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sample) was almost $70 for the PCR-SSCP analysis, fol-
lowed by 165 rDNA sequencing. The cost of the PCR-
SSCP method can be reduced because the high reproduc-
ibility of PCR-SSCP enables the grouping of strains be-
tween different samples.

In this study, we evaluated the PCR-SSCP process as
a grouping method for isolated strains from plate count
analysis and showed good correlation between the PCR-
SSCP analysis and 165 rDNA sequencing. Among 180
strains from various foods, 2.2% were misgrouped due to
their phylogenetic relationships. This is not a substantial
problem of the PCR-SSCP method because the most im-
portant aspect of this grouping method for isolates used by
food suppliers is the practical usefulness. The PCR-SSCP
method meets these requirements in various aspects, such
as sufficient accuracy, high throughput, high reproducibil-
ity, and ease of operation. This PCR-SSCP methoed can also
be used as the grouping method of isolates followed by
identification using the identification kits and classical iden-
tification by biochemical characterization.
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Abstract

A specific serotype of Vibrio parahaemolyticus, 03:K6, has recently been linked to epidemics of gastroenteritis in Southeast Asia, Japan, and
North America. These pandemic 03:K6 strains appear 1o have recently spread across continents from a single onigin to reach global coverage,
based on profiling of strains by several molecular typing methods. In this study, variable-number tandem repeats (VNTR)-based fingerprinting
was appllul to clinical md environmental ¥ parahaemolyticus 03:K6 strains in an attempt to develop a molecular method with increased

ity for discrimi the relative discriminatory powers were compared with ribotyping and pulsed-field gel electrophoresis
(PFGE). All clinical strains t.eswd were independent human isolates obtained from different outbreaks or from sporadic cases in Tokyo during the
period from 1996 to 2003. Multiple-locus VNTR analysis (MLVA) was shown to have high resolution and reproducibility for typing of ¥
parahaemolyticus clones. MLVA analysis of 28 pandemic V. parahaemolyticus 03:K6 strains isolated from human cases produced 28 distinet
VNTR patterns. The VNTR loci displayed between 2 and 15 alleles at each of eight loci with Nei's diversity index ranging from 0.35 and 0.91.
These data demonstrated that MLVA is useful for individual strain typing of new O3:K6 strains, which appear to be closely related by other

molecular methods.
© 2008 Elsevier B.V. All nghts reserved.

Keywords: DNA typing; MLVA; Fibrio parahaemolyticus; VNTR

1. Introduction

Vibrio parahaemolyticus is a gram-negative marine bacter-
ium that causes seafood-borne gastroenteritis; but not all strains
have the same pathogenic potential. Infections are usually
caused by ¥ parahaemolyticus of diverse serotypes, and until
1996, infections were characterized by sporadic cases caused by
multiple, diverse serotypes. However, recent studies have
shown the emergence of serotype 03:K6, a unique serotype
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and Technology, 4-5-7 Konan, Minato, Tokyo 108-8477, Japan. Tel ffax: 481 3
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that is characterized by the potential to spread and to be
associated with infections more often than other serotypes. In
February 1996, strains belonging to the O3:K6 serotype were
first documented in Calcutta, India, and accounted for 50 to
80% of the strains of ¥ parahaemolyticus responsible for
infections occurring annually since then (Okuda et al.,, 1997).
Furthermore, strains belonging to the new 03:K6 serotype have
been isolated from other Southeast Asian countres, from
travelers at a quarantine station in Japan (Okuda et al., 1997),
and from a food-bome outbreak in the United States (Centers
for Disease Control and Prevention, 1999). These isolates
possessed the dh gene encoding thermostable direct hemolysin
(TDH), lacked the rrh gene encoding TDH-related hemolysin,
and showed very similar profiles by several molecular methods
(Matsumoto et al., 2000; Nasu et al., 2000; Wong et al., 2000),
suggesting the presence of a common ancestor.
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A variety of molecular typing methods have been applied to
V. parahaemolyticus; ribotyping (Bag et al., 1999; DePaola et al.,
2003; Gendel et al, 2001), pulsed-field gel electrophoresis
(PFGE) (Bag ct al., 1999; Marshall et al., 1999), group-specific
PCR (GS-PCR) (Matsumoto et al., 2000), arbitranly primed PCR
(AP-PCR) (Hara-Kudo ¢t al., 2003; Matsumoto et al., 2000;
Okuda et al., 1997), and multilocus sequence typing (MLST)
(Chowdhury et al., 2004). However, newly identified O3:K6
strains are shown to be genetically homogeneous, and it makes
difficult to distinguish them by above methods. Therefore, we
decided to develop a method that targets the short tandem repeat
sequences (TRs), which undergo rapid evolution in the bacterial
genome. Increasingly, variable-number tandem repeats (VNTRs)
have been used to discriminate among individual strains within
several food- or waterbome pathogen with little genetic variation,
including Escherichia coli O157:H7 (Lindstedt et al., 2004a;
Noller et al., 2003), Pseudomonas aeruginosa (Onteniente et al.,
2003), Staphylococeus aureus (Sabat et al., 2003), Salmonella.
enterica subsp. enterica serovar Typhimurium (Lindstedt et al.,
2004b). Short sequence repeats, including VNTRs, consist of
unique DNA elements that are repeated in tandem. Individual
strains within a bacterial species often maintain the same
sequence elements but with different copy numbers, variation
introduced by slipped-strand mispairing during DNA replication
(Metzgar ct al., 2001). Since sequence homologies between
strains exist in the flanking-sequences, specific primers can be
used to determine the variation in copy numbers of repeat units,
reflecting intraspecific genetic diversity.

The primary aim of this study was to develop a high-resolution
typing system for V. parahaemolyticus serotype O3:K6 based on
polymorphisms at genomic VNTR loci. We demonstrate the
utility of this approach by comparing PFGE results for clinical
strains of ¥ parahaemolyticus serotype 03:K6 from different
outbreaks in Tokyo occurring from 1996 to 2003. This study
shows for the first time that clonal pandemic O3:K6 strains are
distinguishable by differing VNTR patterns.

2. Materials and methods
2.1, Bacterial strains

All ¥ parahaemolyticus strains (n=34) were collected by the
Tokyo Metropolitan [nstitute of Public Health and provided to the
Food Microbiology Laboratory at the Tokyo University of Marine
Science and Technology (Table 1). Among them, 28 were clinical
strains isolated from single patients associated with different
outbreaks or sporadic cases in Tokyo during the period from 1996
to 2003 and the other 6 strains were enviror I strains isolated
from cither food or seawater during the period from 1999 1o 2003,
All ¥ parahaemolyticus strains were grown in LB broth or on
LB agar (1.5% agar) with 3% sodium chlonde, All strains were
serotyped by the slide agglutination test with O- and K- antigen
using commercially available antisera (¥ parahaemolyticus
antisera Sciken set, Denka Seiken, Tokyo, Japan), and the
presence of the rdh gene and trh gene in the isolates were
determined by the primers described previously (Okura et al,
2003).

2.2. GS-PCR

GS-PCR for 1oxRS sequence of the newly emerging
V. parahaemolyticus serotype O3:K6 clones (toxRS/new) and
old 03:K6 strains (toxRS/old) was performed according to the
reports by Okura et al. (2003), and ORF8 PCR for detection of
the 237 filamentous phage which is unique to the newly
emerged O3:K6 clones (Nasu et al., 2000) was also performed
(Okura et al., 2003).

2.3, Automated riboryping

Ribotyping was camied out using the Qualicon RiboPrinter
Microbial Characterization System (Qualicon, Inc., Wilmington,
Del.) according to the manufacturer’s instructions. Riboprint
pattems for each strain were compared to the patterns produced
for all other strains using the same restriction enzyme using the
software supplied with the Riboprinter system. Strain-to-strain
comparisons were used to define ribogroups, each consisting of
pattermns that were >0.90 similar. The sample number of the first
pattem in each group became the label used to identify that group.
The analysis software derived a single average pattem for cach
ribogroup, as well as information on the similarity of each pattern
within the group to the group average pattern.

2.4, Tiping O3:K6 strains by PFGE

PFGE typing of strains was performed on genomic DNA
digested with restriction enzyme Not |, as described elsewhere
(Hara-Kudo et al, 2003; Yeung et al, 2002) with minor
modifications. All strains were grown overnight at 30 °C in LB
broth. Bacteria were harvested by centrifugation and resuspended
in 100 pul resuspension buffer (Bio-Rad Laboratories Litd.,
Richmond, Califl). Agarose plugs were prepared by mixing
equal volumes of bacterial suspensions. Suspensions were
transferred to disposable plug molds and cooled to 4 °C. Bacierial
cells in the agarose plugs were treated with lysozyme solution at
25 °C for 2 h, after which, the plugs were suspended in 300 pl of
proteinase buffer containing 3 pl of proteinase K and incubated at
50 °C for ovemnight. Agarose plugs were washed once with wash
buffer, once with | mM PMSF, twice with wash buffer, and once
with 0.1 % wash buffer with wash time of | h each. Agarose plugs
containing genomic DNA were digested with 10 U of Nor |
(Takara Bio Inc., Shiga, Japan) at 25 °C ovemight. PFGE was
performed with 1% agarosc gel (Scakem Agarose Gold;, FMC
Bioproducts, Rockland, Me.) on a CHEF-DR I1 apparatus (Bio-
Rad) in0.5 < TBE bufTer at 14 °C. Electrophoresis was performed
at 6 Viem for 18 h with a 2- to 40- s linear ramp time.

2.5, Searching potential VNTRs

All VNTR loci were selected using MICAS (http:/www.
cdfd.org.in/micas/) (Sreenu et al., 2003) and the Tandem Repeat
Finder program (http://tandem.biomath.mssm.edu/trf/trf.huml)
(Benson, 1999) from the entire genomic sequence of
V. parahaemolyticus RIMD2210633, Kanagawa-phenomenon
positive, serotype O3:K6 (Makino et al., 2003), GenBank
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Table |
Vibrio parahaemolyticus strains used in this study
GS-PCR Riboprinting

Source Strains* Serotype® Year” wdh® rh® toxRS/new" ORF8* DuPont 1D Ribogroup®

Clinical Vo6-110 03:K6 1996 t+ = + + <nonc> 172-48-5-3
V96-178 03K6 1996 + - + + DUP-6626 172-48-5-3
V96-223 03:K6 1996 + - + + DUP-6626 172-48-5-3
V97-19 03K6 1997 + - - + DUP-6626 172-54-5-4
V9749 03K6 1997 + - . + DUP-6626 172-48-5-3
VoT7-204 03:K6 19497 + - + + DUP-6626 172-48-5-3
V98-10 03:K6 1998 + - . + DUP-6626 172-48-5-1
V98-290 03K6 1998 ¥ ¥ + + DUP-6626 172-48-5-3
V98-324 03K6 1998 + - + + DUP-6626 172-48-5-3
V99-38 03:K6 1999 + - + + DUP-6626 172-48-5-3
V99-107 03:K6 1999 + = + + DUP-6616 172-48-5-3
V99.208 03:Ké6 1999 + - + + DUP-6626 172-48-5-3
VOo-76 03:K6 2000 ¥ - + f DUP-6626 172-48-5-3
V00-145 03:K6 2000 + - + + DUP-6626 172-48-5-3
Vo-161 03:Ké 2000 + - [ + DUP-6626 172-48-5-3
Vo1-38 03:K6 2001 + = + + DUP-6626 172-48-5-3
Voi-141 03:K6 2001 + - + + DUP-6626 17248-5-3
vol-151 03K6 001 + = + + DUP-6626 172-48-5-3
V02-21 03:K6 2002 # - + + DUP-6626 172-48-5-1
V02-36 03:K6 2002 * - v + DUP-6626 172-48-5-1
V02-64 03:K6 2002 + - + + DUP-6626 172-48-5-3
V02-106 0XK6 2002 + - + + <ponc> 172-48-5-4
V02-123 03:K6 2002 + - + + DUP-6626 172-48-5-3
V02-207 03K 2002 + = + + DUP-6626 172-48-5-3
v02-279 03:Kb6 2002 + = + + DUP-6626 172-48-5-3
V03-80 03:K6 2003 + - + + DUP-6626 172-48-s-1
Vo3-108 03:Ké 2003 + - . + DUP-6626 172-48-5-3
V03-159 03:K6 2003 + - + + DUP-6626 172-56-5-8

Environment vi9 03:K6 1999 = = = - <none> 172-58-s-1
Va7 03K6 1999 = o ¥ - <nonc= 172-58-5-2
Y71 03:Ké 1999 - = - = “nonc> 172-58-5-3
V237 03:Kb 2000 —~ - - - <none> 172-58-5-4
vais 03:K6 2000 - - - - <none= 172-58-5-5
V282 03:Ké 2003 - - = - <pone> 172-58-5-5

* Al strains were isolated in Tokyo, Japan.
" Year of isolation,

© The presence of these gencs were determined by the PCR as described previously (Okura et al, 2003).
“* Determined by Illr: smup-spl.l:!fc PCR for the newly crm:rgcd 0¥K6 slmms performed as described previously (Okura et al., 2003),

*po

were d d such that identical ribop are gr

accession numbers BA00O0O31 and BA000032 (Fig. 1). PCR
primers were designed from sequences flanking the respective
loci (Table 2).

2.6. MLVA typing

Chromosomal DNA was extracted and purified from overnight
cultures by phenol-chloroform extraction and ethanol precipita-
tion according to the method of Murray and Thompson (1980).

Primers were designed for the amplification and sequencing
of the target repeat region (Table 2) to verify that the observed
differences were due to variability in the tandem repeat region
and not other genetic characteristics, Each 50 ul PCR mixture
contained 5 pl of 10 PCR buffer, 4 pl each deoxyribonucleo-
tide, 5 uM of each primer, 0.25 pl of Tag DNA polymerase
(Takara Bio Inc.), and | pl of DNA template. The samples were
placed on a GeneAmp PCR System 9700 (Applied Biosystems,
Foster City, Calif.) and the temperature was raised to 94 °C for

d into the same ribogroup.

5 min, followed by 25 cycles of 94 °C for 30 5, 60 °C for 30 s,
and 72 °C for 60 s. The final hold was for 7 min at 72 °C. All
steps in the PCR thermal cycling program were identical for the
7 primer pairs, except for annealing temperatures (given in
Table 2). The PCR products were then purified by polyethylene-
glycol precipitation (Sambrook et al., 1989).

The forward and reverse strands of the PCR products were
sequenced using an ABI PRISM 310 Genetic Analyzer
(Applied Biosystems) and BigDye Terminator Cycle Sequen-
cing kit (Applied Biosystems). Contigs were created using the
base calling and fragment assembling software programs,
GENETYX/ATSQ (Software Development, Tokyo, Japan)
and the numbers of repeats in aligned sequences were counted,
The resulting data were imported back into BioNumerics
software version 4.0 (Applied-Maths, Kortrijk, Belgium) for
use clustering analysis with the categorical coefficient and Ward
clustering parameter. Use of the categorical coefficient im-
plies that the character states are considered unordered. The
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Fig. 1. VNTR maker locations within the physical map of the ¥, parahaemolyticus RIMD2210633 genome. Positions are given with reference to predicted ongin of

replication (sct as position ),

same weight is given to a large or a small number of differences
in the number of repeats at any locus. The information index
or Nei's diversity index () was calculated for each markers as
1 - 3 (allele frequency)’.

3. Results

The serotypes, virulence attributes, the results of GS-PCR for
toxRS and ORFS, ribotyping and the sources of the 34 tested
V. parahaemolyticus strains are shown in Table |. PCR analysis
confirmed the presence of tdh and the absence of w4 in all
28 clinical strains of V. parahaemolyticus serotype 03:K6, while
all 6 environmental strains of ¥ parahaemolyticus serotype O3:

K6 lacked both tdh and trh. In addition, all 28 clinical strains were
confirmed to be pandemic strains by the GS-PCR assay for roxRS
and the ORF8 PCR assay which detects the presence of the 237
phage (Nasu et al., 2000). On the other hand, all 6 environmental
strains were distinguished as nonpandemic strains by these PCR
assays.

3.1. Automated ribotyping

Riboprint patterns generated for all 34 strains of
V. parahaemolyticus O3:K6 using EcoRl1 (Table 1) showed
that among the 28 clinical strains, 26 strains were identified as
DuPont ID 6626 (DUP-6626; V. parahaemolyticus). Two

Table 2

Charactenstics of the VNTR locus in ¥ parah Iyricus and | for MLVA

Locus  Repeat Repeat  Function Diversity®  Primer Primer sequence (5'-3') Anncaling Product

motif times* temperature (°C)  size (bp)

VPTRI  ATAGAG 28 hypothetical protein =~ 0.91 VPTRI-F  TAACAACGCAAGCTTGCAACG 60 255
VPTRI-R  TCATTCTCGUCCACATAACTCAGC

VPTR2Z CAGCAA 28 hypothetical protein =~ 0.90 VPTR2-F  GTTACCAAACTGGCGATTACGAAG 60 615
VPTR2-R  COGGAATTCAGGATCATUCTGAT

VPTRY  ATCTGT 6 putative collagenase 0,35 VPTR3-F  CGOCCAGTAATTCGACTCATGC 60 31
VPTR3-R  AAGACTGTTCCCGTCGCTGA

VPTR4 TGTGTC 7 putative hemolysin 043 VPTRA-F AAACGTCTCOACATCTGGATCA 6l 219
VPTR4-R  TGTTTGGCTATGTAACCGCTCA

VPTRS CTCAAA 7 Non-coding region 0.56 VPTRS-F  GCTGGATTGCTGCGAGTAAGA 60 202
VPTR5-R  AACTCAAGGGCTGCTTCGG

VPTR6G GCTCTG 17 hypothetical protein 0,79 VPTR6-F TGTCGATGGTGTTCTGTTICCA 60 312
VPTR6-R  CTTGACTTGCTCGCTCAGGAG

VPTRT CTGCTC 6 hypothetical protcin 038 VPTRT.F  CAACAGTTCTGCTCTAATCTTCCG 56 1
VPTRT-R CAAAGGTGTTACTTGTTCCAGACG

VPTRE  CTTCTG 7 Cell division protein -~ 0.44 VPTRE-F  ACATCGGCAATGAGCAGTTG 60 306
VPTRE-R  AAGAGGTTGCTGAGCAAGCG

* Numbers of tandem repeats were counted using the genome sequence of ¥ parahaemolyticus RIMD2210633 (Makino ct al., 2003},

" Diversity is based on Nei's marker diversity, which is | - Z{allele frequency .
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strains not identified as DUP-6626, V96-110 and V02-106,
showed similarities with DUP-6626 of 84% and 74%,
respectively (Table 1). The majority (22 strains) of the 28
clinical strains were grouped in ribogroup 172-48-5-3 (average
internal similarity, 95.9%), and 4 strains in ribogroup 172-48-s-
1 had an average intemal similarity 97.5%. Ribogroup 172-48-
s-3 has similanty of 93%, and 172-48-s-1, 91%, with DUP-
6626, All the environmental strains had no DuPont ID (Table 1).

3.2. PFGE profiles

In this study, PFGE was carried out with Nor 1. Previous
experiments indicated that pandemic O3:K6 clones show
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similar PFGE patterns (Arakawa et al, 1999, Chowdhury
et al, 2000; Yeung et al,, 2002), In this study, obvious distinc-
tion between clinical and environmental strains was noted
(Fig. 2). Furthermore, clinical O3:K6 group strains had highly
similar PFGE pattemns; all pandemic strains tested in this study
displayed PFGE pattern A, except for the isolates V00-76, V00-
145, V00-161, V02-21 and V02-36, which were internally
identical and showed small one-band differences from the pat-
tem A PFGE profile (PFGE pattem B). Three strains, VO1-141,
V01-151, and V02-207, were untypeable producing only a
smear of bands on the gels. This is in accordance with previous
studies (Marshall et al., 1999; Yeung et al., 2002) and suggests
that the utility of PFGE for differentiating V. parahaemolyticus
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Table 3

The number of tandem repeats of the ¥ parahaemolyticus strains used in this study

Repeat times (Repeat motif)

VPTRI VPTR2 VPTR3 VPTR4 VPTRS VPTRG VPTR? VPTRS
Source Strains (ATAGAG) (CAGCAA) (ATCTGT) (TGTGTC) (CTCAAA) (GCTCTG) (CTGCTC) (CTTCTG)
Clinical Vo6-110 42 33 6 6 7 17 7 7
V36-178 27 35 6 6 7 18 6 7
V96-223 26 is 6 6 7 18 ] 7
Vo719 25 37 6 6 7 18 6 7
V9749 29 I8 6 [ 7 17 [ Y
V97.204 28 36 L] ] 7 17 6 8
Vos-10 29 3l 5 1 7 18 b 7
V98-290 26 30 [ [ 7 18 6 7
Vo329 26 37 ] [ 7 18 [ 7
V99-38 27 ig 6 6 T 17 6 7
V99107 30 34 (] 6 7 0 [3 7
V99-205 27 13 6 6 8 18 3 7
V00-76 24 1 6 5 9 17 rh 7
V00-145 38 3 6 5 9 17 7 7
Voo-161 42 31 6 5 9 17 7 ¥
Vol1-38 29 19 (] 6 # 14 t 7
Vor-141 27 33 6 i 7 20 L1 8
Vol-151 7 21 6 6 7 19 6 8
vi2-21 43 kil 6 6 9 18 7 7
Vi2-36 42 7 6 6 8 18 [ 7
V0264 18 29 6 7 7 19 (] 7
V02-106 18 28 6 7 7 19 6 7
Vo2-123 24 26 6 7 7 19 6 7
V02-207 39 30 6 6 7 20 7 10
v02-279 8 27 6 6 T 17 6 7
V03-80 24 7 6 [ 7 14 3 7
V03-108 27 3 6 6 6 19 f 7
V03-159 27 27 6 6 7 18 b 7
Environment vi9 10 i 4 7 9 17 6 7
vir 1 3 4 i 9 17 6 7
V71 14 7 7 7 2 21 6 18
V237 10 26 4 ] 9 14 6 10
Vg 10 24 4 8 7 15 6 9
V282 10 28 4 6 ] " 4 17

might be limited by some of isolates untypeable due to DNA
degradation.

3.3. PCR amplification and sequence analysis of potential
VNTRs

A total of eight VNTR loci were analyzed in the
V. parahaemolyticus genome, which consists of two circular
chromosomes; six VNTRs were localized on chromosome I,
and two were localized on chromosome II (Fig. 1). All eight
VNTR loci were successfully amplified, and sufficient vari-
ability was confirmed in the eight VNTR loci by sequencing.
We found that all eight loci had multiple alleles with substantial
variability. In all cases, the size variation observed among PCR
products was attributable to the number of TRs,

The VNTRs loci displayed a wide range of polymorphisms
in the O3:K6 strains, with the VPTR1 and VPTR2 being the
most polymorphic (Table 3). Among 28 clinical strains, VPTR
had 18 difTerent alleles, and VPTR2 had 16, VPTR6 had 5,
VPTRS and VPTRE cach had 4, VPTR4 and VPTR7 each had

3, and VPTR3 had only 2. The Net's diversity index (D) is
based on the number of alleles and the allele frequency and
provides a better measure of discriminatory power than allele
number; D values for VNTR markers in this study ranged from
0.35 for VPTR3 to 0.91 for VPTR1. VNTR analysis showed a
high degree of discrimination of the O3:K6 strains.

3.4. MLVA dendrogram

The extent of genetic diversity among the tested strains based
on the MLVA dendrogram revealed that each strain has a dis-
tinct profile; that is, 34 strains produced 34 patterns (Fig. 2).
Only minor discrepancies were noted between the cluster
pattern profiles generated by MVLA and the PFGE (Fig. 2). In
MLVA analysis, two main groups, denoted as groups | and 11,
cach were comprised of smaller groups or individual isolates.
Cluster 1 contained all environmental 03:K6 strains and 6
pandemic O3:K6 strains. Cluster 11 contained the remaining
pandemic O3:K6 strains, Closer inspection of cluster I, how-
ever, revealed that the pandemic O3:K6 isolates in this
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cluster (V00-76, V00-145, V00-161, V02-21) in MLVA had
distinct,one-band difTerences from the major group of the
pandemic 03:K6 strains identified by PFGE (data not shown).
On the other hand, the majority of strains that clustered together
in PFGE produced distinct VNTR profiles, suggesting that
distinct populations of V. parahaemolyticus serotype 03:K6
strains may have circulated during sporadic cases or in oul-
breaks in Tokyo during the period from 1996 to 2003. The lack
of multiple isolates from the same outbreak did, however,
prevent a through analysis of isolate populations.

4. Discussion

The main finding of this study was the high discrimination
power of MLVA for the pandemic serotype 03:Ké strains of
V. parahaemolyticus. All 28 of pandemic serotype 03:Ké6
strains tested here could be discriminated as individual strains
(28 different MLVA profiles, Fig. 2). This is imponant since no
other available typing method provides high-resolution dis-
cnimination among pandemic serotype 03:K6 strains. Previous
studies using molecular analysis of O3:K6 isolates collected
recently from several countries had suggested the genetic
homogeneity of O3:K6 (Armkawa et al, 1999; Chowdhury
et al., 2000; Matsumoto et al., 2000). The genetic homogeneity
of these newly isolated O3:K6 strains were also confirmed by
GS-PCR, nbotyping, and PFGE in this study. Although the
clinical strains used in this study were isolated from different
outbreaks or from sporadic cases during period from 1996 to
2003 in Tokyo, almost all were shown to be identical by these
methods (Table 1, Fig. 2), supporting the view of previous
studies that pandemic strains might have originated from the
same clone (Chowdhury et al., 2000; Okuda et al., 1997)
However, our MLVA results showed a high resolution for these
pandemic strains, indicating substantial genetic heterogeneity at
the VNTR loci among pandemic ¥, parahaemolyticus 03:K6
strains. The finding of great diversity within the small set of
V. parahaemolyticus O3:K6 strains studied here suggests
that there is still a great deal of unsampled V. parahaemolyticus
03:K6 diversity to be discovered. One potential concern is that
VNTRs evolve so mapidly that multiple MLVA types emerge
duning outbreak or cultural transfers. A number of studies,
however, have revealed that the composition of the VNTR loci
is relatively stable and does not change even after prolonged
storage or subculture in laboratory settings (Adair et al., 2000;
Keim et al,, 2000; Sabat et al., 2003; Truman et al., 2004). In this
study, we have not tested the stability and heterogeneity within
the bactenial population after extensive subculturing of individual
colonies of ¥ parahaemolyticus. Thus, further studies on cul-
tural stability and larger collections from various origins including
outbreak strains are necessary to validate the application of
VNTRs for the characterization of V. parahaemolyticus.

The functions of VNTRs used for MLVA typing in this study
remain unknown, and the relationships between VNTRs and
potential mechanisms for metabolic regulation as well as anti-
genic variation and environmental adaptation should be further
examined. The VNTR loci analyzed here are widely distributed
across chromosome | and I1 of RIMD2210633 (Fig. 1), With the

exception of VPTRS, which is located in a non-coding region,
VNTRs analyzed here are all located in open reading frame
regions. The repeat units in the VNTRs studied in this study
were all 3-bp multiples, indicating that variation in the number
of repeats in these genes results in altered amino acid sequence,
but not in inactivation of genes due to frame shifting. VPTRI,
VPTR2, VPTR6, and VPTR7 are located in open reading
frames that hypothetically codes for proteins. Allele states of the
VPTRI and VPTR2 loci are highly variable, having 18 and 16
alleles respectively. VPTR3 is located in an open reading frame
that codes for the putative collagenase gene. Collagenase
digests collagen, affecting the basic structure of membranes in
cucaryotic cells. Studies in V. parahaemolyticus and V. cholerae
have shown that collagenase activity may play a role on the
virulence and be a factor in host infection and pathogenesis.
Apparently, vanation in VPTR3 for this gene is limited, and
clinical strains, except for V98- 10, have 6 repeats, indicating the
essential role of putative collagenase gene in the bacterial cell.
VPTR4 is located in an open reading frame that codes for the
putative hemolysin gene. Pathogenicity of ¥, parahaemolyticus
has been correlated to well-characterized hemolysin, TDH and
TRH (Honda and lida, 1993; Naim et al., 2001). Thermolabile
direct hemolysin (TLH) (Taniguchi et al., 1990) and lectin-
dependent hemolysin (LDH) (Shinoda et al,, 1991) have also
been reported as the virulence factors of this bacterium. How-
ever, the putative hemolysin gene which includes VPTR4 is
apparently different from the above hemolysin genes. Since
both clinical and environmental strains of ¥, parahaemolyticus
have this gene with variation in VPTR4, these genes do not to
seem (o be key to the virulence of this organism. Examination of
the observed allelic differences of these genes among pandemic
strains and the relationship to virulence or physiological dif-
ferences will be interesting for future studies,

In this study, we have shown that MLVA is a valuable typing
technique for characterizing recently emerged and highly
homogeneous pandemic strains of ¥, parahaemolyticus serotype
03:K6. The data presented here demonstrate the utility of this
approach for individual strain identification. Although MLVA
loci in pandemic O3:K6 strains seem to mutate too rapidly to be
useful in determining global phylogenetic relationships, they are
useful for strain identification and may identify rapidly evolving
polymorphisms that are useful for discriminating very closely
related strains, such as V. parahaemolyticus serotype O3:K6
strains. In addition to high resolution power, MLVA is a simple
and rapid method, which can be used to produce strain profiles
that are easily exchanged electronically via the BioNumerics
database as character strings, In this study, we sequenced
VPTRI to VPTRE amplicons to verify PCR specificity and to
confirm that any observed length polymorphisms were due
solely to variation in VNTR copy number. However, for prac-
tical purposes, sequencing will not be necessary and this method
can be further improved by using primers tagged with multiple
fluorescent dyes, allowing accurate sizing of amplicons by
automated DNA sequencer analysis. This method therefore
gives fast, discriminative, and reproducible results for epide-
miological surveillance of V. parahaemolyticus pandemic
strains.
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Visualization of yeast single-cells on fabric surface with a
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Abstract  An ultra-deep focusing range (UDF) fluorescent
microscope system has been combined with a micromanipu-
lation system to develop a viable cell detection-identification
system applicable to microbes on environmental surfaces
and products. Candida albicans yeast cells on a fabric sam-
ple surface were viably stained with a fluorescent glucose
derivative, 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino}-
2-deoxy glucose (2-NBDG) and detected with a UDF fluo-
rescent microscope. Visualized single-cells of C. albicans
were picked in a glass microcapillary and transferred onto
an agar medium. After the culture, the colony was assayed
for DNA sequence to identify the isolate. This demonstrates
a potential application to the study of unknown environ-
mental microorganisms,

Keywords Ultra-deep focusing range (UDF) fluorescent
microscope - Single-cell manipulation -
Fluorescent glucose derivative - Viable cell imaging
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Introduction

Quantitative and qualitative analyses of environmental
microorganisms have been attempted with various methods
and approaches [2, 3, 7, 13, 15]. Where effective, these usu-
ally require days to obtain the results and fail to connect the
visual to microbial species. Currently, urgent needs exist in
the detection of food pathogens in cooking environment
[11. 17] and microbial growth in damp garments after the
laundry washing process [10, 14]. To meet these needs, we
have recently developed a ultra-deep focusing range (UDF)
fluorescent microscope system and applied it successfully
to the evaluation of microbial cell removal from fabrics [4],
and to the automatic mapping of viable microbial cells
being distributed in the surface layer of cotton fabrics [5].
The next step is to isolate those single-cells for their identi-
fication. Once the single-cells have been isolated, they can
be cultured on an agar medium. Thus formed colonies may
be used for further investigation including DNA analysis
and metabolism analysis. This research demonstrates the
detection of single-cells of Candida albicans on fabrics and
their isolation for the culture.

Materials and methods
Microbial strains

Candida albicans, which is one of the key human patho-
gens [6, 16] and contaminants in cosmetc industry [ 1] was
chosen as a microbial strain for this study. Seed cultures of
C. albicans ATCC 10231 were prepared from frozen stocks
from MICROBANK kit (Pro-lab Diagnostics, Toronto,
Canada) and cultured in the 1/10th strength Trypticase Soy
Broth (1/10 TSB) to approximately 10° cfu/ml. Fabric
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samples used are Kanakin 3 [8]. Fabric swatches were pre-
pared as 1.0 cm x 1.0 cm squares, wrapped with aluminum
foil, autoclaved at 121°C for 15 min, and dried under sterile
conditions.

Fluorescent glucose derivative treatments

Synthesis of 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-
2-deoxy glucose (2-NBDG) was conducted following the
protocol described elsewhere [ 13],

A 200 pl inoculum of the seed culture containing about
5 % 10° cells of C. albicans was inoculated onto a swalch,
and the swatch was placed on Trypticase Soy Agar (TSA)
plates. After incubation at 33°C for 1h, the remaining
agueous liquid on the swatch was removed by Ultrafree-
MC centrifuging treatment (6,000 rpm x 30 s). To obtain
individual components amendable to microscopic observa-
tions, the centrifuged swatch was untied and dissected to
individual strings with pre-sterilized tweezers. The individ-
ual fabric strings were set on a glass slide upon which a
square grid has been imprinted. Approximately 2.0 ml of
0.29% agarose solution containing 12 pM 2-NBDG was pre-
pared in molten condition at 46°C, and poured onto the
reassembled fabric strings on the slide glass. The glass slide
was kept in a petri-dish and incubated for 1 h at 33°C to
facilitate the uptake of 2-NBDG by C. albicans.

Microscope and manipulation systems

After incubation, the glass slide was examined with a UDF
fluorescent microscope system. The detailed components of
the UDF fluorescent system are described previously [4, 5].
Ultra long distance industrial optical lenses (CFI Plan EP1
SLWD 50 and 30, NIKON Co., working distance 17.0 and
24.0 mm, respectively) and a semi-automatic cell injection
manipulator (InjectMan NI2, Eppendorf Co.) were inte-
grated 1o assemble a cell manipulation system (Fig. 1)
InjectMan NI2 was fixed on the UDF system stage with
steel frames.

To prepare glass capillaries for the yeast cell manipula-
tion, borosilicate glass tubes (BF100-78-10, diameter 1.0~
0.78 mm, Sutter Instrument Co.) were pulled with a laser
puller (P-2000, Sutter Instrument Co.), sterilized with anhy-
drous ethyl alcohol and dried in a dry oven at 50°C for 48 h.
For cell manipulation, a sterile silicone tube 2 mm in diam-
eter was connected to the capillary and to the InjectMan
NI2,

DNA sequence analyses
Isolated cells were incubated on TSA plates at 33°C for

48 h 1o prepare sufficient cell mass for DNA sequence anal-
yses. The harvested cells were transferred to a 1.8 mL
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Fig. 1 A UDF fluorescent microscope system with a cell manipulation
system. A microscope, B ultra long distance industrial optical lens,
€ manipulator, D operation module of manipulator

serum tube and frozen in liquid nitrogen. Frozen cells were
treated with homogenization pestle to break the cell wall.
This process was repeated two times. DNA was extracted
from the homogenate with EN.Z.A. Fungal DNA Kit
(Omega Bio-tek, Inc.). PCR amplification was conducted
on the 265 rDNA D1/D2 regions [9] with primers NL-1(5"-
CGATATCAATAAGCGGAGGAAAAG) and NL-4(5'-
GGTCCGTGTTTCAAGACGG) [12] with a thermal cycler
(PTC-200 Peluier Thermal Cycler, MJ Research Co.) under
the conditions of 95°C x 10s+ 50°C x 60 s+ 70°C =
60 s (denaturation, annealing, and extension, 30 cycles),
and 72°C x 10 min (extension) . The PCR products
obtained were purified with QIA quick PCR Purification
Kit (QIAGEN Co.) and DNA sequence analyses were done
with PRISM3100 genetic Analyzer (ABI Co.).

Results and discussion

The fluorescent images indicate viabile cells attaching on
the surface of fabrics and their morphologies can be recog-
nized (Fig. 2). Following this cell detection. a glass capil-
lary was inserted in molten agar and placed adjacent to cells
(Fig. 3a, fluorescent image), Then the cells were sucked
into the capillary (Fig. 3b, c). The isolated cells were cul-
tured as described and subjected to DNA sequence analysis
at D1/D2 domain in 265 rDNA to cenify that the originally
inoculated strain was recovered. The gel electrophoresis
band picture of the PCR product is shown in Fig. 4. A sin-
gle band appeared at the same position as that obtained
from the originally inoculated cells. The DNA sequence
analyses data of 572 bp indicated 100% sequence match-
ing. These indicate the clear traceability of the inoculated
strain.

—146—



] Ind Microbiol Biotechnol (2007 ) 34:685-688

5 of

Fig. 2 Microscopic im
C. .

observed on

n
ell isolation

fabric befr

afl };\:r-_.:! 1 b fluorescent

image

Fig. 3 Cellisolation procedure
a Glass capillary insened 1o mol
ten agar coating the fabric (opu-
cal image). b, e C, albicans cells
sucked in a capillary stored in

the glass capillary [optical image

(b) and fluorescent image (¢)]

'~

-
%
-
<
F

Capillary
T

Yeast Cells Yeast Cells
—:b..—-... 0‘\1’ ——— '.‘3_‘;'

L 1

1000bp —

700bp —
600bp —
500bp —

200bp —

Fig. 4 Gel electrophoresis band picture of the PCR products. A woal
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Successful visvalizaton and manipulanon demonstrare
the applicability of the present system to the detection of
very low numbers of nucrobaal cells and Tor their successive

culture, The first is to detect viable cells rapidly and the
next is to investigate them carefully depending upon the
necessity.

Single-cell mampulation supporting technologies have
recently gained marked progress [1Y9, 20] and therefore the
present system may be advanced to a higher throughput
system in response o practical needs.
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Viable microbial cells distributed in a 130 um thick surface layer of cotton fabrics were
stained with a fluorescent glucose, 2-[N-(7-nitrobenz-2-o0xa-1,3-diazol-4-yl)amino]-2-deoxy-D-
glucose (2-NBDG), and automatically mapped with an ultra-deep focusing range microscope
(UDF) system. The software of the UDF system was upgraded and the number of Candida
albicans cells could be counted at a higher precision than before. Bacterial cells of
Pseudomonas fluorescens, Serratia marcescens, and Citrobacter freundii, which were smaller
than 1-2 um, were successfully mapped for the first time. These resuits indicate the practical
importance of the present method in the evaluation of the antibacterial properties of fabrics

and the efficacy of washing.

Key words : Ultra-deep focusing range (UDF) fluorescent microscope/A fluorescent glucose/
Viable cell imaging/Cell deposition on fabrics.

Visualization in sifu of viable microbial cells on the
surface of fabrics is of practical importance and has
been important for the evaluation of antibaterial prop-
erties of fabrics (JIS L1902, 2002; Borkow and
Gabbay, 2004; Cen et al., 2004) and the efficacy of
washing (Petrocci and Clarke, 1969; JIS L0844,
1997; ASTM E2274-03, 2004). One of the key chal-
lenges in conducting such an evaluation is to deal
with the topology of fabric surfaces which is not fiat at
the micrometer scale but composed of many fibers to
form a complex structure. Microbial cells are depos-
ited on thin fibers or entrapped deeply between [i-
bers. To detect these cells within a deep focusing
range simultaneously, confocal microscopy (Roldan
et al., 2004; Staudt el al., 2004), decomvolution mi-
croscopy (MeNally et al., 1999), and ather methods
(Burton, 2003; Buda et al, 2005) have been pro-
posed and in fact some models based on these prin-

*Corresponding author. Tel : +81-42-388-7029, Fax : +81-
42-387-1503, e-mail: mhide@cc.luat ac.jp

ciples are commercially available. However it was dif-
ficult to modify available models al a reasonable cosl
to fit our specific resolutional purpose. Thus we de-
veloped a novel microscopic system with an UDF
system (Fujioka et al., 2006). In combination with the
staining of viable cells with a fluorescent glucose de-
rivative, 2-NBDG (Yoshioka et al., 1996; Matsuoka et
al., 2003), the UDF system was found to be useful for
the rapid evaluation of the efficacy of microbial cell
removal (EMR) from fabrics in the specific case of
Candida albicans microbes grealer than 5 um.

From a practical viewpoint, however, it is essential
to establish a spatial resolution as high as 1-2 gm.In
this study, we have critically revised the principal im-
age processing software. As described below, the
mapping of C. albicans has been successfully per-
formed with much higher resolution. The mappings of
bacterial cells smaller than 1-2 um are also demon-
strated.

Seed cullures of C. albicans ATCC10231, the envi-
ronmental isolates ol Pseudomonas fluorescens,
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Serratia marcescens, and Citrobacter freundii were
prepared from respeclive frozen stocks with
MICROBANK kit (Pro-lab Diagnostics, Toronto,
Canada) and cultured in 1/10 strength Trypticase
Soy Broth (1710 TSB) lo approximately 10° cfu/ml
Fabric samples used were Kanakin 3 (JIS L0803,
1998), Cotton knit without a brightener, and Cotton
100 denim. These are differently knilted to form
unigue textures and certified by the Japan Spinners’
Association. The tabric swatches were prepared as
1.0 em X 1.0 cm squares, wrapped with aluminum
foil, autoclaved at 121°C for 15 min, and dried up un-
der sterilized conditions. The synthesis of 2-NBDG
was performed following the protocol described else-
where (Yoshioka et al., 1996).

A 50 u | inoculum of the seed cullure containing
about 5% 10° cells of C. albicans was inoculated onto
each swatch, and the swalch was placed on
Trypticase Soy Agar (TSA) plates. After the incuba-
tion at 33°C for 16 h, each swalch was soaked in 9ml|
saline and vortexed for 5 min to remove most of the
microbial cells from the each swatch. Thus we pre-
pared swalch samples on which only small numbers
of microbial cells remained. Each swatch was cut into
2 pieces (0.5 emx 1.0 cm each). One piece (1) was
used for the visualization experiment after being
stained with 2-NBDG. The other piece (II) was used
for Ihe colony count assay only in the case of bacte
rial cells.

The conditions of 2-NBDG staining were as follows
A 400 i | aliquot of 12 £ M 2-NBDG was placed on the
fabric swatch piece (1). After incubation at 33°C for
10 min, the remaining aqueous liquid was removed by
Ultrafree-MC centrifuging treatment (6000 rpm X
30s). After that, a 100 ul of 30% formaldehyde
(HCHO) solution was added with a pipette on the
swatch and incubated at 33°C for 1 min in order 1o fix
the microbial cells. Immediately after that, the swatch
was soaked in 9 ml saline for 5 min and centrifuged
(6000 rpm % 30 s) to remove extracellular 2-NBDG
This washing with saline was repeated 2 times and
microscopic observation with the UDF system was
performed

Previously we often encountered the image of a C.
albicans cell indicated by an arrow in Fig. 1. In such
a case, the single-cell emitted intense fluorescence at
both ends and consequenily was recognized as 2
cells in the autornatic mapping. Such an image was
due 1o a large vacuole that could hardly be stained by
2-NBDG. The increase in the spalial resolution, how-
ever, has enabled lhe recognition of such a case as
a single-cell. Typical ca are observed at 4 posi
tions in Fig. 2-Aa. These spots could be successfully

registered as single-cells, respectively, as No. 1, 2, 5,
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Typical fluorescent pattern observed In C
albicans slained wilh 2-NBDG. (A) Fluorescent image,
(B) Bright field image. Scale bar: 10 gm. The arrow indi
cales a typical image paltern of both ends emitting in
tense lluorescence. Observed with VC100 X oil objeclive
lens through BV-2A filter

FIG. 1.

J =%:\

FIG. 2. Mapping of C. albicans in the surface layer of dif-
lerent cotlon materials. (A) Kanakin3, (B) Cotton Knil
without brightener, (C) Cotton 100 Demm. Scale bar: 10

am

and 8 in Fig. 2-Ab. A similar case is also observed in
Fig. 2-Ba and registered as No. 5

As may be observed in the Figs. 2-Ab, 2-Bb, and 2-
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FIG. 3. Estimated depth of each cell from the fabric sur-
face. Numbered cells in (A), (B), and (C) comespond to
the numbered cells in (A), (B), and (C) of Fig.2, respec-
tively. (D) Focusing range that can be observed simulta-
neously by the UDF system. 3/: Fabric surface, - - - in
(A)~(C): Deepest cell level observed in respective
cases, WD: Working distance (130 pm), FD. In-focus
depth (a few um), FR: Focusing Range (max 130um)

Cb, it is noticed thal every fluorescent spot looks
equally clear in oulline and similar in size, though
every cell does not necessarily exist in the same
depth. The UDF system can integrate microscopic im-
ages from the surface to 130 g m depth al maximum
(Fig. 3-D). Therefore the mapping data include the in-
formalion of the depth of each cell. Based on these
dala, approximate positions of respective cells are
shown in Figs. 3-A, 3-B, and 3-C. Such data are use-
ful 1o estimate the degree of cell invasion into fabric
matrices of different physical properties as well as
their removal by washing

Next is the automatic mapping of bacterial cells
smaller than 2-3 xm. The objective lens was X 100
APO to zoom into the bacterial cell. In the case of Fig.
4-Aa, many fluorescent spots could be observed with
similar fluorescent intensities. Thus every spot could
be mapped as a light spot of similar size by adjusting
the threshold level for the binarizalion at an appropri-
ate level (Fig. 4-Ab). In the other two cases, only one
cell was recognized as a light spot (Figs. 4-Ba, 4-
Ca). According to the properly adjusted threshold
level and the criteria for single-cell size, only this spot
could be registered as a bacterial cell (Fig. 4-Bb, 4-

VIABLE CELL MAPPING IN FABRICS 33

FIG. 4. Mapping of bacterial cells in the surface layer of
Kanakin3. (A) P. fluorescens, (B) S. marcescens, (C) C.
freundii. Observed with VC100 X oil objective lens through
BV-2A filter. Scale bar: 10 um

Cb).

Practically, it is necessary to confirm the quantita-
tive relation between the cell numbers delermined by
the present method and by the conventional colony
count method. However, the challenge of statistics re-
garding sample size still remained. In fact the area
that was analyzed by the presenl method was loo
small 1o be compared to the colony count method
This problem will be resolved by the future develop-
menl of an automatic scanning system for a fabric
swalch of a much larger area

Since only one cell is detected in Fig.4-B and 4-C
respectively, it may be necessary to confirm by the
colony count method that bacterial cells were actually
remaining on/in the fabric swatch. The other halves
(swatch piece (I1)) used for Fig. 4 were assayed for
viable cells according to the following protocol. The
swatch piece (II) was immersed in 9 ml of 1/10 TSB
and vortexed for 5 min and then taken out from the
1/10 TSB. A 0.5 ml aliquot of the 1/10 TSB
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(suspension A) was mixed with TSA and poured in a
dish for culturing at 33°C for 72 h. Since the cell con-
centration in the suspension A was thought to be
markedly small, suspension A was also incubated at
33°C for another successive 48 h to increase it. A 1
00 x| aliquot of the resulting suspension (suspension
B) was spread on a TSA plate and incubated at 33
“C for 24 h 10 count the colony number. As a result,
after the incubation, no colony growth was observed
on the TSA plates of suspension A. On the other
hand, some growth was observed on lhe plates of
suspension B (Fig.4-B: 44 clu/plate, Fig.4-C: 55
cfu/plate). This supports the idea that the amounts of
the residual levels of bacteria are very low.

In conslusion, the UDF system has been upgraded
so that it may count automatically the cell number of
C. albicans as well as smaller baclerial cells al a
higher precision than before. The present results sug-
ges! the importance of the further development of a
practical version of the UDF system.
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A real-time method of imaging glucose uptake in
single, living mammalian cells
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This protocol details a method for monitoring glucose uptake into single, living mammalian cells using a fluorescent v-glucose derivative,
2-[N-(7-nitrobenz-2-0xa-1,3-diazol-4-yl)amino]-2-deoxy-v-glucose (2-NBDG), as a tracer. The specifically designed chamber and
superfusion system for evaluating 2-NBDG uptake into cells in real time can be combined with other fluorescent methods such as Ca®*
imaging and the subsequent immunofluorescent classification of cells exhibiting divergent 2-NBDG uptake. The whole protocol, including

immunocytochemistry, can be completed within 2 d (except for cell culture). The procedure for 2-NBDG synthesis is also presented.

INTRODUCTION
Glucose is the major carbon source used in the cells of most
organisms, so measurement of glucose uptake is an important
research issue. In mammalian cells in particular, measuring glucose
uptake of a heterogeneous population and/or differing activity
status is of great interest'?, To quantify glucose uptake, a variety of
radiolabeled tracers such as [*H] glucose?, [14C] 2-deoxy-p-glucose
(2-DG)%, [ "F] fluoro-2-deoxy-p-glucose® and ['*C] or [*H] 3-0O-
methyl-p-glucose®® have been used effectively. However, the spatial
and temporal resolution of these methods is not high, and they
cannot be used to visualize glucose uptake in single, living cells.
This protocol details a method for real-time monitoring of glucose
uptake in single mammalian cells using a fluorescent p-glucose
derivative, 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino] -2-deoxy-
p-glucose (2-NBDG), as a tracer. 2-NBDG was initially developed for
the rapid non-culture count of viable microbial cells and was
successfully applied to Escherichia coli” and many other food-bomne
bacteria®. It has since been demonstrated in living mammalian cells
that the uptake of 2-NBDG takes place through glucose transporters
(GLUTS) in a concentration-, time- and temperature-dependent
manner’. A short-period application of 2-NBDG produced a
remarkable increase in the fluorescence intensity in COS-1 cells
over-expressing GLUT2, whereas the increase was barely detectable
in mock-transfected cells”, In mouse insulin-secreting clonal MING
cells'®, uptake was inhibited by cytochalasin B, a specific blocker for
GLUTs, and by p-glucose in a dose-dependent manner”. Kinetic
analysis using fluorometry further revealed that the time course of
the uptake into MING cells was almost linear up to 2 min, and
apparent K, values calculated from the Eadie-Hofstee transforma-
tion using the initial velocity of uptake at 1 min were similar to those
reported for p-glucose and the non-metabolizable glucose analog, 3-
O-methyl-p-glucose, found in pancreatic islets and cultured p-cells®.
In recent years, 2-NBDG has been shown to be useful for
monitoring glucose uptake into a variety of mammalian cells.

These include pig vascular smooth muscle cells'!, rabbit entero-
cytes'?, rat cardiomyocytes'’, rat and mouse astrocytes and neu-
rons in culture and in vivo'*'8, human and murine tumor cell
lines'2" and adipocyte cell lines*'. Inhibition of 2-NBDG uptake
by p-glucose has been confirmed using vascular smooth muscle
cells'! and tumor cell lines’, and inhibition by cytochalasin B in rat
astrocytes',

Direct visualization of glucose uptake without using isotopes
makes the 2-NBDG method quite attractive'*?!2, In addition,
2-NBDG has recently been used to investigate cell type—specific
uptake of glucose and intercellular communication, such as that in
the CNS'*%!8, Simple superfusion of 2-NBDG over cells using a
flow-through system allows simultancous monitoring of differing
glucose uptake into heterogeneous cells. However, care should be
taken because fluorescence intensity is an arbitrary measure. Thus,
quantification requires stability of the system as well as accurate
procedures. Accordingly, we focus here on the construction of a
flow-through system as well as a practical protocol for measure-
ment of 2-NBDG uptake. Also presented are procedures for
combining this method with Ca** imaging by fura-2 and sub-
sequent immunocytochemical identification of cells”.

The limitation in the use of 2-NBDG is related to its intracellular
fate. We previously found that 2-NBDG is metabolized to a
phosphorylated fluorescent derivative at the C-6 position (2-
NBDG 6-phosphate) after entering into E. coli cells and then
decomposes 1o a non-fluorescent derivative®. Thus, the fluores-
cence intensity should reflect a dynamic equilibrium of generation
and decomposition of 2-NBDG and the fluorescent metabolite.
The use of 2-NBDG in the study of intracellular glucose metabo-
lism is thus limited, and experiments must be carefully performed.

The protocols for 2-NBDG synthesis are described as well as the
detailed characteristics of 2-NBDG, for researchers who may want
to use a large amount of purified 2-NBDG.

MATERIALS

REAGENTS

«DMEM containing 4,500 mg 17! p-glucose (DMEM-HG) (Life Technologies,
cat. no. 12800-082)

+MING cells (see REAGENT SETUP)

+Ca’*, Mg'*-free (CMF) PBS {see REAGENT SETUP)

= Trypsin—EDTA (Life Technologies, cat. no. 25200-023)
«2-NBDG (see Box 1 and Fig. 1)

+Krebs Ringer bicarbonate buffer (KRB) (see REAGENT SETUP)
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BOX 1 | SYNTHESIS OF 2-[N-(7-NITROBENZ-2-0XA-1,3-DIAZOL-4-YL)AMINO]-2-
DEOXY-p-GLUCOSE (2-NBDG)

REAGENTS

» o-glucosamine (Sigma)

« NaHCO; (Kokusan Chemical)

« 4-Chloro-7-nitrobenzofurazan (NBD-CL: Wako)

» Sephadex A-50 (Amersham Pharmacia)

» Sephadex LH-20 (Amersham Pharmacia)

« D0 (100 atom %D; Aldrich)

» Acetonitrile (chromato-grade for thin-layer chromatography (TLC); Kokusan Chemical)

« Triethanolamine (TEA; Kokusan Chemical)

« TLC plate silica gel 60 Fys4 (Merck Japan Limited)

EQUIPMENT

= Rotary evaporator (N-1000; EYELA)

« Freeze-dryer (FD-1; EYELA)

« DEAE (2-(diethylamino)ethyl-) Sephadex A-50 column and Sephadex LH-20 column (see REAGENT SETUP below)

REAGENT SETUP

DEAE Sephadex A-50 column and Sephadex LH-20 column Equilibrate DEAE Sephadex A-50 and Sephadex LH-20 with dH;0, and fill into
respective glass columns according to the standard protocols recommended by the company. The resin volume is 30x 200 mm? (diameter times
length) for DEAE Sephadex A-50 and 20 x 250 mm? (diameter times length) for Sephadex LH-20. Operate both columns according to the
standard protocol of gel filtration.

PROCEDURE

1. Dissolve 0.5 g o-glucosamine in 10 ml 0.3 M NaH(0; solution in a 100-ml Erlenmeyer flask {solution A), and dissolve 0.5 g NBD-Clin 20 ml
methanol in a 50-ml beaker (solution B).

2. Mix solutions A (10 ml) and B (20 ml) in a 100-ml recovery flask (egq plant flask). Send N, gas into the flask to purge the inside air and finally
seal the flask with a silicon rubber cork with a balloon filled with N gas. Wrap the flask with aluminum foil to shield from light. Shake the flask in
a water bath shaker at 30 °C for 18 h.

3. Remove precipitates in the reaction mixture by filtration through a nylon mesh (10 pm) (or glass wool) using an aspirator. Collect the filtrate
in another recovery flask.

4. Evaporate the reaction mixture to remove the solvent. A slight amount of solvent remaining does not matter.

5. Add 10 ml dH;0 to the flask to dissolve the product (solution C).

6. Load solution C on the Sephadex A-50 column after filtration through a filter paper. Elute the column with dH,0 and collect yellow and orange
fractions together. It is advisable to collect small fractions and then combine them after TLC (Step 7).

7. Frequently analyze the elute by TLC around the beginning and the end of the elution of yellow and orange components. This is done by
performing these steps: (i) Spot 100-ul aliquots on the silica gel plate and develop with a solvent composed of CH3CN:Hz0 = 17:3 (v/v).
(ii) Detect fluorescent spots under a UV illuminator. (iii) Heat the plate to visualize sugar spots. (iv) Determine the retention factors (Ry) of
fluorescent spots and sugar spots. A typical result is shown in Figure 1a. Ry of 2NBDG is 0.68.

Note: Maximize the 2NBDG yield but minimize the collection volume to be treated in the next step. Typically, the collection volume is
approximately 200 ml (solution D).

8. Reduce the volume of solution D to about 5 ml by evaporation. Observe the solution volume carefully and stop evaporation before the volume
becomes too small (this is solution E).

9. Load solution E on the Sephadex LH-20 column, Elute the column with dH;0. Yellow, orange and brown fractions follow in that order. Collect
the orange fractions.

10. Frequently analyze the eluate by HPLC around the beginning and the end of elution of the orange component. This is done by following these
steps: (i) Inject 2-5-pl aliguots into the sample injection port and elute with solvent composed of CHyCN:H,0 = 17:3 (v/Vv). (i) Adjust the
elution speed to 0.5 ml min~* and monitor the optical density of the eluate at 475 nm. A typical result is shown in Figure 1b. The peaks at 10.5
min (Py) and 11.8 min (P,) represent the B-o-anomer and «-p-anomer of 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxy-o-glucose
(2-NBDG), respectively. (i) Estimate the purity using the formula (Py area + P; area) /(All peaks) x 100%.

Note: This is done to find the optimal condition to collect a maximum amount of 2-NBDG with highest purity. Successful gel filtration gives more
than 98% purity.

11. Collect fractions containing 2-NBDG of more than 98% purity (solution F). Expected volume is 5 ml per fraction x 15-20 fractions.
Note: In case of low purity, repeat gel filtration using a fresh Sephadex LH-20 column.

12. Reduce the volume of solution F to approximately 10 ml by evaporation (solution G).

13. Freeze solution G in liquid N; to lyophilize the product. A yield of approximately 100 mg is expected.

Note: Dissolve the dry matter with dH0 and store at 4 °C and use within 4 weeks. Keep the dry matter at —20 “°C for longer storage.

14. Confirm the identity of the product by proton nuclear magnetic resonance analysis (*H-NMR). Dissolve the dry matter of the product with
deuterium oxide and immediately analyze it using 'H-NMR under 500 MHz. A typical result is shown in Figure 1c. Assign peaks to respective
protons of pyranose and NBD.
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15. Analyze the mass spectrum by fast atom bombardment mass spectrometry (FAB-MS) (m/z) using triethanolamine as the matrix. Confirm the

peak at 343 that corresponds to 2-NBDG-H".

16. Analyze the fluorescent spectrum according to the following steps: (i) Dissolve 2-NBDG with distilled water to adjust the concentration to
10 pg ml=*, (ii) Measure emission spectrum from 495 to 650 nm under excitation at 475 nm. (iii) Measure the fluorescence intensity at 550 nm
by scanning the excitation wavelength from 300 to 520 nm. (iv) Typical spectra depicted in Figure 1d will be obtained.

- -Glucose (Wako)

*Cytochalasin B (Sigma, cat. no. C6762)

EQUIPMENT

+35-mm culture dish with an oval glass bottom (14 % 5 mm?, 0.08-0.12-mm-
thick glass) (Matsunami Glass Ind., Osaka, Japan, cat. no. D110500) (Fig. 2)
{see EQUIPMENT SETUP)

«Cover glass (cut inta 10 x 11 mm? pieces) (Corning, cat. no. 1)

*Vacuum grease (HVAC-G; Shin-Etsu Silicone, Tokyo, Japan)

*Round-type, heating glass stage with a flat surface (0.5 mm thick,
MPF-10HF) (Kitazato Supply, Fuji, Shizuoka, Japan) or equivalen

* Superfusate warmer (MT-1, dead volume = 0.13 ml; Manshige, Tokyo; or
SF-28, Warner)

*Thermistor probe (IT-23, diameter = 0.23 mm; World Precision Instruments)

+ Digital th (TH-5; Physitemp 1 Clifton, NJ)

*Inverted microscope (Nikon DIAPHOT TMD300 or equivalent) equipped
with long working distance (WD) objective lenses: Nikon CF Plan =2 (NA
0.05, WD 5.8 mm), Plan x4 DL (NA 0.13, WD 16.2 mm), Plan x 10 DL
(NA 0.3, WD 9.2 mm) and Plan Fluor x20 DLL Ph2 (NA 0.5, WD 2.1 mm)
or Plan EIWD x20 DL Ph2 (NA 0.4, WD 7.0-8.1 mm)

+ Dichroic mirror (DM), excitation (Ex) and barrier (BA) filters used for
2-NBDG measurement are Nikan DM 505, Ex 480/40 and BA520-560,
respectively

+Neutral density (ND) filters: Nikon ND2 (50%),

NDM (25%) and ND8 (12.5%) for fluorescent a
imaging; ND2 and ND16 (6.25%) for

ined light imaging; variable intensity is
obtained by using these filters in combination

» Penstaltic pump (MCP Standard pump equipped
with 12 roller-pumphead MS/CA4-12; lsmatec
SA, Glatbrugg, Switzerland)

*Vacuum pump (DAP-15; Alvac, Kanagawa,
lapan)

» Vacuum pressure gauge b

+ Imaging system (Argus 50; Hamamatsu s
Photonics, H Japan) or equi E

- Silicon intensified target (SIT) camera
(Hamamatsu Photonics) or equivalent

REAGENT SETUP

CME-PBS NaCl, 137 g 1" KCl, 40 g 1™ 8 oo

(x) Centrifuge at 1,500 r.p.m. for 3 min (in a Kubota 5200, Kubota Co.,
Tokyo, Japan). (xi) Suck the supernatant and add 10 m| FBS-DMEM-HG.
(xii) Triturate five times with a 10-ml pipette (let cells go back and forth gently
within the pipette using a Pipette aid), (xiii) Centrifuge at 1,500 r.p.m. for 1 min
(in a Kubota 5200, Kubota Co., Tokyo, Japan). (xiv) Add 3 ml FBS-DMEM-HG.
(xv) Triturate 40 times with a 5-ml pipette, and count cells within 30 1.

(xvi) Dilute cell suspension at 20 x 10° mi~". (xvii) For passage, transfer

0.5 ml cell suspension into each of the 10-cm dishes containing 10 ml
FBS-DMEM-HG (un). (xviii) For the experiment, triturate 20 times again

and transfer cell suspension (145 pl) onto the glass part of a glass-bottom
culture dish. Moisten the glass part of the dish with 100 ul FBS-DMEM-HG
beforehand and suck medium just before plating. (xix) Observe cells after
waiting for 5 min and readjust the dilution ratio so that most cells are seen
separately. If too many cells are observed, blow off cells with yellow tip and
dilute again. (xx) Leave the cells in a CO; incubator (5% CO;, 37 “C) for

30 min until the cells adhere to the glass. (xxi) Add 2 ml FBS-DMEM-HG

to fill the whole culture dish. (xxii) Perform measurement of 2-NBDG

uptake before many clusters of MING cells are formed. To assess the

health of MING cells during the course of the passages, check [Ca®*|
responsiveness to glucose stimulation similarly to the procedure
described in Box 2 (Figs. 2 and 3).
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NaH,PO2H;0, 0.36 g 17'; KHyPO,, 0.18 g 177
NaHCOy, 12 g I7Y; glucose, 11 g 1= pH 7.30-7 35,

KRB NaCl, 129 mM; KCl, 4.7 mM; KH,PO,, 1.2 d
mM; CaCly, 1.0 mM; Mg5S0y, 1.2 mM; NaHCO,,

5.0 mM; HEPES, 10 mM; pH 7.35-7.40,

Preparation of MING cells (i) Prepare a total of

92 ml DMEM-HG containing 13% FBS [FBS-
DMEM-HG]) in two 50-ml tubes by adding 6 ml

FBS to 40 ml DMEM-HG for each tube, (ii) Prepare

8

o 8 38 %

two 10-cm culture dishes and add 10 ml FBS-
DMEM-HG into each dish. (iii) Prepare 15 ml
CMF-PBS. (iv) Prepare | ml trypsin-EDTA.

() Warm (i-iv) at 37 "C for the following steps.
(vi) Exchange medium in a 10-cm dish culturing
MING cells with 10 ml CMF-PBS. (vii) Suck CMF-
PBS with a vacuum pump and add 5 m| CMF-PBS
and 1 ml 0.25% trypsin-EDTA. (viii) After waiting
for 1-2 min, peel off the cells gently by sucking and
blowing the medium through a 10-ml pipette.

(1x) Suck the cell suspension (approximately

6 ml) and transfer into 30 ml FBS-DMEM-HG.

Wavalangth (nm) Wavelength {(nm)  pom - 8

Figure 1 | Analytical data of 2-[N-(7-nitrobenz-2-vxa-1,3-diazol-4-yl)amino]-2-deoxy-o-glucose
(2-NBDG). (a) TLC, Silica gel plate, solvent CHyCN:H;0 = 17:3, Ry (fluorescent spots: 2NBDG = 0.68,
NBD-Cl = 0.98, GleN = 0.07, unidentified by-products = 0.93). (b) HPLC spectrum. Column: T5Kgel
amide-80, eluent: CHyCN:H,0 = 17:3, flow rate: 1.0 mlL min~", detection: 0D;;s g Two peaks:
a-g-anomer and [i-o-anomer, (¢) 'H-NMR spectrum. 500 MHz in D;0, 54.78 p.p.m. (d, Jy 2 = 10 c.p.s.,
amal-adal, 1), §5.27 p.p.m. (d, Jy 3 = 4 c.p.s., axial-equatorial, ), 53.4-3.95 p.p.m. (m, H-2-H-6),
86.4 p.p.m. (m, H-6 NBD), 68.2-8.35 p.p.m. (m, H-5 NBD). (d) Fl ence spectra. Emission spactrum:
hew = 495-650 nm, kg = 475 nm; excitation spectrum: Agw = 550 nm, hgr = 300-520 nm.
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