C. diphtheriae in Domestic Cats

Table. Feline Cotynebacterfum diphtheriae isolates and reference strains used for comparison, West Virginia, 2008*

GenBank accession no.

Strain Culture collection Source Diphtheria toxin ~ 16S rRNA rpoB tox-gene

CD443 ATCC BAA-1774 Cat 1, right ear Nontoxigenic FJ409572 FJ415317 FJ376656

CD448 ND Cat 1, right ear Nontoxigenic FJ409573 ND FJ422272

CD449 ND Cat 1, left ear Nontoxigenic FJ409574 ND FJ422273

CD450 ND Cat 2, left ear Nontoxigenic FJ409575 FJ415318 FJ422274

C. diphtheriae biotype mitis NCTC 103561 Human nose Nontoxigenic GQ118340 GQ409648 ND

C. diphtheriae biotype gravis NCTC 10648 Unknown Toxigenic ND ND ND

C. diphtheriae biotype gravis NCTC 113977 Unknown Nontoxigenic GQ118341 GQ409649 ND
ATCC 270107

C. diphtheriae biotype gravis NCTC 13129 Human throat Unknown GQ118344  GQ409650 ND
ATCC 700971

C. pseudotuberculosis NCTC 3450" Sheep gland Unknown GQ118342  GQ409651 ND

C. ulcerans NCTC 12077 Human throat Unknown GQ118343 ND ND

C. ulcerans NCTC 7910 Human throat Unknown GQ118345 ND ND

*CD, Centers for Disease Control and Prevention identifier number; ATCC, American Type Culture Collection; ND, not deposited in this study; NCTC,
National Cotlection of Type Cultures, London, UK. Additional strains used as controis for specific assays: toxigenic C. diphtheriae biotype belfanti isolates
used for real-time PCR of tox gene were 718, G4182, C59, C60, C75, C76, C77; toxigenic C. diphtheriae ATCC 27012 used as positive control for Elek;
C. diphtheriae NCTC 10481 and C. ulcerans CD199 used as positive and negative controls for Vero cell assay.

TNCTC 10356 is described in the NCTC catalogue as C. diphtheriae biotype mitis; however, analyses in this study found this strain to be nitrate negative
and therefore consistent with C. diphtheriae biotype belfanti. Thus, it was used in this study as a belfanti reference strain.

of maltose fermentation, which was considered an unusual
finding (3).

Antimicrobial drug susceptibility testing was per-
formed according to the Clinical and Laboratory Standards
Institute’s recommended methods and interpretative crite-
ria (4). All 4 feline isolates were sensitive to ampicillin,
cefepime, cefotaxime, ceftriaxone, cefuroxime, chloram-
phenicol, ciprofloxacin, clindamycin, daptomycin, erythro-
mycin, ertapenam, gatifloxacin, gentamicin, levofloxacin,
linezolid, meropenem, moxifloxacin, penicillin, quinupris-
tin/dalfopristin, rifampin, telithromycin, tetracycline, tige-
cycline, trimethoprim/sulfamethoxazole, and vancomycin.
Cellular fatty acid composition analysis was performed as
described (5) by using the Sherlock system (MIDI, Inc.,
Newark, DE, USA), except that version 4.5 of the operat-
ing software was used. The cellular fatty acid composition
profiles were consistent for C. diphtheriae, C. ulcerans, or
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C. pseudotuberculosis, including a substantial proportion
(28%-30% of total) of Cl6:107c (5). All feline isolates
produced 7-15 meq/L of propionic acid among fermenta-
tion products, a feature associated with C. diphtheriae (2).

Results from use of the modified Elek test (6) indi-
cated that all feline isolates were negative for production
of diphtheria toxin; however, an atypical precipitation was
observed after 36 h of incubation. Lack of toxin expres-
sion was corroborated by negative Vero cell assay results
(7) and confirmed by using Western blot. Real-time PCR
selective for the C. diphtheriae and C. ulcerans toxin gene
(tox) (8) was positive for all feline isolates. However, real-
time PCR for A and B subunits of tox (9) amplified subunit
A but not subunit B. Sequence analysis of the tox gene was
performed as previously outlined (/0) and compared with
a reference tox gene, GenBank accession no. K01722. The
4 feline fox sequences were identical to each other but con-

Figure 1. Neighbor-joining
phylogenetic tree based on 16S
rRNA gene sequence analysis
of Corynebacterium diphtheriae
isolates, including 4 feline
isolates from West Virginia,
2008 (ATCC BAA-1774, CD
448, CD 449, CD 450). The tree
was constructed from a 1,437-
bp alignment of 16S rRNA
gene sequences by using the
neighbor-joining method and
Kimura 2-parameter substitution
model. Bootstrap values
(expressed as percentages of

1,000 replicates) >40% are illustrated at branch points. Feline isolates had 100% identity with each other and >99.1% identity with C.
diphtheriae biotypes gravis and belfanti. GenBank accession nos. given in parentheses. ATCC, American Type Culture Collection; CD,
Centers for Disease Control and Prevention identifier number; NCTC, National Collection of Type Cultures. Scale bar indicates number

of substitutions per site.
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Figure 2. Jukes-Cantor—derived phylogenetic
tree based on sequence analysis of a selected
region of the rpoB gene of Corynebacterium
isolates, including 2 feline isolates from West
Virginia, 2008 (ATCC BAA-1774, CD 450). Feline
isolates had 100% identity with each other and
97.7% identity with C. diphtheriae biotypes gravis
and belfanti. GenBank accession nos. given
in parentheses. ATCC, American Type Culture
Collection; CD, Centers for Disease Control and
Prevention identifier number; NCTC, National
Collection of Type Cultures. Scale bar indicates
number of substitutions per site.

tained multiple nucleotide substitutions and deletions com-
pared with the reference gene. By NCBI BLAST search
(http://blast.ncbi.nim.nih.gov/Blast.cgi), the feline tox had
higher sequence identity (97%—98%) to the tox sequences
of C. ulcerans, compared with those from C. diphtheriae
(94%-95%). A deletion at nt 55, coupled with a cytosine-
to-thymine substitution at nt 74, prematurely terminated
the peptide at aa 25.

Species characterization was corroborated by using 16S
rRNA (/1) and partial rpoB (12) gene sequencing. By 16S
rRNA gene sequence analysis, the feline strains had 100%
identity with each other and >99.1% identity with various
reference sequences for C. diphtheriae biotype gravis and
belfanti sequences, including NCTC 113977. Partial rpoB
sequence analyses indicated 100% identity among the fe-
line isolates and 97.7% identity with C. diphtheriae NCTC
113977, Neighbor-joining phylogenetic trees based on both
16S rRNA (Figure 1) and partial rpoB gene sequencing
(Figure 2) positioned the feline isolate sequences within the
C. diphtheriae clade but clearly distinguished them from
the other C. diphtheriae isolates. Comprehensive molecu-
lar analyses to characterize differences between biotype
belfanti strains, including these feline isolates, with other
C. diphtheriae biotypes, are the subject of a separate publi-
cation (C.G. Dowson, pers. comm.).

Conclusions

We identified a potentially novel biotype of C. diph-
theriae recovered from domestic cats in West Virginia but
found no evidence of zoonotic transmission. Although rare,
isolation of C. diphtheriae from animals has been reported,
including C. diphtheriae biotype belfanti from a skin lesion
of a cow (13) and toxigenic C. diphtheriae biotype gravis
from a wound of a horse (/4). C. ulcerans is a known ani-
mal pathogen, and zoonotic transmission of toxigenic C.
ulcerans from companion animals has been reported, often
associated with predisposing concurrent illnesses (/5).

The feline strains isolated during this investigation dif-
fered phenotypically from previously described biotypes
but were otherwise regarded as typical of C. diphtheriae.
However, isolates were nontoxigenic and harbored a modi-
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fied tox gene with sequence differences from Corynebac-
terium spp. capable of expressing diphtheria toxin. On
the basis of published criteria (/1), the feline strain might
represent a novel subspecies of C." diphtheriae because it
shares <98% sequence homology to the type strain within
the rpoB gene. Potential for zoonotic transmission of this
novel, cat-associated C. diphtheriae and associated public
health implications are unknown. Additional studies are
needed to further characterize these isolates and determine
their appropriate taxonomy. Large-scale screening of do-
mestic cat populations is recommended to determine the
prevalence of C. diphtheriae and its pathogenic potential
and to identify additional isolates for more formal descrip-
tion and classification.
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Corynebacterium diphtheriae is the causative agent of diphtheria. In 2003, the complete genomic nucleotide
sequence of an isolate (NCTC13129) from a large outbreak in the former Soviet Union was published, in which
the presence of 13 putative pathogenicity islands (PAIs) was demonstrated. In contrast, earlier work on
diphtheria mainly employed the C7(—) strain for genetic analysis; therefore, current knowledge of the molec-
ular genetics of the bacterium is limited to that strain. However, genomic information on the NCTC13129
strain has scarcely been compared to strain C7(—). Another important C. diphtheriae strain is Park-Williams
no. 8 (PW8), which has been the only major strain used in toxoid vaccine production and for which genomic
information also is not available. Here, we show by comparative genomic hybridization that at least 37 regions
from the reference genome, including 11 of the 13 PAls, are considered to be absent in the C7(—) genome.
Despite this, the C7(—) strain still retained signs of pathogenicity, showing a degree of adhesion to Detroit 562
cells, as well as the formation of and persistence in abscesses in animal skin comparable to that of the
NCTC13129 strain. In contrast, the PW§ strain, suggested to lack 14 genomic regions, including 3 PAIs,
exhibited more reduced signs of pathogenicity. These results, together with great diversity in the presence of
the 37 genomic regions among various C. diphtheriae strains shown by PCR analyses, suggest great heteroge-

neity of this pathogen, not only in genome organization, but also in pathogenicity.

Corynebacterium diphtheriae is the causative agent of
diphtheria. In 2003, the genomic nucleotide sequence of
NCTC13129 (equivalent to ATCC 700971, here referred as the
reference strain)—isolated in 1997 during a large outbreak in
the former Soviet Union—was published, and 13 putative
pathogenicity islands (PAIs) were shown to be present in its
genome (9). The 13 PAIs have been annotated based on their
unusual GC contents (9). The PAIs include fox (the genetic
determinant for diphtheria toxin)-bearing corynebacterio-
phages, sortase genes (srzd to -E [34]), pilin genes (spad to -G
[34]), lantibiotic synthesis-related genes, and iron uptake-re-
lated genes. However, the contributions of these genes to C.
diphtheriae pathogenesis have not yet been experimentally de-
termined, except for the toxin, the minor pilins, and some of
the sortases (34).

In earlier research on diphtheria, the nontoxigenic strain
C7(~) (equivalent to ATCC 27010)—isolated in 1949 from a
diphtheria contact in California as “culture 770” and later
renamed (5, 17)—has been one of the “standard” strains used
for analyses of C. diphtheriae in bacteriology and pathogenicity
studies (4, 5, 35, 55, 56, 60), including the molecular biology of
bacteriophages and diphtheria toxin genes (22, 38, 49-51, 62).
More importantly, C7(-) is, in fact, pathogenic to humans.

* Corresponding author. Mailing address: Department of Bacteriol-
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Barksdale et al. documented two cases of laboratory personnel
infected with the C7(—) strain and suffering typical clinical
manifestations of diphtheria, such as sore throat and
pseudomembrane formation (3). The strain is still important in
molecular analysis of the bacterium (7, 24, 31, 42). However,
information from the reference genome sequence has not yet
been fully integrated with other research results, except the
proteomics approach of Hansmeier and colleagues (24).

The strain Park-Williams no. 8 (PWS8), originally isolated
from a very mild diphtheria case during the 1890s (46), has
been widely used for toxoid vaccine production because of its
great ability to secrete diphtheria toxin into the culture super-
natant (46). As PW8 is effectively the only strain employed for
vaccine production, its importance in public health and the
vaccine industry is incomparable. Despite its high toxin-pro-
ducing activity, the PWS8 strain has been regarded as avirulent,
as shown by Lampidis and Barksdale by the fact that their
experience with this strain for more than 20 years did not show
any detectable rise in the serum antibody titer (32).

Toxigenic strains of C. diphtheriae produce a potent ex-
tracellular protein toxin, i.e., diphtheria toxin (44). The
toxin is recognized as the main virulence factor of the bac-
terium and has been employed for toxoid vaccine with re-
markable success (44). The mode of action of this toxin has
been extensively studied (37, 40, 41). In contrast to research
and application involving diphtheria toxin, our understand-
ing of other factors and mechanisms underlying C. diphthe-
riae infections remains largely deficient. Nevertheless, sev-
eral experimental systems have been constructed to clarify
the mechanisms, in vitro employing HEp-2 and Detroit 562
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cells (6, 26, 27, 34, 43) and in vivo using rabbits and guinea
pigs (3, 18, 29, 33, 39).

In the present paper, we aimed to relate the genome infor-
mation of the reference strain to that of the C7(~) and PW8
strains using comparative genomic hybridization (CGH), and
we demonstrate that most of the PAIs found in NCTC13129
are considered to be absent in C7(—) but present in PW8. The
implications of these findings are discussed in relation to the
results of in vivo and in vitro assays of pathogenicity.

MATERIALS AND METHODS

Bacterial strains and preparation of genomic DNA. C. diphtherine ATCC
27010 {referred as C7(—) in the present paper], ATCC 700971 (equivalent to
NCTC13129; referred as the reference strain in the present paper), and ATCC
11951 (equivalent to C4B) were obtained from the American Type Culture
Collection (Manassas, VA). The vaccine strain PW8 was from our laboratory
stock (39), which originated from Harvard University. Japanese clinical isolates
TMI1 to -10 were from our laboratory stock. Bacterial genomic DNA was pre-
pared by CsCl density gradient centrifugation or by using a Qiagen genomic
buffer set and tips (Qiagen Co., Tokyo, Japan).

Comparative genomic hybridization. The comparative genomic hybridization
(1, 25) service was provided by GeneFrontier Co. (now Roche Diagnostics Ltd.,
Tokyo, Japan) with NimbleGen microarrays. The tiling DNA array (1), com-
posed of 29- to 39-mer oligonucleotide probes covering the entire reference
genome at 7-nucleotide intervals, was subjected to hybridization with DNA from
CsCl-purified, mechanically disrupted, and then differentially- Cy3- and Cys5-
labeled C7(—) or PW8 (test) and reference strain (reference) DNAs. The inten-
sity of hybridization signals was extracted and normalized by using NimbleScan
software (Roche Diagnostics). Data were analyzed: as described previously (1).
Briefly, ratios of intensity were calculated for each probe and compared to the
global median of intensity ratio. Outliers showing high reference/test intensity
ratios were identified and excluded, and identification of outliers was repeated
using the remaining data as described previously (1). Data were converted to
GFF format, and distribution of such outliers were visualized by SignalMap
software (Fig. 1A to C, rows 3). Coding sequences (CDSs) associated with such
outlying probes were considered to be absent from the test genome. PCR de-
tection of genes was performed using primers described in Table S1 in the
supplemental material. Pulsed-field gel electrophoresis (PFGE) analysis of Sfil-
digested genomic DNA was performed as described previously (13) with a Chef
DRII apparatus (Bio-Rad Japan, Tokyo, Japan).

Adhesion of bacterial cells to the human pharyngeal cell line Detroit 562.
Adhesion of C. diphtheriae cells to human pharyngeal Detroit 562 cells was
assayed according to the method of Mandlik et al. (34) with slight modifications.
Cells were purchased from ATCC (Manassas, VA) and cultured in minimum
essential medium (MEM) supplemented with 1 mM pyruvate, 50 units/ml pen-
icillin, 50 pg/ml streptomycin, and 10% fetal calf serum (Invitrogen Japan K.K.,
Tokyo, Japan). Semiconfluent cultures (approximately 1 X 10%well) in 12-well
culture plates were washed once with Hanks’ balanced salt solution (Sigma-
Aldrich Japan K.K., Tokyo, Japan) prior to the addition of bacterial suspensions.
Bacteria were cultured overnight in 2 ml of brain heart infusion (BHI) broth at
37°C with vigorous shaking. After sedimentation of the bacterial cells by centrif-
ugation at 2,000 X g, they were resuspended in an equal volume of Hanks’
balanced salt solution and centrifuged again. The pellet was finally resuspended
in Hanks’ balanced salt solution at an optical density at 600 nm (ODgy,) of
around 0.1, and 1 ml was added to Detroit 562 cell cultures. The exact viable-cell
number in the bacterial-suspension inoculum was determined by appropriate

dilution in saline and plating on BHI agar. The culture plates were centrifuged -

at 600 X g for 5 min at room temperature and then incubated for 1 h at 37°C for
adhesion. The wells were then washed gently 3 times with Hanks’ balanced salt
solution and detached/lysed with 0.5 ml of solution containing 0.25% trypsin and
0.025% Triton X-100, which had been confirmed not to be harmful to bacterial
colony formation (data not shown). The lysates containing viable bacterial cells

were appropriately diluted in saline and plated onto BHI agar plates for colony.

counting. Control wells without bacterial cells were similarly treated and assayed,
and the possibility of cross-contamination among the wells was excluded. Statis-
tical analysis (Student’s ¢ test) was performed using Excel software (Microsoft
Co., Tokyo, Japan).

Intradermal challenge. Intradermal challenge was performed as follows. C.
diphtheriae C7(—), PW8, and the reference strain were cultured as described
above and then resuspended in a volume of saline to give approximately the
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FIG. 1. Comparison of genomes by CGH. Genomic DNAs of C.
diphtheriae CT7(—) or PW8 (test) and the reference strain (reference)
were subjected to comparative genomic hybridization with Nimble-
Gen-type tiling arrays covering the entire genome of the C. diphtheriae
reference strain NCTC13129. By comparing the hybridization signals
with reference DNA and with test DNA, regions present in the refer-
ence genome but lacking in the test genome were identified. (A) Sum-
mary of results for the corynephage region (PAI 1). (B and C) Sum-
mary of results from the whole C7(—) and PW8 genomes, respectively.
Rows 1, CDSs in the NCTC13129 genome; rows 2, regions in which a
difference between signals from the two strains was suggested; rows 3,
regions suggested to be absent in the test genome; rows 4, ratio of
signal intensity (reference/test, expressed as log,); rows 5, signal inten-
sity from the test genome; rows 6, signal intensity from the reference
genome. The red bar in panel A indicates the span of the corynephage
region.
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desired cell density for an inoculum. The exact bacterial titer of the inoculum was
determined by appropriate dilution and plating. Prior to challenge, the backs of
animals were shaved and then depilated with barium sulfide. The inocula (0.05 to
0.1 ml) were injected intradermally into the backs of the rabbits (1 or 2 rabbits/
group) or the mice (3 to 5 mice/group) under anesthesia. Two to 4 days after
challenge, the animals were killed by deep anesthesia, the injected sites were
surface disinfected with a 1:1 mixture of 70% ethanol and benzalkonium chloride
solution or 70% ethanol, and the skin of the back was removed. The abscesses
were excised and homogenized in 500 pl of sterile saline in 1.5-ml microtubes
using a conical homogenizer (Toyobo Co., Osaka, Japan). The homogenates
were assayed for bacterial CFU by 10-fold serial dilution with sterile saline and
plating on BHI agar plates. If no detectable colonies appeared at the lowest
dilution applied, the data were excluded from consideration. Occasionally, col-
onies were picked from the plates, and the nucleotide sequence of the 16S RNA
gene was determined (52) to confirm the bacterial species. Contamination by
surface-resident bacteria was negligible, as confirmed by the absence of colonies
detected by plating 100 pl of undiluted skin homogenate from noninoculated
regions (data not shown). Statistical analysis (Student’s ¢ test) was performed
using Excel software. The animal experiments were carried out with the approval
of the Animal Experiment Committee of the National Institute of Infectious
Diseases. The abscesses were also examined by electron microscopy.

Electron microscopy. Ultrathin (80-nm) sections of tissue fixed in phosphate-
buffered saline (PBS) containing 2% paraformaldehyde and 2.5% glutaraldehyde
were postfixed with 2% osmium tetroxide and embedded in Epon resin. Sections
were stained with uranyl acetate and lead acetate and examined using a JEM-
1220 electron microscope at 80 kV (Jeol Lid., Tokyo, Japan) as described
previously (57). '

Hemagglutination and hemolysis. Fresh human blood (type AB) was sus-
pended in Alsever’s solution (20.5 g glucose, 4.2 g NaCl, 8.0 g sodium citrate per
liter, pH 6.1), and erythrocytes were prepared by centrifugation (2,300 X g) after
being washed three times in PBS and subjected to hemagglutination and hemo-
lysis assays directly or after neuraminidase and/or trypsin treatments performed
as follows. Neuraminidase (from Arthrobacter ureafaciens; Nacalai Tesque,
Osaka, Japan) was added to the erythrocyte suspension at 0.1 unit/ml, and the
suspension was incubated for 1 to 2 h at 37°C. After the incubation period, the
erythrocytes were washed with PBS three times and subjected to assays or
subsequently treated with trypsin. Trypsin solution (2.5%; Invitrogen Co., Tokyo,
Japan) was added to the cell suspension,.followed by incubation at 37°C for 1 h,
and the reaction was terminated by adding phenylmethylsulfonyl fluoride to a
final concentration of 1 mM. The cells were immediately washed three times with
PBS and were finaily resuspended in PBS at 0.75 to 1% (volfvol). Removal of
sialic acid from the erythrocyte surface by neuraminidase was confirmed by loss

of hemagglutination with sialic acid-specific MAL-II lectin (Vector Laboratories, -

Burlingame, CA) (data not shown).

Bacteria were cultured in BHI broth overnight at 37°C. Bacterial cells were
collected by centrifugation (2,300 X g) and resuspended in PBS at an ODgyq
-of 3 to 4. The suspension was serially 1.5-fold diluted in PBS in a U-bottom
microtiter plate (the volume was adjusted to 100 wl), and then 100 I of the
above-mentioned erythrocyte suspension was added. The plate was kept for
16 h at room temperature, after which hemagglutination was recorded by
macroscopic observation and hemolysis was assayed by measuring absorbance
at 545 nm.

RESULTS

Genome organization of C. diphtheriae C7(—) and PWS8.
Genomic DNA from C. diphtheriae C7(—), PWS, and the ref-
erence strain, differentially labeled with Cy3 and Cy5, were
independently hybridized with the CGH tiling array covering
the entire genome sequence of the reference strain. The in-
tensities of the hybridization signals were normalized, and the
ratio of the test sample [C7(—) or PWS] to the reference
sample (reference strain) was calculated and used as an index
to estimate the presence or absence of the respective regions in
C7(—) or PW8, as described in Materials and Methods. It
should be noted that regions present in test strains but absent
in the reference strain cannot be detected by the CGH tech-
nology. Figure 1A shows a typical pattern of signal distribution,
observed for C7(—) in a region surrounding the lysogenized
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C. diphtheriae NCTC13129
2,488,635 bp

=
3

FIG. 2. Circle representation of genome regions proposed to be
absent in the C7(—) and PW8 genomes. The solid circle represents the
whole genome of C. diphtheriae NCTC13129 (reference strain). The
putative PAIs are 13 PAIs reported in NCTC13129 by Cerdefio-Tar-
réga et al. (9). The numbers correspond to PAI numbers in the text and
Fig. 3. The artwork was prepared using PlasMapper Web software
(14).

corynephage (PAI 1). In the reference row (row 6), signals
were seen throughout the region, while in the test row (row 5),
signals were lacking in the span corresponding to the lysog-
enized phage genome (red bar), confirming that the nucleotide
sequence for the phage genome was lacking in the C7(—) (test)
genome.

Likewise, such deletions were found scattered throughout
the genome, as shown in Fig. 1B. The results are also summa-
rized in a circular map, suggesting that they may nonetheless
be concentrated in certain areas (Fig. 2). In total, by CGH
analysis, at least 37 regions from the published NCTC13129
genome—accounting for 300 CDSs—appeared to be absent
from the C7(—) genome (Fig. 2) (for more detail, see Table S2
in the supplemental material).

In contrast, the distribution pattern of absent regions and
possibly mutated regions in the PWS strain was largely differ-
ent from that observed in the C7(~) strain (Fig. 1C, row 2).
The PW8 genome lacked as few as 14 regions, accounting for
98 CDS:s. Six of the 14 regions were shared with C7(—), at least
partially (Fig. 2) (for more detail, see Tables S2 and S3 in the
supplemental material).

In C7(—), 11 of the 13 PAIs previously identified by Cer-
defio-Térraga et al. in 2003 in the reference genome (9) were
found to completely or partially overlap the regions found by
CGH to be absent. In five cases, the deletion spanned the
entire or almost the entire PAIL These cases included PAIs
coding for a corynephage genome containing a diphtheria
toxin gene (PAI 1), another potential phage genome (PAI 9),
structural genes for major and minor pilins, and one putative
sortase (PAI 10), as well as two other putative sortases and
three putative sortase target pilin genes (PAI 13). In 7 other
PAlIs (PAIs 2, 4, 6 to 8, 11, and 12), a part of the DNA
sequence was still present, but in most cases, it spanned less
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than half of each island. In two other small PAls, PAI 3 and
PAI 5, no such large deletions were detected.

In contrast, the PAIs were fairly conserved in the PW§
genome. The two PAIs 7 and 8 were partially absent, and PAI
9 was entirely absent in the genome, but the other PAIs were
considered to be present in the genome of the vaccine strain.
However, as shown in Fig. 1C, row 2, the putative mutated sites
at the single-nucleotide level were suggested to be present in
much greater abundance than in the C7(—) genome and were
considered to span the whole PW8 genome.

In addition to the PAIs, CGH analysis suggested that at least
26 regions from the reference genome were proposed to be
absent in C7(—), as mentioned above. Each region absent in
the C7(—) strain contained 1 to 27 CDSs. Twenty-two regions
bore 3 or more CDSs. Among them, 19 were flanked by or
included inside €CDSs annotated as transposases, integrases or
their pseudogenes, or tRNA genes. Three exceptions were a
17-CDS region related to nitrogen fixation (CDS identifiers
[ID], DIP0492 to -0508) and two 4-CDS regions (DIP0589 to
-0592 and DIP1760 to -1763), which were not accompanied by
such genes. Another 15 regions, composed of 1 or 2 CDSs per
region, did not include and were not associated with any trans-
posases, integrases or their pseudogenes, or tRNA genes, ex-
cept one (DIP2084) adjacent to a putative transposase gene. In
the PWS8 strain, the sizes of the 14 absent regions were smaller
than those in C7(—). Three major regions corresponded to
PAls 7, 8, and 9 and contained 21, 14, and 22 CDSs, respec-
tively. All of the other regions corresponded to not more than
8 CDSs. Nine of the 14 regions were accompanied or sur-
rounded by transposases and tRNA sequences. The details are
summarized in Tables S2 and S3 in the supplemental material
for C7(—) and PWS, respectively.

Amplification of DNA fragments corresponding to the se-
lected CDSs located in the 37 regions proposed to be absent'in
C7(—) was performed with template DNA from C7(—), PWS,
the reference strain, ATCC 11951 (C4B), and 10 Japanese
clinical isolates using primers listed in Table S1 in the supple-
mental material. The results are summarized in Fig. 3. The
pattern of amplification was diverse, with some CDSs
(DIP1820 and DIP1836) detectable only in the reference strain
and others, such as DIP2012 (sri4) and DIP2300, detectable in
most strains, except for a few, including C7(—). The results
may suggest greater genetic diversity among C. diphtheriae
strains than might have been anticipated. It should be noted
that putative sortases (DIP2012 [sn4], DIP0233 [snzB],
DIP0236 [srtC], DIP2225 [srtD], and DIP2224 {srzE}]) and pilin
genes (DIP2013 [spad], DIP2011 [spaB], and DIP2010 [spaCl),
previously shown to be crucial for the adhesion of C. diphthe-
riae to Detroit 562 cells (34), were detected in the PWS8 ge-
nome, but not in the C7(—) genome, by PCR with primers
designed for detection of these CDSs.

‘Cell adhesion activity of C. diphtheriae C7(—) and PW8. We
then attempted to assess the pathogenicity of C7(—) and PW8
strains in comparison to that of the reference strain by in vitro
and in vivo experiments. First, we examined adhesion of the C.
diphtheriae strains to Detroit 562 cells (Fig. 4). Bacterial cells
were coincubated with Detroit 562 cells at an approximate
multiplicity of infection (MOI) of 5 at 37°C for 1 h. We found
that 10 to 20% of the added cells of the reference strain were

associated with the human cell surface. The strain C7(~),
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suggested to lack srt4 sortase and spaB and spaC pilin genes,
showed reduced adhesion to Detroit 562 cells compared to the
reference strain. However, the PW8 strain, in which CGH and
PCR analyses suggested the presence of pilin genes, also
showed a reduced level of adherence.

Persistence of bacterial cells after intradermal injection.
Barksdale et al. (3) reported that toxigenic and nontoxigenic
strains of C. diphtheriae formed abscesses when injected intra-
dermally into rabbits. We first confirmed their results (see Fig. -
S1 and S2 in the supplemental material). Toxigenic strains (the
reference strain and PW8) formed abscesses surrounded by
edema 1 day after injection. A large contribution by diphtheria
toxin to the pathogenicity of C. diphtheriae was confirmed.
Neutralization of diphtheria toxin by 1 IU/site of antitoxin,
coinjected with the bacteria, was effective in eliminating the
edema, but abscess formation was not affected. The nontoxi-
genic C7(~—) strain formed abscesses to a degree comparable
to that of the toxigenic strains, regardless of antitoxin treat-
ment. These results were consistent with those reported by
Barksdale et al. (3). On day 2, necrotic plaques developed on
sites where toxigenic strains had been injected without neu-
tralization. On the neutralized sites, the sizes of the abscesses
varied depending on the strains and numbers of inoculated
bacterial cells. The abscess formed by approximately 10° CFU
of PW8 was smaller than that formed by an equivalent number
of the reference strain or C7(—). Not more than 2% of inoc-
ulated bacterial cells were recovered from homogenates of any
of these abscesses (see Fig. S1 in the supplemental material).
Another rabbit was inoculated with the bacteria, and observa-
tion was done on day 4. Extension of necrotic plaques was
observed, and abscesses were still observable in nonneutralized
and neutralized sites. The abscesses caused by PW8 (neutral-

~ ized) were smaller than those caused by the other strains. In

most sites, recovery of viable bacterial cells (see Fig. S2 in the
supplemental material) was less than on day 2 in the separate
experiment described above.

Although a large part of C. diphtheriae pathogenicity can be
attributed to the main virulence factor, diphtheria toxin, the
results with the nontoxigenic C7(—) strain indicated that the
toxin is not the only virulence factor. Using an animal species
insensitive to the toxin, concentrated analysis of factors other
than the toxin might be possible. Mice are insensitive to diph-
theria toxin, except when challenged intracerebrally with a
large amount (45) and thus are considered to be suitable for
such a purpose. In fact, mice developed abscesses after intra-
dermal injection of C. diphtheriae cells. Figure SA shows the
inside of the skin of a mouse 3 days after inoculation of ca. 10°
(Fig. 5A, a) and ca. 107 (Fig. 5A, b) CFU of C7(—), PWS, or
the reference strain. Saline was inoculated as a negative con-
trol. The abscesses formed by C7(—) or the reference strain
were easily separable from the muscle and tightly attached to
the skin. The yellowish contents of the abscesses were encap-
sulated, as revealed by light microscopy (data not shown). In
contrast, no abscesses were observed, at least by macroscopic
observation, in the mice injected with PW8 or saline alone.

The numbers of viable bacteria recovered from the homog-
enates of the abscesses were assessed. Figure 5B and C show
the ratio of recovered viable cells relative to the inoculum 3
days after inoculation. For an inoculum of approximately 107
CFU (Fig. 5C), the fractions of recovered viable bacteria from
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Region No. PAI CDS ID Putative function of product S A TY
1 DiP0047 transposase (pseudogene)
2 DIP0063 two-component sensor
2 DIPo064 two-comp. response regulator
2 DIP0075 hypothetical protein
3 DIP0139 membrane proten
4] 1]DIP0222 (lox) |[diphtheria toxin
5| 2{DIP0233 (srtB) |sortase
51 2|DIP0235 (spaD)|pil component
5| 2iDIP0236 (sriC) |sortase
5] 2{DIP0237 (spaF) |pili component
5| 2|DIP0238 (spaf) |pili component
6 DIP0278 surface-anchored memb. prot
71 4{DIP0357 starch degradation
8 DIP0385 hypothetical protein
‘9 DIP0450 secreted protein
10 DIP0501 nirate/nitrite transport
11 DIP0523 membrane protein
12 DIP0543 sialidase precursor
13] __ |DIPD583 membrane protein
13 DIP0532 hypothetical protein
14 DIPO711 hypothetical protein
15| 6|DIP0756 lantibiotic ABG-transport
16] 7{DIP0816 exported protein
17 DIP1520 membrane protein
18] 8|DIP1647 membrane protein
19 DIP1761 exported protein
20| 9|DIPi820 membrane protein
20| 9{DIP1836 collagen-like repeat protein
21 DIP1835 DNA methylase
22 DIP1908 phosphate permease
23 DIP1950 hypothetical protein
24| . [DIP1960 exported protein
25| 10|DIP2010 (spaC)|pili component
25| 10|DIP2011 (spaB) |pili component
25| 10|DIP2012 (srtA) |sortase
25| 10]DIP2013 (spaA) |pili component
26 DIP2062 surface anchored protein
27 DIP2066 fimbrial associated
28} 11{DIP2078 membrane transport
28] 11iDIP2084 hypothetical {(pseudogene)
29 DIP2116 membrane anchored protein
30 DIP2146 integral membrane protein
30} 12]DIP2153 bacteriophage holin
31 DIP2161 peptide synthase
32 DIP21g5 integral membrane protein
33| 13]DIP2223 (spal) |pil component
33| 13{DiP2224 (srtE) |sortase
33| 13{DIP2225 (srtD) |sortase
33} 13|DIP2226 (spaH}|pili component
331 131DIP2227 (spaG)|pili component
34 DIP2300 DNA-binding protein
35 DIP2313 restriction/modification
36 DIP2330 membrane protein
37 DIP2333 hypothetical protein 7z .
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FIG. 3. PCR analysis of selected CDSs in C. diphtheriae clinical isolates and laboratory strains. Amplification of DNA fragments corresponding
to selected CDSs located in the regions proposed to be absent in the C7(—) genome was performed with template DNA from C7(—), the reference
strain, ATCC 11951 (C4B), the vaccine strain PW8, and 10 Japanese clinical isolates, with primers listed in Table S1 in the supplemental material.
Pink shading indicates that amplification was successful. Yellow shading indicates that weak bands were observed at positions identical to.those
of the band observed for the reference strain. Green shading indicates one or more bands observed at a different position(s) from that observed
for the reference strain. These bands probably represent nonspecific amplification, because raising the annealing temperature from 54°C to 56°C
eliminated such bands as far as we tested. No amplification was observed for the white squares. *, not determined.

- 145 -



3796 IWAKI ET AL.

20%

£

2

8

o 15% |

£

e

=3

wé 1O,

g 10% |

(3]

>

Q

[ ]

o

5 5%}

Q2

®

0% e - e
reference C7(-) PW8
strain

FIG. 4. Adhesion of C. diphtheriae to Detroit 562 cells. Adhesion of
the C. diphtheriae reference strain, C7(~—), and PW8 was assayed as
described in Materials and Methods. The inoculum sizes were 1.2 X
107 (reference strain), 3.2 X 107 [C7(—)], and 7.1 X 10° (PW8). The
bars indicate standard errors from quadruplicate assays. Assays were
repeated 6 times, and representative results from one of the assays are
shown. P = 0.004 [reference versus C7(—)], 0.004 (reference versus
PW8), and 0.010 [C7(~) versus PW8] by Student’s ¢ test.

abscesses for both C. diphtheriae C7(—) and the reference
strain were around 20%. At an inoculum of approximately 10°
CFU (Fig. 5B), slightly lower recovery was found, but it was
proportionally similar. Recovery of PW8 was much lower than
that of the other strains at an inoculum of 107 CFU and was
undetectable at an inoculum of 10° CFU.

Sections of abscesses formed by C. diphtheriae C7(—) were
investigated by electron microscopy 3 days after inoculation. In
abscesses formed by inoculation of C7(—), bacteria were found
in vacuoles isolated from the cytosol of phagocytic cells (Fig.
6A, arrows). Bacteria were also found in the cytosol outside
vacuoles (Fig. 6A, arrowheads). Lysosomes (Fig. 6A, asterisks)
that were not fused with vacuoles were also found within the
phagocytic cells. Strain C7(—) was capable of disrupting
phagocytic cells (Fig. 6B, arrow), resulting in release of bacte-
ria into the milieu of the abscess contents. Propagating bacte-
rial cells were found in the cytosol (Fig. 6B, arrowhead), show-
ing that the cytosol of mouse phagocytic cells was capable of
providing an environment suitable for the growth of this bac-
terial strain.

C. diphtheriae C7(—) propagation was also observed inside
vacuoles. Figure 6C shows growing cells with septa typical of
dividing C. diphtheriae (arrowheads) (63). The growing bacte-
ria may be released from the vacuole into the abscess milieu
outside the phagocytic cells (Fig. 6B, arrow).

Hemagglutination and hemolysis. Log-phase cultures of the
C. diphtheriae reference strain, C7(—), and PW8 were serially
diluted in PBS as described in Materials and Methods, and a
human erythrocyte suspension was added and then incubated
at room temperature for 16 h. Hemagglutination was induced
by the reference strain and was enhanced by pretreatment of
erythrocytes with neuraminidase and/or trypsin (Fig. 7A). The
removal of sialic acid residues from the cell surface saccharides
by neuraminidase and the removal of cell surface protein by
trypsin, probably resulting in the unmasking of glycolipids (58),
might have contributed to the enhancement. In contrast, for
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FIG. 5. Mouse intradermal challenge. The backs of female ICR
mice (6 weeks of age) were depilated and then intradermally inocu-
lated with C. diphtheriae C7(—), the reference strain, and PW8. The
mice were sacrificed 3 days after inoculation, and the skins were re-
moved. (A) Internal views of abscesses formed by 7.0 X 10° CFU (a,
site 1) and 7.0 x 107 CFU (b, site 1) C. diphtheriae C7(=); 2.0 X 10°
CFU (a, site 2) and 2.0 X 10" CFU (b, site 2) C. diphtheriae PW8; 6.4 X
10° CFU (a, site 3) and 6.4 X 107 (b, site 3) CFU C. diphtherige
reference strain; and 0.05 ml of saline (a and b, sites 4). Three mice
were used for each of the experiments (a and b), and representative
results from each are shown. (B) Recovery of viable cells from ab-
scesses formed by ca. 10° CFU of bacterial cells. Abscesses from tissues
(shown in panel A, a) were homogenized, and the numbers of viable
bacteria in homogenates were measured as described in Materials and
Methods. Assays were done in triplicate. P = 0.56 [reference strain
versus C7(~)}. The error bar [C7(—)] indicates the standard error. The
standard error could not be calculated for the reference strain because
a set of three data could not be obtained (from one of three mice,
viable bacteria were not recovered). The actual numbers of CFU
recovered were 1.2 X 10° (reference strain) and 5.2 X 10° [C7(-)].
PWS8 was not recovered from any of three mice. (C) Recovery of viable
cells from abscesses formed by ca. 10" CFU of bacterial cells. Recovery
from abscesses from tissues (shown in panel A, b) are shown. P = 0.046
[reference strain versus C7(—)]}, 0.059 (reference strain versus PW8),
and 0.018 [C7(—) versus PW8]. The actual numbers of CFU recovered
were 5.4 X 10° (reference strain), 8.9 X 10° [C7(—)]), and 7.9 X 10*
(PW8). The mouse assays were repeated twice with consistent results.

C7(—), hemolysis was prominent (Fig. 7A). Figure 7B illus-
trates the absorbance of the erythrocyte supernatant at 545 nm
after 16 h of incubation with serial dilutions of a C7(—) sus-
pension. Interestingly, neuraminidase or trypsin pretreatment
of erythrocytes did not affect the hemolysis (Fig. 7B). The
reference strain exhibited much lower hemolytic activity than
C7(—), with an 4,5 of <0.05 with a bacterial suspension at an
OD of 2.0. The PW8 strain did not show either hemagglutina-
tion or hemolysis.

The primary structure of the srtd-spaABC region and the
DIP1281 locus. The region (PAI 10) previously shown to be
crucial for adhesion of the reference strain NCTC13129 to
Detroit 562 cells (srtA-spa4BC) by Mandlik et al. (34) was
shown to be present in the PW8 strain. However, the vaccine
strain showed greatly reduced adhesion activity to the human
pharyngeal cells. We therefore determined the nucleotide se-
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FIG. 6. Electron microscopic appearance of abscess contents. Mice were inoculated with C. diphtheriae C7(—) (9.5 x 107 CFU), and the
abscesses were removed and prepared for electron microscopy as described in Materials and Methods 3 days after inoculation. (A) Mouse
phagocytic cells containing C. diphtheriae C7(—). The arrows indicate bacteria enclosed in a vacuole-like structure. The arrowheads indicate
bacteria in the cytosol. The asterisks indicate lysosomes. Original magnification, X5,000; bar, 1 wm. (B) Disintegrating mouse phagocytic cells
containing C. diphtheriae C7(—). The arrow indicates a disrupted cytoplasmic membrane and vacuole-like structure from which bacteria could
escape into the abscess milieu. The arrowhead shows a dividing bacterial cell in the cytosol. Original magnification, X3,000; bar, 2 um. (C) Dividing
C. diphtheriae C7(—) cells in vacuole-like structures in a mouse phagocytic cell. The arrow indicates a disrupted membrane. The arrowheads show

X -

septa, typical of dividing C. diphtheriae cells. Original magnification, x10,000; bar, 500 nm.

quence of the region. The srt4-spaABC region was not in an
intact form. The sequence of the sortase gene srt4 (DIP2012;
accession number AB562324) was 95.4% identical to that in
the reference strain. At the amino acid level, 273 out of 289
residues (94.5%), including His160 and Cys222 at the active
center (23, 61), were identical. A lower identity, i.e., 90.2% at
the nucleotide level and 89.1% at the amino acid level, was
observed for the gene for the pilus backbone subunit (spad
[DIP2013; accession number AB562325]), with a conserved
LPLTG motif at the C terminus. The genes for the other two
important minor pilins (spaB and spaC) contained large and
small internal deletions. The spaB gene (DIP2011; accession
number AB562326) contained two in-frame deletions, 9 bp and
3 bp, exactly accounting for 3 and 1 amino acid residues,
respectively. That is, the PW8 gene was 92.7% identical to that
of the reference strain at the nucleotide level. The spaC gene
(DIP2010; accession number AB562327) was largely impaired
by a 470-bp deletion, which resulted in a frameshift mutation.
Two other deletions (3 and 9 bp) were found near the 5’ and
3’ ends of the spaC region, respectively. The overall sequence
identity with the spaC gene sequence from the reference strain,
except the deletions, was 94.7% at the nucleotide level.

Recently, another surface-anchored protein (DIP1281), ini-
tially annotated as a putative invasion protein, was shown to
function as an adhesion factor of C. diphtheriae to Detroit 562
cells (43). We thus compared the nucleotide sequences of the
gene among the three strains {accession numbers AB562328
[C7(-)] and AB562329 [PW8]}. All three of the strains pos-
sessed the DIP1281 gene, and no internal deletion or insertion
was found in any of them. The identities of the nucleotide
sequences were 98.3% [reference strain versus C7(—)], 98.5%
(reference strain versus PW8), and 993% [C7(-) versus
PWS8], respectively. The differences in the mnucleotide se-
quences were reflected in 8 [reference strain versus C7(~)], 10
(reference strain versus PW8), and 4 [C7(—) versus PW8]
different amino acid residues, respectively.

reference strain C7(-) PWS

. B TN

absorbance at 545 nm

2 089 gag

3.
0.18 5.08

ODggq of bacterial suspension

FIG. 7. Hemagglutinating and hemolytic activities of C. diphtheriae.
Dilutions of the C. diphtheriae reference strain, C7(—), and a human
erythrocyte suspension were prepared as described in Materials and
Methods. The trypsin and neuraminidase treatments are also de-
scribed in the text. The bacterial suspensions were mixed with eryth-
rocyte suspensions in a 96-well microtiter plate; after incubation at
room temperature for 16 h, hemagglutination was scored macroscop-
ically and hemolysis was measured by absorbance at 545 nm. (A) Hem-
agglutination by the reference strain. —/—, untreated erythrocytes;
T/—, treated with trypsin; —/N, treated with neuraminidase; T/N,
treated with both trypsin and neuraminidase; no bacteria, control with-
out bacterial suspension. (B) Measurement of hemolytic activity by
C7(—). ODygy, of bacterial suspension is the dilution of C7(—) suspen-
sion expressed in OD units; absorbance at 545 nm is the absorbance of
the supernatant of the mixture after incubation for 16 h. —/—, un-

- treated erythrocytes; —/N, treated with neuraminidase; T/—, treated

with trypsin; T/N, treated with both trypsin and neuraminidase.

— 147 -



3798 IWAKI ET AL.

DISCUSSION

The C7(—) and PWS strains of C. diphtheriae are two of the
oldest strains available to researchers and are the main stan-
dard strains utilized in analysis of C. diphtheriae pathogenesis
and vaccine production (10, 20, 32, 46, 48-51). The C7(-)
strain, which can infect humans (3), was considered to lack
most PAITs but still showed signs of pathogenicity, whereas the
nonpathogenic (32) PWS8 strain retained more PAls but
showed much reduced signs.

By comparative genomic hybridization, the C7(—) strain ap-
peared to lack 11 of 13 PAIs. The total number of NCTC13129
(reference strain) genomic regions that we found to most likely
be missing from the C7(—) genome, including PAIs, was at
least 37. This corresponds to 300 CDSs, approximately 12.5%
of the total number of CDSs in the reference strain.

In contrast, many fewer, i.e., 14, regions were considered to
be absent in the vaccine strain PW8, isolated earlier than the
C7(—) strain (46). Among the absent regions, only three were
related to PAIs. However, the difference at the single-hucle-
otide level between the PW8 genome and the reference ge-
nome was suggested to be greater than that between the C7(—)
and reference genomes (Fig. 1C, row 2). In addition, large
genomic diversity was observed among various C. diphtheriae
strains and clinical isolates (Fig. 3).

The regions of the reference genome that appeared to be
absent in C7(—) or PW8 were in most cases flanked by, or
associated with, insertion sequence (IS)-related transposases,
phage-related transposases, or tRNA sequences. Short (less
than 100-bp) direct repeats were also seen. In C7(—) and PWS,
some of these regions were shown to be replaced by DNA
fragments of various sizes, and some were shown simply to be
absent, leaving one of the direct repeats (data not shown).
Taken together with our preliminary PFGE results showing
that the size of the C7(—) genome is larger than that of the
reference genome (see Fig. S3 in the supplemental material), it
may be possible that at least some of the replacing fragments
have a high degree of mobility by horizontal gene transfer.
Detailed analysis of such fragments would be possible by ge-
nome sequencing of the C7(—) strain, as CGH technology is
not capable of detecting and analyzing such regions.

Adhesion of C. diphtheriae to human epithelial cells, fol-
lowed by internalization, was demonstrated and analyzed in
detail by Hirata et al. in 2002 (26) using HEp-2 cells and later
by Bertuccini et al. in 2004 (6) using HEp-2 and Detroit 562
cells. One of the signs of pathogenicity for C7(—) and PW8
strains was such adherence. In our study, C7(—) showed ad-
herence to Detroit 562 cells at a level comparable to that of the
reference strain, and PW8 showed a much reduced level of
adherence compared to these strains. Mandlik et al. (34) re-
ported that disruption of the sortase (srt4) and/or pilin (spaB
or spaC) gene resulted in almost complete loss of the adhesive
properties of the C. diphtheriae reference strain (34). Our re-
sults (Fig. 4) indicate that the C7(—) strain, lacking all of these
genes, showed reduced adhesive properties compared to the
reference strain. However, the activity was still higher than that
of the AspaBC mutant investigated by Mandlik et al. (34), in
which, based on our recalculation of their data, less than 2% of
the inoculum adhered to the Detroit 562 cells. This suggests
that the C7(—) strain possesses additional mechanisms that
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compensate for the lack of minor pilins. As for the larger
genome size of C7(—) than of the reference strain, C7(—)
could possess genetic information undetectable by CGH anal-
ysis, which might include genes sufficient for mediating adhe-
sion to mammalian cells. This is not the case in the PWS strain,
where the srtd-spaABC region was present, but not in an intact
form. The srt4 sortase gene could be functional, because the
two important residues His160 and Cys222 at the active center
(23, 61) were conserved. However, spaC, one of the minor pilin
genes crucial for attachment to the target cell surface (34), was
largely affected by a 470-bp internal deletion and a concomi-
tant frameshift mutation. The reading frame of another minor
pilin gene, spaB, was not impaired, while two small in-frame
deletions were found inside the gene. The observed differences
in the pilus structure, especially the impairment in the spaC
gene, might account for the reduced pathogenicity of the vac-
cine strain. According to Mandlik et al. (34), single-deletion
mutants of spaB or spaC exhibited reduced adhesive activity,
but it was not as reduced as that in the double mutant AspaBC.
This is consistent with our results obtained with PW8, in which
the spaB structural gene could be functional. Further, concern-
ing the extent of the suggested single-nucleotide level differ-
ences from the reference genome scattered throughout the
PWS8 genome (Fig. 1C, row 2), other possible mechanisms
contributing to pathogenicity might also be impaired in PW8.
Mandlik et al. (34) also showed that a Asrt4 variant of the
reference strain NCTC13129 still exhibited approximately 30%
adhesion to Detroit 562 cells, indicating that spa4BC-type pili
are not solely responsible for adhesion to Detroit 562 cells. In
addition, a A(srt4-srtF) variant showed further reduced adhe-
sion, suggesting the contribution to adhesion of some unknown
factor mediated by at least one of the sortases encoded by
srtB-srtF. On the other hand, in the present study, C7(—) and
PWS, both of which are considered to lack spaD- and spaH-
type pili mediated by sortases encoded by srB and srzC (19)
and srtD and snE (59), respectively (Fig. 3), still exhibited
reduced but significant binding to Detroit 562 cells. The pos-
sibility remains that factors other than pili contribute to the cell
adhesion in the cases of C7(—) and PW8.

On the other hand, a recently identified virulence factor,

* DIP1281, initially annotated as a putative invasion protein and

later revealed to be an adhesion factor of nontoxigenic C.
diphtheriae to Detroit 562 cells (43), was present in all three of
the strains with much less diversity than the srt4-spaABC re-
gion. The well-conserved DIP1281 gene may account, at least
in part, for the cell adhesion still observed in strains lacking
functional pili.

Another sign of pathogenicity was persistence of inoculated
bacteria in mouse skin abscesses. Comparable levels of persis-
tence of inoculated bacteria in abscesses were also shown for
the reference and C7(—) strains when injected into mouse
skin. To develop the mouse model, we first reproduced the
results of the original experiments of Barksdale et al. (3) using
rabbits (see Fig. S1 and S2 in the supplemental material).
Toxigenic strains were shown to form abscesses, and the le-
sions were diminished by neutralizing antibody (antitoxin), in-
dicating the large contribution of the toxin to the pathogenesis
of C. diphtheriae. However, the nontoxigenic strain C7(—) was
also able to form abscesses that were not neutralized by the
antitoxin, suggesting the presence of pathogenicity factors
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other than the toxin. In the intradermal-injection system of
Barksdale et al., physical invasion was used to aid the entry of
the bacteria into host tissue. The model reflects one of the
major forms of human diphtheria, cutaneous diphtheria, as
sometimes associated with physical invasion, such as that due
to insect bites (12). Experimental infection models for several
Corynebacterium species of veterinary importance (C. kutscheri
[8], C. bovis [28], and C. pseudotuberculosis [47]) also employ
physical invasion mechanisms, including intradermal injection.
In our rabbit experiments, we confirmed the necrotizing effect
of diphtheria toxin by inoculating toxigenic strains (the refer-
ence strain and PW8). In addition, abscess formation by the
~ nontoxigenic C7(—) strain was observed as another sign of
pathogenicity, which has been reported by Barksdale et al. (3).
Diphtheria antitoxin neutralized the necrotizing effects of tox-
igenic strains but did not inhibit abscess formation (compare
Fig. 5, sites 1 and 2), indicating that the pathogenicity of C.
diphtheriae could not be fully attributable to the toxin.

We then transferred the rabbit system to mice, an animal
species insensitive to diphtheria toxin. The abscesses formed
by C. diphtheriae were shown to contain viable bacterial cells 3
days after injection, which survived for at least 13 days (data
not shown). Due to the greater persistence of viable bacterial
cells in mice than in rabbits, mice could be good candidates for
a C. diphtheriae skin infection model with the additional benefit
of easier handling than rabbits, although the system is not
suitable for assessing the overall pathogenicity, including
the effect of the toxin. The maximum persistence of C7(—) and
the reference strain was not very pronounced compared to the
results of experimental infection models reported for other
bacterial species (2, 11, 30, 53, 64) but was greater than that of
PW8. Multiple bacterial cells were found in the vacuoles, some
of which exhibited growth septa (Fig. 6B and C) for the C7(—)
strain. These results are consistent with previous observations
by other groups. Thus, vacuoles containing bacteria have also
been observed in in vitro studies using HEp2 and Detroit D562
cells infected with nontoxigenic (6) and toxigenic (26) C. diph-
theriae strains. Recently, dos Santos et al. demonstrated the
survival of the C7(—) strain in human U-937 macrophages
(16). Bacteria were also found in the cytosol outside vacuoles
(Fig. 6A and B, arrowheads). The escape of bacteria from
vacuoles into the cytoplasm has been reported for Listeria,
Shigella, and Rickettsia (15, 21).

The third sign of pathogenicity was associated with human
erythrocytes. The reference strain showed hemagglutination,
whereas C7(—) exhibited hemolysis. PW8 showed none of
these activities (Fig. 7). Mattos-Guaraldi et al. have also re-
ported great diversity among C. diphtheriae strains in hemag-
glutinating activity (36). The results show that C. diphtheriae
has diversity in pathogenicity, as well as in genome organiza-
tion. In addition, the hemagglutination by the reference strain
could be dependent on a sugar moiety on the erythrocyte
surface, as shown by enhancement by trypsin and/or sialidase
pretreatment of erythrocytes. The results suggest that adhesion
of the bacterium to target cells upon respiratory infection
might also be dependent on cell surface saccharides.

The high degree of genome plasticity in C. diphtheriae
showed that the species could be more diverse than had been
anticipated. Intraspecies genome diversity largely differs from
species to species. In species such as certain mycobacteria,
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chlamydiae, and streptococci, genome diversity has been
shown to be small, and the presence of very few or no PAIs has
been demonstrated (54). Possibly this is not the case for C.
diphtheriae. Further studies on various C. diphtheriae strains
may reveal novel virulence factors of the pathogen.
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B % BT AEEH Eify - F % oE K Y L T O BR
e 1 F ¥R 2001428 5255 I MEREEGE, R, IRTEAE, ©, R BAL O R 200CI KRB
JEB 2 T ¥ B 20024108 54i% B VREESE, B, KRR, BE fEF 1 & FA—EkE, E—Hug
EF 3 o B 200549 A 57% B EETRMBER, BEOY B K ORSTE
HEBI 4 N 20054£10 B 51% 5 MCSREERRE, %, & B B o120t (28R
B 5 MEME 200687 H 588 X LR, AMECAE, EToWREER
fipl 6 # O 2009%E1 A 57 XL WHEE, &k, ABMEATR, BE BA ol 5 B
&2 TDC ulcerans DREE - AEHEE (FH2IEE)
HRAE I FoE it b ELY) B HAER W HER TR
I S WwERe - K WRATT L 0O ND
Thi ke g IHEAY 7 32 2 ND
B FER TI4T< IHEER T 7 55 0 ND
A %6 o ND A
______________ cC ... . ~woERevysy— W wmzvy B .....ND
D BiEEY sy — * IHEEA 7 7 63 5 ND
__________________________________ hhEeRey - M WExU7 B ..M
B BYEEL Y ¥ — *x WHWEEA Y 7 50 1 ND
__________________________________ hwEReys- W MWExvy M A N
F B Ly ot X HEEA T 7 36 0 ND
.................................. Db WM WExvy 2z 0 N
G IhEHY Y ¥ — X IHEER T 7 11 0 ND
__________________________________ nyegeyy—- 0w 0 E® 02z 0 N
kY o ] IHEE2 7 7 36 0 ND
H B EBL s 5 — X IHEE A 7 7 27 0 ND
BHEREL ¥ — I MHEER 7 7 85 5 ND
LEY + BlEx ) 7% 65 0 ND
i [ 5 T s b ! Rk 1 1 1
e By sk b Bk 85 7
- EhiElE X Bk 10 0 11
EEX (FEA) W WX RER 7 7% 154 2 13
RAERT FLAY L 75 0 ND
- BEERE V& — b IHEE A 7 7 3 0 ND
(ﬁégﬁigg) BAFELY 5 — A WHEE AT 7 124 0 ND
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BEBOFAETELFELL T, 45IBDEZIX, 2005
F£I10HIZKGETH, & BHREREZEL, Hogsk
2R EE D S C. ulcerans™ o8 s h, HERKS
Y, BEEBETI2EAFT LT/, 5HEBDEE,
2006 7 HICHENBE O@EAG Y v <57 E& (i
SRR A%, WEEER, KK, D#FEE - W - S
HE, WREEIR, % EF, BHEHKZ, REOREE,
LW AREB L. 6FIBOERIL, 200941 Ai121 41
BL2plBOBRMIERETEY L -EMIEER RS
2, —EBEPIL, (Lol KEERR, BhaIC
CTAESWIM, WEEEE, HeE, LHkERE, bWEE,
SHEREEICBIE LM KEMRE, EERERE) Y350
EE&FYﬁﬁ%éﬂtMﬁ¢@%%U77%5%0@

X T TOMETC. ulcerans™ = D872,

4 BV OBEYEAE

FRK 2243 B CIENORETC. ulcerans 7213
C. ulcerans™ BoM SN RE2E 2R LE BE
ERTRELZ6PIDOEED I B, 3EIEEIEEIRE
BLABEE L oM, RU1GIGESBEREEOXD
HERSHER I TS, BRN6HBEOY 77 THE
BRZOREHALT, BLRETZHEMO 1 LITAKN
BERZELCI Vv x Y, 8RERBLTVWAADICE
FPELELEVEIITERL TV, ZOBREELS
DERBLAZEFHELL. BRE»SBE L ERTR
W—HT5C. ulcerans"™ #5758 L, SSHIZFHHISD
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B1 C. wlcerans ™ B s -FEMBEIN:L
it GREL /NI HEREERT AFREEL)

FHEL oL [14].

FRI9FEILA27HH» 520 12826 Bz 7 TK
BRHFAUNZE L REE LY ¥ — DRI FEEL AL R L
LA T, 443D 5 C ulcerans ™ M H & I,
A1BED ST REAR, 28 b IHEIEEEN, 18
PO EREEKRRUERFEEEESERICRB SN
[15]. _

QN FEOEEFHRENRBEORAETIE, BHIFO
BIEERICBUIA2BYEEL Y ¥ — A S KRR
HEEA 7 7, RUTEFBHITMA SN FREOMHEHAZ 7
TEPSHNMALE L EELER, 6 VFTOBHEL Y
F—T6HEOK, VEDH LY C. ulcerans™ D358 &
nr:.

EN6HIEDBEREBIICETE, AEICLPESE
SRR L AEHR B OB B R R & BT A
HLBZ TN, LD, BRAYREMED
BEESEEOHN 2B CEARRELERLZR, —
BRETEHEETELTCVLAET10EOHED S C. ulcerans™"
PoEEsh, ZEACORBRICI Y 7T THERE
RELBZORBREME LR L/ [16].

K, BROFEDPIELESEERA M E LTH
EEMHE Z ST, AR L EMEROZ VIR
OMBEFOY 7T I THERRERLLRAELZ. 20
HE, BHOMBOBRIIBW THEEXTHE AL
2. TROBMATHSHMOBHRAELEBLIER, [
BEOIEN?S C ulcerans™ %DM L1z, 285, #FE
OWET, KEFRTTFERAO—BRRETHFTINT
WABROH 300 EHOMBEFONBERRAERLEER Y 7
25D C. ulcerans ™ FEEREDOKER TIZ, MEL LB
HETHo.

BEBYOREZLLT, ®it, AEBXOLIBHICH
ANENTRBEE, REFRU—BRROALBERERF D
EAEBRELLER, C ulcerans RUC. ulcerans™"
wWihbEETHo 7.

BN BB C. o ulcerans™ OB EREL, HET
1986 5 5 2002 EOMIC 47 FlH H, FAEK, kRETH
HEMICREXNH B 17-20). 75 vy AORIL, EED
OESHEEC LeAadBESNTEY, AVENES
RUTTIVTEELLLDIC, ANOBENEEDR
Tw3 [21].

5 RBEEEROBRHERS

VITUTERMIREHEEL, 2Ly, ME%RA, B
FITARUNTF 7R LG [THEEEE] L LTH
bha., EREBORHME, BUEBBEINRELRZD,
AREOEE - FERUEZESERASNS. BITHIEE, E
HEMENED T [EM»HHMEFRENFEE~ORED
e O] 1T, TROLIIEIN TV,

EHED-HDEE)

Ol LEMOHIIZ LY, ERPHT R0 UFHEE
BEEDN, 0, LTOFEIZL > TREARDH 2
ENizbo.

W) AL () HBALH O DT R
SRR N, i

VIFITEOSEERE, &6 TICHMEREICBIY
5V T7 T THROMKE

- R OBIZF O

#l, PCRiER Y

http:/www.mhlw.go.jp/bunya/kenkou/

kekkaku-kansenshoull/01-02-03.html

C. ulcerans ™ 12DV TiE, BIROERRTIIY 77
Y7L LTORGTHEEHAZ#TRTHEALZL TRV
12, C. ulcerans'™ BYIEHC. diphtheriae |2 X BIGIE
H, BEOREHICEVI LV IOREILETHS.

3, BESEETIXC ulcerans™ WYL X 3 2 4
DEEWMEEZIT T, FRI4F 11 A 20 B THEE
B EE R RN (&R 1120001 %) &L,
AR L2 BEREB LUV 2O OBHRREZEHF
BHEEEBRBICUTO#EME LTS, E612, 66
HOBZBEICHELTE, M2 6B LT Ev
ZEIZonT, T L) ICBERE~FRAMLZ (PR
214 7R 220 RBEE072835).

1) Y7FITRERERLABEIZOVWTE, V7
FUTHEHDOARL LT C. ulcerans 1 & B KEDT LD
HHI L, ,

(2) C. ulceransiZ X ZRBREFEbNIHFEIL, BE
HELZBLUTEIREEMAM TRENTETH S Z
&,

(3) C. ulceransi= X 2BEHELBUMLIEEE, BF
DEEZETRERZE U THREREZ T X 1TKkD
7.

BAORBEICE ZREEORYFVIE, EETH, &
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Z G C. diphtheriae, C. ulcerans™ 125 5 RIIE %
VIFUTETE. 7TIATH, 20025
C. ulcerans™ " V757V TOEHIEITNAI L L
ot KETR, Y777 OERELUILC. diphthe-
rige ® THELMEBHREN B TAI L 2R, C
ulcerans, C. pseudotuberculosis R EESNIBEIZH
BHRECDCIIELZEE R 2T A,

6 WEE - A - RBITIRAR

C. diphtheriae™ " DY 7 7Y 7HXKIL, HE#Eo sy
VNI EFERTHD, VHFOENPLENEY POETIZ
EE 2 L BETOEE, Tlim - BEESEE IS,
T, B L/ZEEIEERICIY, OASIC L AR
REE, MEOHBARCEGHZ EORE (7707
BWERE) 2 BITEEZOND. BROBEEEH
X, BYHBOEL Ty AL, #MiaE, SR
MIZBALARTS FMREREF (EF-2) 2 7 ELT42
LICEh s AR ETHEEL, MRZEICEL LD,

—7, C. ulcerans'™ DA T BHHEIL, C. diphthe-
ria DEABHZRRL M X VA FCREL-MBCRNEH
5. C ulceransV 7 7 VT HEZFEHM Y TH L,
Corynebacterium ovis DEHXTHER LM —DEFERT
(Mg L EEEN) 280, ZOWMERETT
B, ELEMRPTREFNERIGEVD 5 2 LTS
hTwa [23].

B THEE L7 C. ulcerans'™" & C. diphtheriae™”
DEALEN ZBEEIZ, TXTOC ulcerans™™ ™ &
Phospho Lipase D% E4£ T4 & 2R L. F 72,
73 BES OB OMBEOBTREEFIIOVWTIERE
B EDH S HE % o 72, Phospho Lipase D i, C.
diphtheriae DEET 5V 757 ) TEEOEAIE, W5
KPBRE L BENE S HTH B, C ulcerans D
Phospho Lipase D &£ DFEEHIIARHTSH 3.

C. ulcerans™ O TORMHE L LTIZ, HET
1986 D5 2002 FEDMIC47 FIH Y, TR, RET
LEFEMIZIBEY DB, 7T Y ADRIL, BHEODUER
EBERPLL2APBRBINTBY, AVELFEELR VY
TUT B L2720, ANOBREFEI bR TY
5. 2B, BHAEEIIOVWTIRELREEFEHRO
http://www.nih.go.jp/niid/bac2/Coryne_ulcerans/
world.html Z B S #1720,

7 BE-2ZH
KRBT BW CRBERBEZT CREORIIIESE T
5. HtoT, WEMLKBUTICIE, Bk, BEHEKk, WEX
7RI, MEERERTS. ATVTEF VRS —
WHEEH, BTV OVERIE MRS R B 4 2 & @R T
BRLIEETS. B ECHBEL-BRoao=—%

DSSHEMICBHEL, LEHIER, PEBEEHLE
ZIELLCHEE - WET5. ZOBICPCRICED Y
757 THEERETORBAREMAGDLETHEHT S
EREMTH D, FHEIZAPIZ Y 2%y MV EDOMHE
LR T Y P CHGREEZT R L L bIC, BREAE
HDORRET) . BREEMORBICIE, HELEE T
WEy bRTYFREDOBREHEIYICEE L CHillRIE
FEHAIRIEL T2HWERR, L7 LS CRERD
BEARPI Vero MK T 2 MIFH ZIZEL T 5 in
vitro RER, BHPIEESNALFR L REZNIIHRE
THIVLIRE, BOSREET2HET 5 PCRAEK
HHoH. I E»S, WoMrRled IZEEPCR
L 25X BETFORUITREEEHH ZH, FBH
HPOT 77 THESHML, DUHOFBHEEL T
BT LRI TH .

8 T B - B&E

C. ulcerans"™* 12X BEMY D 6 DEEFE & LTI,
BREER (BK, 77 v3%), EELOBWEEL
FBICEFEREOHBLRET 5. I/, SEMAECT
BB DT LS, FHENTAROY 77
V7 PEVA FORBEELERTSE. 2oV 77Y7
VA FORFEOBERIEEC, 1921 4 Glenny 512 &
DiaE Yy, HEIAYRCETSh 2 H ML Relto
EWI 2 F DV EDTH A, [HINTIE, 1948EI12F
BRI HE SN E L b, MRV 77U T MEY
4 FPBASK, Z0#, BEOREGEOT 75 05
BHREOBHITLCHR IR, BAETITLRBRE
BEY 77U THIBERESTY 75~ (DTaP) 3% 8#
ORFEACECHVOR, BERECHRLEBT TV
b, V7FVTIE, T FUBEBICL ) BET R ER
Thh, £/, “FHIBRICES.

EFERARRS LIBERRESMRNTH L. V7
FUTHEICH LTERERL LTy 20w A ¥ e
=) GER2ABMEES T 5. C ulcerans JEEIE DR
FBIHLTYH, EEOFA ¥4 vy TRINEEFELH
HEOHFAIFHRINTYE., V77U TOREIIBV
THEEPBOTERLREEZE L CWH0T, EHEE
bHLVAHEROPUNLETH L. oM, SEHAZEC
Y BREERRPERETERIIET 2= A~ —
OFEA % CHREREHICIOWTRSEE LIBRERT
.

C. ulcerans™™ " ZRHET 22N DD 2 HWN L ERENY
REESY L RE T EEEMT 54T, TEYL
MEOALES (26, 27] 1ToWTIE, FBREEE % 5
HEVE DO THD ZHBRPHEPLETDHS.
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9 5 bH U

AN B OFIBREGIE 1 Lod &4 5 2 BRSO H|
FEX, B3, BREEAT & MhoRlS20 2 K B PR ASRIE 22
MtrzRs, AMeswe, toORELBENICERT
BIUNEF LT ER, ELE [One health] [One
world, One health| [One medicine] & %1ZE3E TR
BBENTWAE., C ulcerans™ |2 X BEEEFEIZONT
b, BANOEZRAECHEN - BROLFEMETALH
MOLBRIGE L L CERPLE LR EMERHNE 3
T3,

—EICO) A BHIIEESEO—MEE L LTo
SN, C ulceras bINOGHRFEO—EBE L THEAELT
VR LD S, BENE IS, —BEETIEIHIE
FRFRAEVREHD S C. ulcerans ™ DHDBSHR S I
THBY, TNoODBWITERH %, RIBRERIBRES L
ThEY, AVEDHEEZEEIROOND. —RRET
FET A, BICAETIRAK, 7Y v IIXEFENIC
BgEshs, ChoofMRBEAMEY A VADPHETSH
BIEHEL, BENVETLTWEZ L LERIIT
WA, BB, K, BOFIZC. ulcerans™ HETEL T
WRTEMATRE N2 L id, BICY 77 THESRNR
5 (E) oy, FEEBERICY Y ER - KEIC
ENREINPET LT ANDBEIZIZEELES
5.

WERZ BIIH I FHIGEIH I o727z, B A it
FATMES R, REYWERE, BRIHDREGSIEES,
WARBRERE LV 7 —WEDR, ABYEELL 5 -, BE
B BUERIERT, FPRAAREREN, SHREREREL
vy —, AERHERER, RESRBEEREMEr 59—, F
REAEWERR, WEINRHENER, IBwERELsy v —,
IR AT AR TR, MB/NUEREE, KERRFIAR
BAENTIERT, FEWEEEER, B4 EEEER, R TR
ERER, ELERATRER, RBHDERL s —, BLUER
EREE s —, REPEEY Y 5 —, AENEERER, B
RT/AEEEM s, WORRERE Y & —, FNEA/AD
WMENS, TRIHAERBMER, KOBMEREREL S
¥ —, RORZFEFBHERIE, KRERERXET BIEER,
RIRAF LR FREF R E R FHE, R R E RS
EORBEIEHT 5.
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5 EVTL %5, 14&h 5 CAIS BS99 BES hiz (Rik—
%), EVTl oI hBEDS b 1413, BESE
FELEZHHLUARL T, EEAT, B
BB LT, E7, EVTI BSOS h /- FROKBEE I,
TRULABUTCH- 72 (fiR—VF),

T4V ZSBEE, 18T < T FL §1f2, RD-
18S #ilia, Vero M2 F T, 33°CT 2B, Bl
BETo7z. TOKE, MIEEESIFI, Vero Mgt
ix, EVT1 ® 118108, RD-18S digCix, EVTL 0
8 HRICRR® b7z %, FL MRS TIXE® 57, Vero
MlE2s EVTL HEERICR L TR BVEZEE R U,

EV7l ORSEICIF19T8E D S BEkk %, % 72, CALS
DREICIZ1995F0 TRk E Ao TERL /- BRE
PUEEERA L 7z, SRS INZKRoFICE, BAE
DB RRIZ I L, HEREBNESE TH -7,

WATAHIC, CAI6 BFRIOFBEE 1 £ 6 HBEX
hicht, ZOMmIETRCTEVII oS hTws o L
»5, SEOFEBEICBT A REELFERIROERT
3, EVTLIc & 5D L EL SNz,

FROBOBERERIZ, F22BBE, EEAYLD
8INLEARL LTS, 5 HhaLEED MEEEA
PHFELTCOLIFROBEEREISIBAINLTH S,
i, REBIGEE, EE2PLCHET T L5,
SHOBEICEESDELEZ D,

BN A R FERT
HFAREE FAEF WTEZ
Her 8 LFHAE

<EH>
tFEH S D HBERZ Y 1 L ZBEAES — fLiETH

20105 B, fLIRTTHNOEREBEcHRE LI i
BE» L HIBRE YA VA2BHE L0 TEHET 3,

s phEE0 LM Q0 tEEE) T, 581
HugXEnekilL, BABEHEL TV, 5 A
6 BEAL LM, YA IHEEEZEL, THIC%, 8B
FENHE L, 60X, 2 7Y v 28K, &
BERIE & Ca&HSZD bh, TROEREEIC B,
THEEERL VFRELZHE N, 28, BEOU 2
F VERRERTHTH - 7,

5 BISH R E Iz BHE OWHIER Wi, FEM
BRI E X UR % AT RT-nested PCR ¥l & 35k
B4 VBEFORERRA, ZOEE, TRC
DBETHRETANVZADH B LU NBELIEIES
hic, BEIN: NBEFOBSEERINLTRT
—B L, REBENICL Y HIERE YA VR LEE
xhiz ("1), GenBank KBHEIN TV AHEE OE
EHmR iR, NEBEF4NREEC>wT, LTS
Bt % 17 MVi/Shanghai PRC/22.06/11 (DQ902857)
L100% DMEREERLEZ, £/, V77 LY ARV

“{ Mvs/Sapporo. JPN/19.10/1{H1]
Myvi/Shanghai PRC/22.06/11

Mvi/Tokyo.JPN/20.00[H1]

Mvs/Fuji JPN/21.02{H1] H1

Mvi/Tokyo JPN/23.01{H1]

Mvi/Kawasaki. JPN/23.01[H1]
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