 02

MHI 21002 C. malonaticus Baby food JLU 02

MHI 21005 C. malonaticus Baby food JLU 02

MHI 21091 C. malonaticus DSM 18702 Human 5 02

MHI 21031 C. muytjensii E793 Human Uz 02

MHI 21096 C. muytjensii DSM 21870 Unknown 5 02

MHI 21209 C. muytjensii E456 Unknown uz 02

MHI 21212 C. muytjensii E769 Milk powder uz 01

MHI 21213 C. muytjensii ES88 Milk powder uz 01

MHI 21026 C. turicensis 3032 LMG 238277 Neonate 5,58 01

MHI 21049 C. turicensis E625 Baby food uz 03

MHI 21050 C. turicensis E609 Food uz 03

MHI 981 C. universalis NCTC 9529" Fresh water 8 01

MHI 21128 Acinetobacter spp. Food LMU

MHI 1004 Aeromonas media DSM 30020 Pasteurized milk 59

MHI 903 Citrobacter spp. DSM 3004 Food 60

MHI 701 Escherichia coli DSM 682 Unknown

MHI 969 Enterobacter aerogenes Unknown LMU

MHI 968 Enterobacter asburiae Unknown LMU

MHI 904 Enterobacter cloacae DSM 30054 Spinal fluid

MHI 21103 Franconibacter helveticus LMG 23732" Fruit powder 61

MHI 21105 Franconibacter pulveris LMG 24057" Fruit powder 61

MHI 910 Hafnia alvei DSM 30097 Unknown 62

MHI 21024 Klebsiella pneumoniae Calf LMU

MHI 905 Moellerella wisconsensis Food LMU

MHI 991 Morganella morganii DSM 6675 Feces 63

MHI 946 Proteus vulgaris DSM 2140 Inner ear infection

MHI 952 Providencia stuartii DSM 6676 Feces

MHI 1000 Pseudomonas aeruginosa DSM 939 Water

MHI 21046 Salmonella enterica subsp. enterica DSM 17420 Unknown 64

MHI 974 Serratia rubidaea DSM 4480 Type strain 65

MHI 21104 Siccibacter turicensis LMG 23730" Fruit powder 61

MHI 914 Shigella flexneri DSM 4782 Type strain

“ LMU, Chair of Hygiene and Technology of Milk, Ludwig-Maximilians-Universitit Miinchen, Munich, Germany; JLU, Institute of Veterinary Food Science, Justus-Liebig-
Universitit Giessen, Giessen, Germany; UZ, Institute for Food Safety and Hygiene, University of Ziirich, Zurich, Switzerland; TUM, Chair of Animal Hygiene, Technische

Universitit Miinchen, Freising, Germany.
b Strains used for analysis in immunoblotting.
¢ Strains used for analysis in motility assays.

4 Strains used for immunization, which were randomly chosen from a group of well-characterized food isolates.

land), according to the manufacturer’s instructions. To define the optimal
working concentrations, the MAbs and the equivalent HRP-conjugated
MADs were applied in checkerboard titrations with and without C. saka-
zakii strains. To determine the limit of detection (LOD) of the assay, micro-
titer plates were coated with the specific MAD (10 pg/ml) in PBS at ambient

temperatures overnight. Live or heat-treated (121°C for 15 min) bacterial cells
were diluted in 0.1% bovine serum albumin (BSA)-PBS and subsequently
detected using the HRP-conjugated specific MAbs (1C4-HRP and 2F8-HRP
at 1:1,000, and 1A11-HRP at 1:2,000 in 1% caseinate-PBS solution). All other
steps were conducted according to the indirect EIA method.

April 2016 Volume 82 Number 8 Applied and Environmental Microbiology aem.asm.org 2303


http://aem.asm.org

Scharinger et al.

TABLE 2 Characteristics and cross-reactivities of the produced MAbs

MADb IgG subtype Serotype specificity Target Inclusivity” Exclusivity”
1C4 IgG2a O1 EPS 13/14° 0/95
2F8 IgG2a 02 LPS 20/20 0/89
1A11 IgG2b 03 LPS 13/157 2/94°

“ Number of positive indirect-EIA results for strains of the same serotype.

? Number of positive results with different serotypes of C. sakazakii strains, other Cronobacter species, 17 Enterobacteriaceae strains, and three other Gram-negative strains.

¢ No reactivity with strain MHI 21040.
4 No reactivity with strains MHI 982 and MHI 21129.
¢ Reactive with MHI 21212 and MHI 21213 (both C. muytjensii serotype O1).

In order to achieve high absorbance values for bound C. sakazakii
and the lowest possible absorbance values for blank samples, various com-
positions of the dilution buffer for the antigen were examined, including
PBS, PBS containing 0.1% BSA, PBS containing different concentrations
of Tween 20 (0.5% and 1%), and PBS containing both BSA and Tween 20.

Detection of C. sakazakii serotypes O1, 02, and O3 in PIF. Powdered
infant formulas (PIF), in particular, four initial milk formulas (from birth
on) and three follow-on formulas (from 6th month on), were purchased
from a local German drugstore. For each C. sakazakii serotype, three
strains were cultivated in LB broth overnight at 37°C and plated on LB
agar to determine the bacterial cell counts. To check the applicability of
the developed sandwich EIA system for the sensitive detection of C. saka-
zakii in PIF, 10 g of sample was dissolved in 90 ml of buffered peptone
water. This mixture was artificially contaminated with 1 ml of a dilution of
the C. sakazakii overnight culture corresponding to 1 to 10 CFU and
incubated at 37°C without shaking. After 15 h, samples were directly an-
alyzed by sandwich EIA and, in parallel, the CFU were determined accord-
ing to the ISO method (25) on chromogenic Cronobacter isolation (CCI)
agar (Oxoid).

RESULTS

Identification of C. sakazakii serotypes. Due to the recently de-
scribed limitation of PCR-based methods for the determination of
the different variations of genomic O-antigen gene clusters of C.
sakazakii strains (22, 30), it has been proposed that C. sakazakii
serotypes can reliably be determined only after the strains have
been identified as members of the genus Cronobacter and species
sakazakii (29). Therefore, the genus and species of a collection of
76 strains that were previously identified as C. sakazakii at our
institute by classical culture methods, according to the ISO stan-
dard in reference 25, were verified using a PCR method (7, 37, 38).
Thereafter, strains were serotyped using a multiplex PCR method
(18, 20). Out of 76 assumed C. sakazakii strains, 70 strains were
confirmed at the genus and species levels to be C. sakazakii, while
six strains belonged to the species C. malonaticus. The majority of
strains belonged to serotypes O2 (22 strains), O3 (15 strains), and
O1 (14 strains), followed by O7 (11 strains) and O4 (7 strains)
(Table 1).

Production of monoclonal antibodies. To create serotype-
specific MAbs against C. sakazakii, three different groups of five
female mice each were immunized with cell-free polymyxin B ex-
tracts of the selected strains MHI 21001 (O1), MHI 977 (O2), and
MHI 990 (O3). Almost all mice developed high specific antibody
titers for C. sakazakii. After cell fusion, a broad range of >20
antibody-producing hybridomas that were reactive with C. saka-
zakii were obtained in indirect EIAs in which C. sakazakii prepa-
rations served as the solid phase. In terms of specific reactivity,
MAbs were categorized into 3 groups of different reaction pat-
terns: MAbs of the first group reacted with all serotypes of C.
sakazakii and with other Enterobacteriaceae, while MAbs of the
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two other groups reacted in a serotype-specific manner either with
single strains (group 2) or with the vast majority (group 3) of the
C. sakazakii strains of a certain serotype. The titers of the MAbs
were determined in indirect EIA and, finally, three high-antibody-
producing hybridoma clones for which serotype-specific reactiv-
ity was observed (group 3) were selected for detailed characteriza-
tion and the establishment of sandwich EIAs. These MAbs, all of
the IgG class, were designated 1C4 (reactive with serotype O1),
2F8 (reactive with serotype O2), and 1A11 (reactive with serotype
03) (Table 2).

Inclusivity and exclusivity tests. The specificity of the pro-
duced MAbs was determined in indirect EIAs by testing the
Cronobacter species collection comprising 91 strains and addi-
tional strains of the Enterobacteriaceae family, including Franconi-
bacter helveticus, Franconibacter pulveris, and Siccibacter turicensis,
which may simultaneously occur in the same PIF sample, and
other Gram-negative bacteria (Table 1). Out of 14 tested C. saka-
zakii O1 strains, all strains except C. sakazakii MHI 21040
(CDC0996-77) were recognized by MAb 1C4. MAb 2F8 showed
binding to all 20 C. sakazakii O2 strains tested, and MAb 1A11
bound to 13 out of 15 C. sakazakii O3 strains (no reactivity with
strains MHI 982 and MHI 21129). Within the C. sakazakii group,
all MADs reacted exclusively with the respective C. sakazakii sero-
type. The high affinity of the MAbs is documented by the fact that
even after diluting the bacterial preparations 50,000 times, absor-
bance values of =1.0 were obtained in the EIA. Further, MAbs 1C4
(O1) and 2F8 (02) showed no cross-reactivity with other Crono-
bacter species strains or more distantly related bacteria (Table 2).
The absorbance values for these negative strains ranged between
0.008 and 0.082 at cell counts of 1 X 107 CFU/ml. MAb 1A11 (O3)
additionally reacted with two C. muytjensii strains of serotype O1.

Identification of the antigenic determinant. In indirect ElAs,
the three developed MAbs showed a strong reactivity only with the
respective C. sakazakii serotypes, suggesting that the serotype-spe-
cific antigenic determinants are represented by polysaccharides,
which are components of the cell envelope of all Gram-negative
bacteria and thus form an important structure for antigenic clas-
sification of the organism. This assumption was supported by im-
munofluorescence microscopy, in which all three antibodies
showed considerable fluorescence on the surface of all 49 tested
strains (Fig. 1). Two patterns were observed: evenly distributed
fluorescence on the surface of C. sakazakii serotype O2 and O3
strains (Fig. 1B and C) was observed using MAbs 2F8 (02) and
1A11 (O3). In contrast, the use of MAb 1C4 for labeling C. saka-
zakii serotype O1 strains resulted in a more punctuated distribu-
tion of fluorescence (Fig. 1A). Finally, immunoblotting confirmed
the specificity of MADs to a polysaccharide moiety extracted from
3 to 9 C. sakazakii strains from each serotype (O1 to O3) (Fig. 2
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FIG 1 Microscopic analysis of live C. sakazakii cells by phase contrast (1), immunofluorescence (2), and overlay mode (3) using serotype-specific MAbs: MHI
21172 (O1) stained with MADb 1C4 (A), MHI 21032 (O2) stained with MADb 2F8 (B), and MHI 21166 (O3) stained with MAb 1A11 (C).

and Table 1). All immunoblot profiles showed a ladder pattern
characteristic of polysaccharides. Furthermore, the same charac-
teristic ladder pattern was observed after proteinase K treatment
of the LPS extracts, proving that proteinaceous structures are ir-
relevant for antibody reactivity.

In order to further narrow down the possible antigenic deter-
minant, and with respect to a previous publication in which a
reduced flagellar motility of strains was observed after binding of
LPS-specific MAD (39), the motility of Cronobacter cells on soft
agar in the presence of the MAbs was analyzed for three strains of
each serotype (Table 1). The addition of MAb 2F8 or 1A11 to the
medium inhibited the bacterial motility of strains of the O2 and
O3 serotype groups, demonstrated by a significantly reduced di-
ameter of the diffuse growth area (Fig. 3). Overall, the motility
zones were reduced by 40 to 50% compared to those of soft agar
plates without added MAbs (Fig. 3B and C). In contrast, no effect
on the bacterial motility of O1 serotype strains was observed by
exposure to MAb 1C4 (Fig. 3A).

As MAD 1C4 did not affect bacterial motility, and LPS thus
seemed unlikely to be the antigenic determinant, testing was con-
ducted to determine whether other polysaccharides (e.g., exopo-
lysaccharide [EPS] and capsular polysaccharide [CPS]) might be
the target of MAb 1C4. Therefore, a previously published acapsu-
lar C. sakazakii strain, MHI 975 (NCTC 114677) (44), was ana-
lyzed by immunofluorescence. The same localized fluorescence
signal obtained for all other C. sakazakii strains from serotype O1
was obtained for this strain. This observation led to the assump-
tion that for this MADb, not CPS but EPS, which is loosely attached
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to the bacterial surface, serves as an antigenic determinant. Alto-
gether, these results strongly indicate that the LPS O-specific poly-
saccharide chain of the C. sakazakii O2 and O3 serotypes (see Fig.
S1 in the supplemental material) and the EPS of the C. sakazakii
O1 serotype represent the antigens specifically recognized by
MAbs 1A11, 2F8, and 1C4, respectively.

Establishment of sandwich EIA. As both LPS and EPS are
evenly distributed on the surface of C. sakazakii strains, it seemed
reasonable to establish sandwich EIAs for the different serotypes
based on each of the available specific MAbs. For this purpose, the
same MAb was used both as coating and, after labeling with HRP,
as detection antibody in the sandwich EIAs. The dilution of the
bacterial strains in 0.1% BSA-PBS resulted in the most stable val-
ues and was subsequently used as the dilution buffer. The lowest
number of detectable bacteria (LOD) was defined as twice the
absorbance (at 450 nm) of the blank value (Fig. 4), which ranged
from 0.06 to 0.019. For 46 out of 49 tested strains, the sensitivities
of the three serotype-specific sandwich EIAs ranged from 2 X 10°
CFU/mlto 9 X 10° CFU/ml, whereas 3 strains were not detectable
(Table 3). More specifically, one serotype O1 strain (MHI 21011)
was detectable at a cell count of 9 X 10°> CFU/ml. For 6 strains of
this serotype, specific detection limits of 2 X 10* to 7 X 10*
CFU/ml were realized. Six strains showed slightly higher detection
limits between 1 X 10° and 3 X 10° CFU/ml. Only one strain
(MHI 21040) was not detectable and showed an absorbance value
0f 0.02 at a cell count of 1.4 X 10° CFU/ml. In comparison to the
serotype O1-specific sandwich EIA, the serotype O2 assay showed
even higher sensitivity: seven strains were still detectable at cell
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FIG 2 Reactivities of MAbs 1C4, 2F8, and 1A11 with (lipo)polysaccharide
preparations of different serotypes of C. sakazakii strains. Lane 1, MHI 21011
(01); lane 2, MHI 21029 (O2); lane 3, MHI 990 (O3).

counts between 2 X 10> and 9 X 10° CFU/ml, and 11 strains had
detection limits ranging from 1 X 10*to 6 X 10* CFU/ml. Only for
2 strains was a slightly higher LOD of 1 X 10° to 2 X 10° CFU/ml
observed. For the majority of strains of the O3 serotype, the de-
tection limits ranged from 1 X 10* CFU/ml to 9 X 10* CFU/ml.
Two strains were just detectable at cell counts of 2 X 10° CFU/ml
and 9 X 10° CFU/ml, respectively, while two further strains
showed no reactivity in the assay.

Application of the sandwich EIA for the detection of C. saka-
zakii in powdered infant formula. In order to determine the ap-
plicability of the established sandwich EIA, the effect of different
PIF samples on the EIA performance was analyzed in preliminary
experiments. For this purpose, 10 g of seven PIF samples, includ-
ing four different initial formulas (from birth onward) and three
follow-on formulas (from the 6th month on), were diluted in 90
ml of buffered peptone water and analyzed by the developed EIAs
(serial 2-fold dilutions in PBS—0.1% Tween 20). While undiluted
negative samples had slightly positive reactions in the EIAs, for
10-fold-diluted samples, the absorbance values ranged from 0.02
to 0.08 and were thus nearly identical to those obtained for pure-
buffer solutions. Therefore, the general cutoff (background) of the
assays was set at a value of 0.1.

To investigate whether PIF as matrix has a negative effect on
the growth of C. sakazakii and the determined sensitivity of the
sandwich EIA, in a preliminary experiment, 10 g of a sample of
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FIG 3 Swimming ability of C. sakazakii. Bacterial motility was assayed in soft
agar without and with specific MAbs (17 pg/ml). MAb 1C4- and MAb 2F8-
containing supernatants of hybridoma cells were diluted in soft agar contain-
ing 50% Dulbecco’s modified Eagle’s medium (DMEM). Purified MADb 1A11
was added in soft agar without DMEM. Motility zones were measured after 8 h
of incubation at 37°C. (A) MHI 21001 (O1). (B) MHI 21035 (O2). (C) MHI
990 (03).

one of the initial milk formulas was artificially contaminated with
10 CFU of C. sakazakii MHI 997 and enriched at 37°C. After 15 h,
the number of CFU was determined by plating 100 pl on CCl agar,
and, in parallel, the enrichment broth was analyzed in serial dilu-
tion by sandwich EIA. Under these conditions, the broth had a
positive reaction in the EIA up to a dilution of 1:51,200, which
corresponded to a bacterial cell count of 3 X 10* CFU/ml. These

4-
~ MHI21001 -
~+ MHI977

31  — MHI99

Absorbance 450 nm
N

105 108 107

CFU/ml
FIG 4 Sensitivity of the sandwich EIA for the detection of C. sakazakii strains
MHI 21001 (O1), MHI 977 (02), and MHI 990 (O3). MAbs 1C4, 2F8, and
1A11, respectively (10 pg/ml), served as solid phase. Bacteria were enriched
overnight in LB broth at 37°C and subsequently detected in serial dilutions
with 1C4-HRP, 2F8-HRP (1:1,000), and 1A11-HRP (1:2,000), respectively.
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TABLE 3 LOD of C. sakazakii strains in sandwich EIAs

C. sakazakii Detection and Serotyping with MAbs

MAD (serotype) Detection limit (CFU/ml) Strain(s)”
1C4 (01) 9 X 10° MHI 21011
2 X 10*to 7 X 10* MHI 21001, MHI 975, MHI 21039, MHI 21028, MHI 21086, MHI 21008
1 X 10°to 3 X 10° MHI 21012, MHI 21038, MHI 996, MHI 21000, MHI 21172, MHI 21030
ND* MHI 21040
2F8 (02) 2 X 10°t0 9 X 10° MHI 21041, MHI 21003, MHI 998, MHI 977,® MHI 995, MHI 21004, MHI 21035
1 X 10*to 6 X 10* MHI 21037, MHI 21010, MHI 21042, MHI 21098, MHI 999, MHI 21009, MHI 21029, MHI 21122,
MHI 21027, MHI 21108, MHI 21032
1X10°to2 X 10° MHI 988, MHI 989
1A11 (03) 1 X 10*to 9 X 10* MHI 21036, MHI 21006, MHI 21131, MHI 21014, MHI 21166, MHI 21168, MHI 21167, MHI 21007,
MHI 990, MHI 21013, MHI 21130
2 X 10° MHI 21169
9 X 10° MHI 21132
ND* MHI 982, MHI 21129

“ Listed in order of lowest to highest detection limit.
b Strains used for immunization of mice.
¢ ND, not detected.

values were comparable to the previously determined LOD of 7 X
10? CFU/ml of buffer (Table 3) and underline the robustness of
the developed EIA (Fig. 5).

To prove the applicability of the developed sandwich EIA for
the reproducible and sensitive detection of C. sakazakii, 10 g of
commercially available PIF dissolved in 90 ml of buffered peptone
water was artificially contaminated each with a strain of serotypes
01, 02, and O3. The viable cell counts of the inocula used for PIF
samples indicated that samples were spiked with 1 to 10 cells per
10 g of milk powder (Fig. 6) prior to enrichment, according to the
ISO reference method (25), for up to 18 h at 37°C. To determine
the required incubation time for detection, aliquots of the con-
taminated PIF samples were taken after 5h,8h, 11 h,and 15h and
analyzed by sandwich EIA. In all three assays, C. sakazakii was

4 £03
8
702
Z041
31 5
£ 00
Dilution

Absorbance 450 nm
"

104

10©
CFU/ml

10°

FIG 5 Evaluation of the established O2-specific sandwich EIA for the analysis
of C. sakazakii in PIF. Shown is a comparison of the detection limit of strain
MHI 977 (O2) in pure bacterial preparation in PBS (green line) and in en-
riched 10% PIF broth (blue line). Inset, absorbance values of buffered peptone
water (black dashed line) and 10% PIF-buffered peptone water (black solid
line) without Cronobacter (background). All samples were analyzed in 2-fold
serial dilutions in PBS—0.1% Tween20 and probed with MAb 2F8 (10 pg/ml)
and 2F8-HRP (1:1,000 in 1% caseinate—PBS).
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reliably detected after 15 h and, in some cases, after only 11 h of
enrichment. Longer incubation did not improve the test results.
Samples could be diluted in a range of from 1:20 to >1:5,120,
depending on the strain and the bacterial cell counts applied for
contamination of the PIF samples (see Fig. S2 in the supplemental
material). At a 10-fold dilution, all samples except for one (MHI
21011, artificially contaminated with 1 CFU per 10 g) were posi-
tive (absorbance values, >0.1), with measured signals ranging
from 0.275 to 3.5 (Fig. 6).

DISCUSSION

C. sakazakii is an opportunistic pathogen causing life-threatening
infections in neonates. The pathogen can be isolated from clin-
ical, environmental, and a wide range of food sources, predom-
inantly from PIF and its associated production environments
(21, 29, 45, 46).

In general, the majority of C. sakazakii isolates belong to se-
rotypes O1 and O2 (22), followed by serotypes O3, O4, and O7
(19-22, 29, 47). The previously reported distribution of C. saka-
zakii serotypes agrees with the findings of this study: of the 70 C.
sakazakii isolates of our strain collection, C. sakazakii O2 (22 iso-
lates [31.43%]) was detected predominantly, followed by sero-
types O3 (16 isolates [22.86%]) and O1 (14 isolates [20%]).
Blazkovd et al. (22) reported that only C. sakazakii serotypes O1,
02, and O4 were isolated from clinical cases, while C. sakazakii
serotypes O3 and O7 were not found, even though their occur-
rence in PIF samples has been described (22). In contrast, Yan et
al. reported in two recently published studies (24, 29) that C. saka-
zakii serotypes O1 to O3 are the most common serotypes in clin-
ical isolates. The distribution of C. sakazakii serotypes in clinical
isolates allows the assumption that some C. sakazakii serotypes
might be more pathogenic than others.

Therefore, it is important for epidemiological studies to iden-
tify not only the genus and species but also the serotype of the
causative agent. Until now, serotype-specific MAbs recognizing
the O-specific polysaccharide chain of LPS and reacting with un-
treated live cells have been described only for C. turicensis serotype
O1 (39). In general, LPS and various other polysaccharides, such
as CPS and EPS, have been identified as major virulence factors.
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FIG 6 Detection of C. sakazakii serotypes O1, O2, and O3 in PIF samples. For each serotype, 3 strains were used to artificially contaminate 10 g of PIF with
bacterial cell counts ranging from 1 to 10 CFU. After 15 h of enrichment, serially diluted samples were directly analyzed in the sandwich EIAs. The experi-
ments were conducted in triplicate, as indicated by the columns. The absorbance values were dependent on the amount of C. sakazakii used for the contami-
nation. The absorbance values for the 10-fold diluted samples ranged from 0.156 to 3.5. The cutoff value (absorbance, =0.1) of the EIAs is indicated by a dashed

red line.

They contribute to capsule and biofilm formation of Gram-nega-
tive pathogens (48, 49) and are essential for the persistence of C.
sakazakii in harsh environments (30). The highly varied polysac-
charide structures are strong immunogens showing a high degree
of antigenic variation and are often targets for the production of
antibodies. However, only limited reports are available on the
production of high-affinity MAbs against LPS and their applica-
tion in sensitive and robust sandwich EIAs for the detection of
foodborne pathogens (50, 51). Westerman et al. (50) presented
the production and characterization of specific MAbs for the LPS
of Escherichia coli O157 as a valuable tool for its rapid detection.
An EIA for the detection and serogroup differentiation of Salmo-
nella spp. using O-factor-specific MAb conjugates and a broadly
reactive MAD, specific for the outer core oligosaccharide of Salmo-
nella LPS, was presented by Ng et al. (51). For C. sakazakii, a
sandwich EIA based on MAbs and polyclonal antibodies (PAbs)
was established previously (32), presumably being reactive with
heat-stable LPS of one of the serotypes. However, the target of the
antibodies and the serotypes of the tested strains ultimately were
not identified.

In order to develop a MAb-based method to detect each of the
C. sakazakii serotypes O1, 02, and O3, MAbs 1C4 (O1), 2F8 (02),
and 1A11 (O3) were generated and characterized. MAbs 1C4 and
2F8 reliably recognized the respective C. sakazakii serotype and
showed no cross-reactivity with other Cronobacter spp. or other
members of the family Enterobacteriaceae. In contrast, MAb 1A11
exhibited considerable cross-reactivity with C. muytjensii serotype
O1 strains (E769 and E888). This represents an expected result, as
it has been shown that this serotype shares an identical LPS bio-
synthetic operon with C. sakazakii serotype O3 (18, 52, 53). Ac-
cordingly, for MAb 1A11 (0O3), the O-specific polysaccharide
chain of LPS was identified as the antigenic determinant by im-
munoblotting.

Treatment of live bacteria with the LPS-specific MAbs 1A11
and 2F8 resulted in a reduced flagellum-based motility, which was
also observed in a previous study for a MAD targeting C. turicensis
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LPS (39). In contrast, MAb 1C4 (O1) displayed a localized fluo-
rescence signal (focus) on the bacterial surface of C. sakazakii se-
rotype O1 and did not inhibit bacterial motility. However, a char-
acteristic polysaccharide ladder pattern was observed in
immunoblot analysis, suggesting that the EPS moiety of the cell
envelope might be the antigen for MAb 1C4. MADb 1C4 reacted
with all tested C. sakazakii serotype O1 strains, except MHI 21040
(Table 2). This strain is likely to possess changes in its cell surface
composition, because in an as yet unpublished study, only this
strain was unable to activate mitogen-activated protein (MAP)
kinases, such as extracellular signal-regulated kinase (ERK), p38,
and c-Jun N-terminal kinase (JNK), in human colon epithelial
cells (Caco-2) (K. Schauer, unpublished data). Possibly, an altered
LPS composition is also the reason for the missing reactivity of
MAD 1A11 with the O3 serotype strains MHI 982 and MHI 21129.
In summary, the species- and serotype-specific binding properties
of the produced MAbs and their reactivities with C. sakazakii cells
allow the reliable serological differentiation of C. sakazakii sero-
types O1, O2, and O3.

Because of the time-consuming and laborious nature of the
cultivation procedures (25) or cultivation methods followed by
real-time PCR (U.S. FDA) that are presently approved as ref-
erence methods for the screening of C. sakazakii in food, there is
an increased need for a complementary, easy, reliable, and rapid
detection method to prevent life-threatening infections in neo-
nates and premature infants. The application of antibodies for the
identification of foodborne pathogens is an accepted approach,
and enzyme immunoassays satisfy the requirements for rapid
methods. The advantages of immuno-based methods have led to
the production of different commercially available immunologi-
cal assays for the rapid detection of pathogens, spores, and toxins
(54). For the detection of Cronobacter spp., several protocols using
MAbs and PAbs have been published. Park et al. (33) established a
PAb-based sandwich EIA for the detection of C. muytjensii using
chicken anti-C. muytjensii IgY and rabbit anti-C. muytjensii IgG,
achieving a detection limit of 2.0 X 10* CFU/ml. Xu et al. (32)
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described two different EIA formats: an indirect EIA using MAbs
specific for the genus Cronobacter, with an LOD of 10° CFU/ml,
and a more sensitive (LOD, 2 X 10* CFU/ml) sandwich EIA based
on PAbs specific for C. sakazakii. Hochel and Skvor (31) described
the development of two PAb-based indirect competitive EIAs for
the detection of C. sakazakii strain CNCTC 5739, with detection
limits ranging from 0.6 X 10° CFU/ml to 3.4 X 10° CFU/ml.
However, none of these methods allows a distinction between
different serotypes of C. sakazakii, probably due to the fact that
protein (whole-cell lysate) (33) or inactivated bacterial cells (31)
were used as the immunogen. With the approach of directly using
LPS preparations as the immunogen, these newly developed
MADb-based sandwich EIAs enable, for the first time to our knowl-
edge, the simultaneous detection and serotyping of C. sakazakii
serotypes O1, 02, and O3. A detection limit of up to 2 X 10’
CFU/ml for some strains using bacterial pure culture renders
these optimized sandwich EIAs the most sensitive immunochemi-
cal detection system for C. sakazakii described so far.

The application of MAb-based sandwich EIAs to detect C.
sakazakii serotypes O1, 02, and O3 in food products was investi-
gated by spiking PIF. After enrichment for only 15 h, the LOD for
the sandwich EIA was found to be aslow as 1 CFU/10 g of PIF, thus
considerably shortening the detection time compared to that of
the classical methods. A large benefit of the established sandwich
EIAs is the possibility to detect live and heat-treated cells without
having to forfeit a reduction in assay sensitivity (see Fig. S3 in the
supplemental material), simplifying the handling of samples at
laboratories without special safety classification. Further on, sam-
ples could be directly analyzed without the need to isolate or con-
centrate bacterial cells from the enriched broth. These facts high-
light the robustness and the simple practical application of the
sandwich EIA.

In conclusion, it was possible to create three monoclonal
IgG antibodies that specifically recognize and differentiate C.
sakazakii serotypes O1, 02, and O3. The ability to bind to live C.
sakazakii cells makes these MADbs suitable for detecting this patho-
gen in food, environment, and clinical samples using a developed
sandwich EIA capture system. In contrast to the laborious and
time-consuming traditional culture detection methods, the
high specificity and sensitivity combined with the simple and
rapid workflow of this method permit accurate and reliable
detection of C. sakazakii serotypes O1, 02, and O3 in pure culture
and powdered infant formula within 15 h. This study represents
the first approach for simultaneous detecting and serotyping bac-
teria based on MAbs. Future work will involve the production of
MAbs for C. sakazakii serotypes O4 and O7. With a complete
panel of MAbs, all relevant C. sakazakii serotypes could be de-
tected in parallel. Further on, the currently used antigenic typing
system for serotyping C. sakazakii would considerably be im-
proved.
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