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Abstract.—Transferable resistance to various drugs was investigated in strains of Photobacterium
damselae subsp. piscicida from Japan. Drug resistance was transferred via two plasmids of 100
and 50 kilobases (kb) or three plasmids of 100, 50, and 40 kb. Resistance to ampicillin was
transferred on the 50-kb plasmid. An ampicillin resistance gene in the 50-kb plasmid pPDP8517
from strain PP8517 was cloned from a 1.8-kb Hinc Il fragment of the plasmid. The nucleotide
sequence of the coding and flanking region of the ampicillin resistance gene was determined to
be 1,736 base pairs. The nucleotide sequence identified an open reading frame (ORF) encoding
282 amino acid residues with a calculated molecular mass of 31,292 daltons. The ampicillin
resistance gene's ORF was found to be a B-lactamase bearing low levels of amino acid identities
(<63%) relative to other B-lactamases. This ORF was very high in amino acid identities with
class A B-lactamases compared with those of class B, C, and D B-lactamases. Four important
structural features were conserved in all class A B-lactamases present in the deduced amino acid
sequence of the ampicillin resistance gene. These results suggest that the P. damselae subsp.
piscicida ampicillin resistance gene is a class A B-lactamase encoded on an R plasmid that is
distinctly different from other known B-lactamases. Moreover, Southern blot analysis suggested
that P. damselae strains with the ampicillin resistance gene are widely distributed in marine fish

farms in the Kyushu area in Japan.

Photobacterium damselae subsp. piscicida (for-
merly Pasteurella piscicida; hereafter P. damsel ae)
isthe causative agent of pseudotuberculosisin cul-
tured yellowtail Seriola quinqueradiata in Japan.
Since its initial recognition in yellowtail during
the summer of 1969 (Kubota et al. 1970), the dis-
ease has been recognized in other fish species, in-
cluding blackhead seabream (also known as black
porgy) Acanthopagrus schlegeli (Muroga et al.
1977; Ohnishi et al. 1982), red seabream (also
known as madai) Pagrus major (Yasunaga et al.
1983), juvenile red grouper Epinephelus akaara
(Ueki et al. 1990), juvenile striped jack (aso
known as white trevally) Caranx dentex (also
known as Pseudocaranx dentex; Nakai et al. 1992),
and juvenile flounder Paralichthys olivaceus (Fu-
kuda et al. 1996). Various antimicrobial com-
pounds have been used to prevent this infection
by chemoprophylaxis and chemotherapy. The ef-
ficacy of these drugs, however, has been hindered
by an increase in multiple drug resistance in P.
damselae. Kusuda and Inoue (1976) reported that
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ampicillin had shown potent activity against P.
damselae in vitro. Ampicillin has been used for
treatment of pseudotuberculosis in cultured yel-
lowtail in Japan since 1980. Ampicillin-resistant
strains of P. damselae were found in large numbers
after 1982 (Takashima et al. 1985; Kim and Aoki
1993). These bacterial strains did not transfer re-
sistance to ampicillin (Takashima et al. 1985; Kim
and Aoki 1993), with the exception of one of the
many strains studied (Takashima et al. 1985).
Therefore, it was suggested that resistance to am-
picillin might be residing on the chromosomal
DNA (Takashimaet al. 1985; Kim and Aoki 1993).
However, we reported that resistance to ampicillin
was transferred via plasmids among many strains
of P. damselae (Morii et a. 2003a, 2003b).
Bacterial resistance to ampicillinisconferred by
the enzymes called B-lactamases (enzyme number
3.5.2.6; IUBMB 1992), which inactivate ampicil-
lin by opening the B-lactam ring. These enzymes
are divided into four molecular classes (A, B, C,
and D) on the basis of their primary structures. In
many gram-negative bacteria, the structural gene
for class A B-lactamasesisfrequently plasmid con-
tained. However, chromosomal genes encoding
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class A B-lactameses have been described for Vib-
rio harveyi isolated from marine water near a
shrimp farm (Teo et al. 2000) and for other bacteria
(Yersinia [Seoane et al. 1991], Klebsiella [Haegg-
man et al. 1997], and Serratia spp. [Naas et al.
1994]). The genetic basis for B-lactam antibiotic
resistance has not been studied for P. damselae
isolated from farmed yellowtail. In this study, an
ampicillin resistance gene on atransferable R plas-
mid from the P. damselae was cloned, and the
nucleotide sequence of the resistance gene was ob-
tained and compared with those previously re-
ported. Nucleotide hybridization was performed to
investigate the geographical and chronological
distribution of the ampicillin resistance gene.

M ethods

Bacteria and plasmids.—Photobacterium dam-
selae were isolated from cultured diseased yellow-
tail in various areas of Kyushu, Japan, between
1984 and 1994. For isolation of the bacteria, the
kidney was aseptically cultured directly on a
brain—heart infusion (BHI) agar plate containing
2% NaCl. Replicate plates were incubated at 25°C
for 24—48 h. Isolated colonies were used for pre-
sumptive identification of the bacteria. The iden-
tification was carried out by means of the slide
agglutination test (Roberson 1993) with rabbit an-
tiseraagainst P. damselae. The bacterial strainsfor
this study were isolated from fish taken at various
times and from several aquaculture locations. Sev-
eral bacterial strains that wereisolated at the same
sampling time and location but that differed in
their minimum inhibitory concentrations (MICs)
of 14 drugs were also used. Overall, 111 strains
of P. damselae were used for this study.

A total of 47 ampicillin-resistant isolates from
the cultured diseased fish were used as donors for
conjugal transfer of drug resistance genes. Strain
PP8517, which harbored resistance to ampicillin,
chloramphenicol, kanamycin, nalidixic acid, sul-
famonomethoxine, and tetracycline, was used for
cloning or nucleotide sequence analysis of an am-
picillin resistance gene. A rifampicin-resistant mu-
tant of Escherichia coli K-12 x1037 (a mutant
strain of x1037 [galK2, galT22, hsdR, lacYl,
metB1, rel A, supE44]; lyobeet al. 1981, 1994) was
used as the recipient for the conjugal transfer as-
say. Escherichia coli IM83 (F-, thi, ara, del [lac-
pro], strA [fi80, lacZ, del M15]) was used to obtain
competent cells for transformation and also as the
recipient for the retransfer assay. The R plasmid
pPDP8517 from strain PP8517 was used as the
source of the ampicillin resistance gene, and the
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vectors pHSG398 (chloramphenicol resistance,
lacZ; Takara Shuzo, Siga, Japan) or pUC19 (am-
picillin resistance, lacZ; Takara Shuzo) were used
for cloning or nucleotide sequence analysis of the
resistance gene.

Media and growth conditions.—Photobacterium
damselae was incubated in BHI broth (Difco,
Sparks, Nevada) containing 2% NaCl at 28°C and
E. coli in Luria—Bertani (LB) broth (1% bacto
tryptone [Difco], 0.5% bacto yeast extract [Difco],
and 1% NaCl; pH 7.5) at 37°C. Mueller—Hinton
broth (Difco) containing 2% NaCl and 1.5% agar
was used for the drug susceptibility test. Bromo-
thymol blue (BTB)—Ilactose nutrient agar (1%
bacto peptone [Difco], 1% beef extract [Difco],
1% lactose, 0.0045% BTB, 0.5% NaCl, and 1.5%
agar; pH7.5) was used for the mating assay.

Drug susceptibility test.—The drug susceptibil-
ity test was performed using Mueller—Hinton agar
containing individual antibiotics and chemother-
apeutants. Selected concentrations of drugs were
prepared by a serial twofold dilution method rec-
ommended by the Japanese Society of Chemo-
therapy (1981). The culture was grown overnight
in Mueller—Hinton broth and diluted to approx-
imately 10° cells'/mL using buffered saline with
gelatin solution (0.85% NaCl, 0.03% KH,PO,,
0.06% Na,HPO,, and 0.01% gelatin) in accordance
with the method of the Japanese Society of Che-
motherapy (1981). The diluted culture was inoc-
ulated on Mueller—Hinton agar using a micro-
planter (3 mm in diameter and 4 pL per micro-
planter; Toyo Sokki, Tokyo, Japan). The MICs
were read as the lowest concentration resulting in
complete inhibition of growth after a 24—48 h in-
cubation at 28°C. The resistance to each antimi-
crobial compound was defined by the distribution
of the MICs (see Figure 1). The following anti-
biotics and chemotherapeutics were employed for
the drug susceptibility test: ampicillin, cephalexin,
chloramphenicol, doxycycline, erythromycin, fu-
razolidone, kanamycin, nalidixic acid, oxolinic
acid, oxytetracycline, streptomycin, sulfamono-
methoxine, tetracycline, and trimethoprim. The
drug susceptibility of the transconjugants was test-
ed using LB broth containing individual drugs. The
ampicillin concentration was 50 pg/mL and those
of the other drugs were as described below for the
conjugal transfer assay. A strain was considered
susceptible if its growth was completely inhibited
after 24—48 h at 37°C.

Conjugal transfer assay.—Each donor strainwas
incubated in the BHI broth (with shaking) for 9 h
and the E. coli recipient strain was incubated in
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Ficure 1.—Distributions of the minimum inhibitory
concentrations (MICs) of 14 antimicrobial compounds
in 111 strains of Photobacterium damselae subsp. pis-
cicida isolated from cultured yellowtail. Compound ab-
breviations are as follows: Ap, ampicillin; Cex, cepha-
lexin; Cm, chloramphenicol; Doxy, doxycycline; Em,
erythromycin; Km, kanamycin; Na, nalidixic acid; Nf,
furazolidone; Oa, oxolinic acid; Otc, oxytetracycline;
Sm, streptomycin; Su, sulfamonomethoxine; Tc, tetra-
cycline; and Tmp, trimethoprim.

LB broth for 8 h. Aliquots (0.5 mL each) of the
donor and recipient cultures were mixed in a 50-
mL Erlenmeyer flask and 4 mL each of the BHI
and LB broths were added to the flask. Mating was
performed at 28°C for 2 h. Of 10-fold serial di-
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lutions of the mating mixture, 0.1 mL was spread
on BTB—Iactose agar with rifampicin (50 pg/mL)
and each selected drug, namely, ampicillin (6.25
pg/mL), chloramphenicol (25 pg/mL), erythro-
mycin (100 ng/mL), kanamycin (25 pg/mL), nal-
idixic acid (100 pg/mL), sulfamonomethoxine
(3,200 pg/mL), tetracycline (25 pg/mL), and tri-
methoprim (400 p.g/mL). The concentration of am-
picillin was 100 pg/mL in an earlier study (Morii
et al. 2003a) but 6.25 pg/mL in this study because
an ampicillin resistance gene in the transconju-
gants selected in the mating experiment was fre-
quently deleted at higher concentrations of am-
picillin. The E. coli recipient strain expressed MI1C
values as follows: ampicillin (3.13 pg/mL), chlor-
amphenicol (12.5 pg/mL), erythromycin (50 ng/
mL), kanamycin (12.5 pg/mL), nalidixic acid (50
wg/mL), sulfamonomethoxine (1,600 pwg/mL), tet-
racycline (6.25 pg/mL), and trimethoprim (12.5
pg/mL). Colonies growing after 24—48 h of in-
cubation at 37°C were scored as presumptive tran-
sconjugants, and the frequency of transfer was cal-
culated as the number of transconjugants per initial
number of donors. Ten or more transconjugants
from mating were picked and tested for antibiotic
resistance. The transconjugants from mating with
the donor strain PP8517 were also used for iso-
lation of R plasmids.

Plasmid manipulation and characterization—R
plasmids were extracted by the method of Kado
and Liu (1981) and electrophoresed on a0.7% aga-
rose gel. Plasmid DNA was prepared by rapid al-
kaline lysis and cesium chloride—ethidium bro-
mide density gradient purification. Restriction-en-
donuclease-digested DNA was el ectrophoresed on
a 1.0% low-melting-temperature agarose gel (Gro-
sa et al. 1994) for separation of the DNA frag-
ments. Restriction endonucleases and T4 DNA li-
gase (enzyme number 6.5.1.1; IUBMB 1992) were
purchased from Takara Shuzo and used according
to the manufacturer’s instructions.

The approximate molecular sizes of plasmids
were calculated from reference plasmids R27 (167
kilobases [kb]), R100-1 (100 kb), RP4 (56 kb),
and pLA2917 (22 kb). The molecular sizes of re-
striction fragments were calculated using ADNA
digested with Sty | (Nippon Gene, Toyama, Japan).

Nucleotide hybridization.—The procedure for
Southern blotting was taken from the instructions
given in the digoxigenin application manual for
filter hybridization (Roche Molecular Biochemi-
cals, Mannheim, Germany), DIG Oligonucleotide
3'-End Labeling Kit, 2nd Generation except that
the depurination was carried out for 10 min. Plas-
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mid DNA from the gels was capillary blotted onto
nylon hybridyzation membranes (Hybond-N+;
Amersham, Piscataway, New Jersey) and fixed at
120°C for 30 min. Oligonucleotides (5'-GCTGA
TGACCTACGTGATACAACGACGCCATTTGC
GATGA-3"), which were designed on the basis of
the nucleotide sequence of the pPDP8517 ampi-
cillin resistance gene, were enzymatically labeled
at their 3’ end with terminal transferase by incor-
poration of a single digoxigenin-labeled dideox-
yuridine triphosphate. Hybridization was per-
formed at 55°C for 4 h as prescribed by the man-
ufacturer.

Cloning of the ampicillin resistance gene.—Nu-
cleic acid from the plasmid pPDP8517 was com-
pletely digested with the restriction endonuclease
Hinc Il. The resulting fragments were cloned into
the Hinc Il site of the vector pHSG398. Competent
E. coli IM83 cells prepared according to the meth-
od of Hanahan (1983) were transformed with the
recombinant plasmid DNA by the procedure of
L ederberg and Cohen (1974). Clones harboring the
ampicillin resistance gene were selected on LB
agar plates containing either chloramphenicol
alone (25 pg/mL) or ampicillin (50 pg/mL) in
combination with chloramphenicol (25 pg/mL)
and X-gal (5-bromo-4-chloro-3-indolyl-B-p-gal-
actopyranoside; Takara Shuzo) and isopropyl-FI-
D-thio-galactopyranoside. The recombinant DNA
insert was digested with Hinc || and was subcloned
into the Hinc Il site of the vector pUC19. Recom-
binant plasmid containing the ampicillin resistance
gene was used as the source of the gene and flank-
ing sequences.

Nucleotide sequencing and analysis—The sub-
cloned fragment containing the ampicillin resis-
tance gene was sequenced by the dideoxy chain
termination method using a BigDye Terminator
Cycle Sequencing Kit and an ABI 377 DNA se-
quencer (Applied Biosystems, Foster, California)
. Nucleic acid sequencing was performed using
M13 forward and reverse primers. Internal se-
quencing primers (primer sequencess’-TCCGGC
TGCTACCCTTTCGA-3' and 5'-GCTACAGGAC
TCTGATAGAG-3') were designed on the basis of
the sequence of the subcloned fragment to com-
plete the sequence walk in both directions. The
nucleotide sequence of the ampicillin resistance
gene was analyzed with version 3.6 of DNASIS-
Mac software (Hitachi Software Engineering, Chi-
ba, Japan). Sequence similarity and homology
searching against the nucleotide and deduced pro-
tein databases were carried out with the Fasta pro-
grams at the European Molecular Biology Labo-
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ratory, European Bioinformatics I nstitute (EMBL -
EBI). Multiple-sequence alignment of the deduced
peptide sequence was performed with the Clustal
W programs at EMBL-EBI. The identification of
signal peptides was carried out with version 1.1
of the program Signal P at the Center for Biological
Sequence Analysis. B-lactamases belonging to in-
dividual structural classeswere searched at the Na-
tional Center for Biotechnology Information Web
site, and the class of various B-lactamases was
determined from the fold classification based on
the structure—structure alignment of proteins da-
tabase at EMBL-EBL.

Results
MIC Distribution of Antimicrobial Compounds

The distributions of the MICs of 14 antimicro-
bial compounds for 111 strains of P. damselae are
shown in Figure 1. The MIC distribution exhibited
either three groups (susceptible, intermediate-level
resistant, and high-level resistant), two groups
(susceptible and resistant), or a single group in
which all the tested strains were susceptible to
cephalexin, furazolidone, and streptomycin while
resistant to sulfamonomethoxine. Additionally, the
resistant strains were found to be identical in the
chemically related drugs doxycycline, oxytetra-
cycline, and tetracycline or nalidixic acid and ox-
olinic acid.

Conjugal Transfer of Drug Resistance

The drug resistance patterns (different combi-
nations of drug resistance markers) of the P. dam-
selae isolates and the recipient E. coli strains are
shown in Table 1. Forty-seven (42%) of the 111
isolates studied harbored resistance to ampicillin.
The different multidrug resistance patterns for the
47 strains were numbered 1-6; all strains were
resistant to 5-8 drugs. All 47 strains were resistant
to sulfamonomethoxine, kanamycin, and chlor-
amphenicol, while 46 were also resistant to tet-
racycline.

Forty-one (87%) of the 47 ampicillin-resistant
strains transferred the resistance from the donor to
the recipient. Resistance to ampicillin was trans-
ferred from all the strains in patterns 2—6 (which
were resistant to nalidixic acid and/or trimetho-
prim), but resistance was not transferred from the
strainsin pattern 1 (sensitive to nalidixic acid and/
or trimethoprim). Resistance to trimethoprim was
not transferred in all the strains because the resis-
tance was not high-level (the transfer of trimeth-
oprim resistance was restricted to strains harboring
high-level resistance, though the reason for thisis
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TaBLE 1.—Drug resistance pattern of Photobacterium damselae subsp. piscicida isolates harboring resistance to
ampicillin (the donor) and drug resistance transferred to an Escherichia coli K-12 x 1037 rifampicin-resistant strain (the
recipient). The drugs used for the conjugal transfer assay were ampicillin (Ap), chloramphenicol (Cm), erythromycin
(Em), kanamycin (Km), nalidixic acid (Na), sulfamonomethoxine (Su), tetracycline (Tc), and trimethoprim (Tmp).

Donor Recipient
Pattern Drug resistance No. of Drug resistance No. of
no. pattern strains pattern strains
1 Su, Km, Tc, Cm, Ap 11 Su, Km, Tc, Cm 6
Su, Km, Tc, Cm, Ap 5
2 Su, Km, Tc, Cm, Ap, Na 12 Su, Km, Tc, Cm, Ap 12
3 Su, Km, Tc, Cm, Ap, Tmp 2 Su, Km, Tc, Cm, Ap 2
4 Su, Km, Cm, Ap, Na, Tmp 1 Su, Km, Cm, Ap 1
5 Su, Km, Tc, Cm, Ap, Na, Tmp 19 Su, Km, Tc, Cm, Ap 19
6 Su, Km, Tc, Cm, Ap, Em, Na, 2 Su, Km, Tc, Cm, Ap, Em 2
Tmp
All 47 47

not clear; Morii et al. 2003a). Additionally, only
one transconjugant from each mating with the do-
nors PP8517 and PP9303 was obtained on the se-
lection media containing nalidixic acid. However,
the transconjugants did not harbor a plasmid.
Moreover, in the secondary matings with the tran-
sconjugants and E. coli JM83 strain as the recip-
ient, transconjugants were not obtained on the se-
lection media containing nalidixic acid.

Plasmid Phenotypes

The drug resistance of transconjugants obtained
from matings between the donor P. damselae and
the recipient E. coli strains as well as the plasmid
content of the transconjugants and their transfer
frequency are shown in Table 2; agarose gel elec-
trophoretic profiles of the R plasmids in the tran-
sconjugants are shown in Figure 2. Conjugal trans-
fer of ampicillin resistance was usually unstable
in matings between the donor and recipient strains;
that is, resistance to ampicillin was transferred at
random from almost all the donor strains. More-
over, resistance to ampicillin was transferred (ex-
periment 1) or not transferred (experiment Il) in
the repeated-mating assay between the same donor
and recipient. All transferable drug resistances
present in each of the donors were transferred via
asingle plasmid of 100 kb when resistance to am-
picillin was not transferred (experiment Il). Am-
picillin resistance was most closely associated
with the transfer of a 50-kb plasmid, although am-
picillin resistance appeared to occasionally be har-
bored simultaneously on a 110-kb plasmid (pat-
terns 1 [2], 2, 4, and 5). The plasmids of 100 and
40 kb were also present, but they did not harbor
an ampicillin resistance gene.

The drug resistance encoded on these plasmids
usually varied among drug resi stance patterns, that

is, (1) the sulfamonomethoxine and kanamycin re-
sistances of the donors were transferred via the
100-kb plasmid and the other resistances via the
50-kb plasmid (patterns 4 and 5) or both the 50-
kb and 40-kb plasmids (pattern 6); (2) the sulfa-
monomethoxine, kanamycin, and tetracycline re-
sistances of the donors were transferred via the
100-kb plasmid and the other resistances via the
50-kb plasmid (patterns 2 and 3); and (3) the con-
jugal transfer of drug resistances from the donors
was complicated (pattern 1). Some drug resistance
present in each donor was transferred via both the
100-kb and 50-kb plasmids. Trasconjugants from
the transfer assay harbored asingle plasmid of 100,
50, and 40 kb each or two plasmids of 100 and 50
or 40 kb (see Figure 2). Transconjugants that har-
bored both of the 100-kb and 50-kb plasmids oc-
casionally possessed the 110-kb plasmid simul-
taneously (seelane E in Figure 2), which harbored
all of the drug resistances encoding on both the
plasmids.

The transfer frequency of the 100-kb plasmid
was usually higher than that of the 50-kb or 40-
kb plasmids, but the frequency could not be de-
termined when more than one other plasmid was
transferred along with the 110-kb plasmid.

Nucleotide Sequence Analysis

The subcloned Hinc 11 fragment of pPDP8517
was determined as being 1,736 base pairs (bp;
DNA Databank of Japan [DDBJ] under accession
number ABO083415). The ampicillin resistance
gene ORF was identified from nucleotides 183—
1,028 in the subcloned pPDP8517 DNA fragment.
The ampicillin resistance gene was predicted to
contain 282 amino acid residues and has been es-
timated to have a molecular mass of 31,292 dal-
tons, asizethat is consistent with those of the other
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TaBLE 2.—Drug resistance of transconjugants from representative matings between donor strains showing different
resistance patterns and recipient strains, plasmid content of the transconjugants, and transfer frequency of the resistances.
Drugs used for the mating assay were ampicillin (Ap), chloramphenicol (Cm), erythromycin (Em), kanamycin (Km),
nalidixic acid (Na), sulfamonomethoxine (Su), tetracycline (Tc), and trimethoprim (Tmp). Resistance to ampicillin was
transferred (experiment 1) or not transferred (experiment 11) by repeating matings between the same donors and recip-

ients.

Plasmid
Drug content
ress ) Drug resistance of transconjugants® of trans- Transfer
tance  Donor Experi- conju- frequency of
pattern®  strain ment Transconjugant® Su Km Tc Cm Ap Em Na Tmp gants(Kb) resistance
1(1) PP8521 | Su, Tc, Cm + - + + - nd nd nd 100 103
Km, Ap - + + - + nd nd nd 50 Km:10-5; Ap:10-3
Km + + + + + nd nd nd 100 + 50 nd
PP8521 1 Su, Km, Tc, Cm  + + + + — nd nd nd 100 10-3
12 PP8808 | Su, Km, Tc, Cm  + + + + - nd nd nd 100 10-2
Ap + - - - + nd nd nd 50 104
Ap + + + + + nd nd nd 100+ 50 nd
Ap + + + + + nd nd nd 110 nd
PP8808 1 Su, Km, Tc, Cm  + + + + — nd nd nd 100 10-2
2 PP8517 | Su, Km, Tc + + + - - nd - nd 100 104
Cm, Ap - - - + + nd - nd 50 10-6
Cm, Ap + + + + + nd - nd 100 + 50 nd
Cm, Ap + + + + + nd — nd 110 nd
PP8517 I Su, Km, Tc, Cm  + + + + - nd - nd 100 104
3 PP8836 | Su, Km, Tc + + + - - nd nd - 100 10-3
Cm, Ap - - - + + nd nd - 50 105
Cm, Ap + + + + + nd nd — 100 + 50 nd
PP8836 I Su, Km, Tc, Cm  + + + + - nd nd - 100 103
4 PP8912 | Su, Km + + nd - - nd - - 100 104
Cm, Ap - - nd  + + nd - - 50 10-6
Cm, Ap + + nd + + nd — — 100 + 50 nd
Cm, Ap + + nd + + nd — — 110 nd
PP8912 I Su, Km, Cm + + nd + - nd - - 100 104
5 PP9303 | Su, Km + + - - - nd - - 100 10-5
Tc, Cm, Ap - - + + + nd - - 50 107
Tc, Cm, Ap + + + + + nd — — 100 + 50 nd
Tc, Cm, Ap + + + + + nd — — 110 nd
PP9303 | Su, Km, Tc, Cm  + + + + - nd - - 100 105
6 PP9105 | Su, Km + + - - - - - - 100 10-3
Tc, Cm, Ap - - + + + - - - 50 106
Tc, Cm, Ap + + + + + — — — 100 + 50 nd
Cm, Em - - - + - + - - 40 106
Cm, Em + + — + — + — — 100 + 40 nd

2The experiment was performed for all of the tested strains and the results are presented for one strain in each of the resistance patterns

2 to 6 and for two strains in pattern 1.
b Indicated by the drug with which it was selected.

¢ Plus signs indicate resistant transconjugants and minus signs susceptible ones; nd = not determined.

known class A B-lactamases (Ambler 1980). The
first base of the heptanucleotide 5'-AGTCGAG-
3’, which represents the consensus prokaryotic ri-
bosome binding site, occurs 12 nucleotides up-
stream of the ATG translational start codon. Nu-
cleotide sequences within the 5 and 3’ noncoding
regions represent consensus motifs for the initia-
tion and termination of transcription, namely,
the—35 sequence (5'-TTGATT-3' from nucleo-
tides 73—68 upstream of the ATG) and—10 (Prib-
now box) sequence (5'-TATTAT-3' from nucleo-
tides 51-46 upstream of the ATG), respectively.
The alignments of the amino acid sequence of

the P. damselae ampicillin resistance gene and the
sequences of class A B-lactamases from nine other
bacteria, which showed high homology to the se-
quences of class A B-lactamases, are shown in
Figure 3. The alignments revealed that a total of
60 amino acid residues were conserved in all the
aligned sequences. The pPDP8517 ampicillin re-
sistance gene ORF (accession humber AB083415)
showed a maximum of 63% amino acid identity
with a B-lactamase found in Vibrio marinus
(BAAB9386) and 56-40% identities with B-lac-
tamases from another bacteria (gram negative).
Four important structural features found con-
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FIGURE 2.—Agarose gel electrophoresis of R plasmids in transconjugants selected with articular drugsin matings
with the donor Photobacterium damselae subsp. piscicida strains PP8517 (panel 1) and PP9105 (panel 2) and the
rifampicin-resistant recipient, Escherichia coli K-12 x1037. Lane A shows the molecular sizes of reference plasmids
(R27 [167 kb], R100-1 [100 kb], RP4 [56 kb], and pLA2917 [22 kb]); lane B shows the 100-kb plasmid in a
transconjugant selected with either kanamycin, sulfamonomethoxine, or tetracycline; lanes C-E show the 50-kb,
the 100- and 50-kb, and the 110-kb plasmids, respectively, in transconjugants selected with either ampicillin or
chloramphenicol; lane F shows the 100-kb plasmid in a transconjugant selected with either kanamycin or sulfa-
monomethoxine; lanes G and | show the 100-kb and the 100- and 50-kb plasmids, respectively, in transconjugants
selected with either ampicillin, chloramphenicol, or tetracycline; lanes H and J show the 40-kb and the 100- and
40-kb plasmids, respectively, in transconjugants selected with either chloramphenicol or erythromycin. The ab-

breviation Chr stands for chromosomal DNA.

servedin class A B-lactamases (Ambler 1980; Ma-
tagne and Frere 1995) were present in the deduced
amino acid sequence of the pPDP8517 ampicillin
resistance gene, which included a serine-threo-
nine—phenylalanine-lysine (STFK) active site tet-
rad at position 70—73 according to Ambler’s stan-
dard numbering of class A B-lactamases (Ambler
1980; Ambler et al. 1991). This serine-X-X-lysine
tetrad is reported to be characteristic of serine -
lactamases (Joris et al. 1991). A serine—asparatic
acid—asparagine (SDN) triad reported as charac-
teristic of a class A B-lactamase was located at
position 130-132. An RSG triad was established
at position 234-236. Normally, the triad at this
position is a lysine-threonine—glycine (KTG) for
the other serine B-lactamases (classes C and D)
and the RSG substitution (if seen) isonly in class
A B-lactamases. Lastly, 16 amino acid residues
usually referred to as the Q)-loop were present at
position 164 (arginine) to 179 (asparatic acid) and

contained the unique glutamic acid residue at po-
sition 166.

The pPDP8517 ampicillin resistance gene ORF
was very low in amino acid identities with classes
B, C, and D B-lactamases (9—1%) compared with
theidentitieswith class A B-lactamases (63—40%).
Moreover, the amino acid residues conserved in
all the aligned sequences were not found among
the amino acid sequence of the P. damselae am-
picillin resistance gene and the sequences of class
B, C, and D B-lactamases.

Distribution of pPDP8517 Ampicillin Resistance
Gene in Other P. damselae Isolates

The 40-bp fragment from the pPDP8517 am-
picillin resistance gene was used to probe against
transferable R plasmids from 41 other P. damselae
isolates (Figure 4). Hybridization occurred at the
50-kb plasmid (see lanes A—G and 1-0O) in the 40
strains isolated from various areas and years. No



204 MORII ET AL.

AB083415 ~--------mmmmmmeeeoo MKKSILLSSCLFISFLS-TASTLNDSLYSIEQRTLGRIGVSV
BAA89386 ------------------ MLNTTKNIFLCTALLLTSASTTATTLNNSISAIEQRISGRIGVAV
AAF23817 --------mmmmmemomm oo MKKLFLLLGLLACSSATYAANLMKTSPRLKKHISGRIGVSV
AAD19217 -------mmmmmmmee oo MKFLLAFSLLIPSVVFASSSKFQQVEQDVKAIEVSLSARIGVSV
AAB19430 -----e-emmmeeoenn MKFLLAFSLLIPSVVFASSSKFQQVEQDVKAIEVSLSARIGVSV
AAK@2055 ------------------- MKFLLAFSLLIPSVVFASSSKFQQVEQDVKAIEVSLSARIGVSV
AAL85333 --MRNEEVISMWQRMKWGL----- CVLAALSGSAMAAPLTAQYVSATAMQEEQRLHARIGIAV
AACQ9015 MYVLSVEKPTLRNKFAAGIGVVLVCVVASFIPTPVFALDTTKLIQAVQS-EESALHARVGMTV
BAAQ2496 -------- MNVRQHKASFFSVVITFLCLTLS---LNANATDSVLEAVTN-AETELGARIGLAA
AAF61417 -------- MNVRKHKASFFSVVITFLCLTLS---LNANATDSVLEAVTN-AETELGARIGLAV
* %k
AB@83415 LACAKMLQDSDRDILDISTMAPVKSDELTAWSPITKNM
BAA89386 LACAKMLSESTNGNLDPSTSSLIKAEELIPWSPVTKTF
AAF23817 TLACATMLSDMDNEKLDKNATAKVE ERNMVVWSPVMDRM
AAD19217 TIACAKLLYDAEQGKVNPNSTVEIKKADLVTYSPVIEKQ
AAB19430 TACAKLLYDAEQGKVNPNSTVEIKKADLVTYSPVIEKQ
AAKOZ055 TACAKLLYDAEQGKVNPNSTVEIKKADLVTYSPVIEKQ
AAL85333 PLLCAALLREVDRKALALSASMQFEPSQLVEYSPITEKH
AACQ9015 FSCAALLAKVDGKSLSLGQSVSISKEMLVTYSPITEKS
BAAQ2496 LACANVLQRVDLGKERIDRVVRFSESNLVTYSPVTEKH
AAF61417

LACANVLQRVDLGKERIDRVVRFSESNLVTYSPVTEKH
ko *

164166

AB@83415 VG-SSITIENACEATMKTSHATAANIVLKHIGGPQGVTAFLRLIGDKVTQLDREFEPELNQAKA
BAA9386 VN-NTITVAKACEATMLTEBNTAANIVLQYIGGPQGVTAFLREIGDEESQLDETEPELNEAKV
AAF23817 AS-QTTRIEHACEAAMLMSBNTAANIVLRSIGGPRGVTTFLRSIGDKATRLDEFEPRLNEANP
AAD19217 VG-QAITLDDACFATMTTSHNTAANIILSAVGGPKGVTDFLRQIGDKETRLDEIEPDLNEGKL
AAB19430 VG-QAITLDDACFATMTTRUATAANIILSAVGGPKGVTDFLRQIGDKETRLDRIEPDLNEGKL
AAK®2055 VG-QAITLDDACFATMTTSBNTAANIILSAVGGPKGVTDFLRQIGDKETRLDRIEPDLNEGKL
AAL85333 VAPDAMSWAQLCSAAVSYSBNTAANL TARKLNGPQAVTQFLRDSGDTITRLDEYEPELNSAIP
AAC09015 LSPETVTFGKICQAAVSYSBNTAANVVFDAIGGATGFNAYMRS IGDEETQLDEKEPELNEGTP
BAAG2496 VGKKGMSLAELCQATLSTEBNSAANFILQAIGGPKALTKFLRSIGDDTTRLDEWEPELNEAVP
AAFG1417  VGKKGMSLAELCQATLSTSDNSAANFILQALGGPKALTKFLRSIGDDTTRLDRNETELNEAVP
* ok dokok ok k * % % kkk K * K
179 234

AB0O83415 DDLRﬁTTTPNAMNKTLYHILFEDVLAQNSKKQLKEWMQGTTVSDSLLRSVLPKGWSIAD
BAA89386 GDLRﬁTTTPKAIVTTLNKLLLGDVLLDLDKNQLKTWMQNNKVSDPLLRSILPQGWFIAD
AAF23817 GDKRﬁTTTPNAMVNTLHTLLEGDALSYESRIQLKIWMQDNKVSDSLMRSVLPKGWSIAD
AAD19217 GDLRETTTPKATASTLNQLLFGSTLSEASQKKLESWMVNNQVTGNLLRSVLPVKWSIAD
AAB19430 GDLR&TTTPKAIASTLNKLLFGSALSEMNQKKLESWMVNNQVTGNLLRSVLPAGWNIAD
AAK02055 GDLRETTTPKAIASTLNKFLFGSALSEMNQKKLESWMVNNQVTGNLLRSVLPAGWNIAD
AAL85333 GDERHSTTPVAIAQTLNTLLLGNVLQPSSREQLMQWMRDDKVADGLLRSVLPDGWKIAD
AACQ@9015 GDVRﬁTTTPNAMVNSLRKILLGDALSASSRSQLTQWMLDDQVAGALLRASLPSDWKIAD
BAAQZ2496 GDKRQTTTPIAMVTTLEKLLIDETLSIKSRQQLESWLKGNEVGDALFRKGVPSDWIVAD
AAF61417 GDKRBTTTPIAMVTTLEKLLIDETLSIKSRQQLESWLKGNEVGDALFRKGVPSDWIVADh

® ok Aok * ok K kR kK
AB@83415 GANGSRGITAAIWTDEREPLIISIYLTQTNLSMPERNQVINEIGKAIFEEYAVK---- 282
BAA89386 GGNGSRGITAMLWHSERQPLIISIYLTETELAMAMRNEIIVEIGKLIFKEYAVK---- 287
AAF23817 GGFGSRGITAMIWKENHKPVYISIYITETDLSLQARDQVIAQVSQLILDEYNTI---- 283

AAD19217 GGFGARSITAIVWSEEKKTIIVSIYLAQTEASMAERNDAIVKIGRSIFEVYTSQSR-- 288
AAB19430 GGFGARSITAVVWSEHQAPIIVSIYLAQTQASMAERNDAIVKIGHSIFDVYTSQSR-- 288
AAKQ2055 GGFGARSITAVVWSEHQAPIIVSIYLAQTQASMAERNDAIVKIGHSIFDVYTSQSR-- 288
AAL85333 GDNGSRSIVSVVWPTSQKPLLVVIYITQTPATMAQRDAAIVRIGESLFSTLAVYD--- 300
AACQ9015 GGYGSRSIVAVIWPPSKQPLVVGIYITQTKASMQASNQATARIGVVLKDTVAP----- 304
BAAG2496 GGYGSRAITAVMWPPNRKPIVAALYITETDASFEERNAVIAKIGEQIAKTVLMENSRN 298
AAF61417 GGYGSRAITAVMWPPNRKPIVAALYITETDASFEERNAVIAKIGEQIAKTVLMENSRN 298
* * kK * * *

Ficure 3.—Amino acid sequence alignments of the ampicillin resistance gene from Photobacterium damselae
subsp. piscicida and class A B-lactamases from nine other bacteria. The sequences are indicated by their accession
numbers as follows (the percentages in parentheses are the amino acid identities with the P. damselae subsp.
piscicida ampicillin resistance gene): AB083415, P. damselae subsp. piscicida ampicillin resistance gene (100%);
BAA89386, Vibrio marinus 3-lactamase (63%); AAF23817, V. harveyi B-lactamase (56%); AAD19217, V. cholerae
B-lactamase (49%); AAB19430, Pseudomonas aeruginosa 3-lactamase (48%); AAK02055, Salmonella typhimurium
B-lactamase (48%); AAL85333, Citrobacter diversus B-lactamase (41%); AACO09015, Aeromonas hydrophila
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PANEL 1
A BCDETFGH I

PANEL 2
J K LMNOTFP

Ficure 4.—Southern blot of a hybridization of a digoxigenin-labeled pPDP8517 ampicillin-resistant gene (oli-
gonucleotides) and an R plasmid transferred from Photobacterium damselae subsp. piscicida that were isolated
from various districts of Japan. Panel 1 is an agarose gel electrophoretic profile of R plasmids in transconjugants
that were selected with ampicillin (lanes A—G) or chloramphenicol (lane H) in a mating assay. Panel 2 is an
autoradiogram of a nitrocellulose filter blotted with the DNA in panel 1 and probed with a digoxigenin-labeled
pPDP8517 ampicillin-resistant gene (oligonucleotides). Lanes A and | involve plasmid pPDP8517 (detected in
Nagasaki in 1985 with the same probe), lanes B and J plasmid pPDP8803 (detected in Kagashima in 1988), lanes
C and K plasmid pPDP8832 (detected in Kumamoto in 1988), lanes D and L plasmid pPDP8911 (detected in
Nagasaki in 1989), lanes E and M plasmid pPDP9010 (detected in Nagasaki in 1990), lanes F and N plasmid
pPDP9105 (detected in Kumamoto in 1991), lanes G and O plasmid pPDP9309 (detected in Nagasaki in 1993),
and lanesH and P plasmid pPDP9105 (detected in Kumamoto in 1991). The abbreviation Chr stands for chromosomal
DNA.

hybridization was detected for one strain, indicat-
ing the absence of the pPDP8517 ampicillin re-
sistance gene in that strain. Hybridization also oc-
curred at the 110-kb plasmid but not at the 100-
kb (see lanes A—H and |-P) and 40-kb plasmids
(see lanes H and P).

Discussion

Previous papers (Mizuno 1988; Fukuda 1999)
have shown that the susceptibility to ampicillinin
P. damselae isolates from cultured diseased yel-
lowtail has frequently varied from low to high dur-
ing summer months when pseudotuberculosis oc-
curred in fish. Moreover, the percentage of the iso-
lates harboring resistance to ampicillin has de-

creased during the past 10 years (Mizuno 2002;
Fukuda 2003), from 64% in 1990-1992 to 3% in
1999-2001 (Fukuda 2003), implying that ampi-
cillin has been effective as a chemotherapy for
diseased fish in recent years (Mizuno 2002). The
same has not been found in many other cases of
drug resistance, however (Fukuda 2003). These
findings on fish farms are presumed to be asso-
ciated with the instability of the conjugal transfer
of the ampicillin resistance gene as described in
the present study. It has been suggested, however,
that the immediate causes of the decreased per-
centage are lack of contact with infected fish and
the low populations in fish culture (Mizuno 2002).

Southern blot analysis of 41 other ampicillin-

-

B-lactamase (41%); BAA02496, Proteus mirabilis B-lactamase (40%); and AAF61417, Acinetobacter anitratum 8-
lactamase (40%). Ambler’s standard numbering of B-lactamases is used. The amino acid abbreviations are also
standard; the numbers 70, 130, and so forth refer to nucleotide positions. Amino acid residues that were conserved
in all cases are indicated by asterisks. Conserved amino acid regions that are important for the catalytic function
of B-lactamases are shaded; signal peptide sequences are indicated in italics.
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resistant P. damselae isolates indicated that the
pPDP8517 ampicillin resistance—like genes are
located on the 50-kb plasmids transferred from the
40 P. damselae strains isolated from yellowtail
farms in various areas and years. These results
suggest that the identical ampicillin resistance
geneiswidely distributed among marinefish farms
of the Kyushu area in Japan. We have no idea,
however, of the actual prevalence of the ampicillin
resistance gene throughout the fish farms.

In class A B-lactamases, a lysine residue at po-
sition 234 is conserved on most known sequences
but an arginine residue has been found in a few
such B-lactamases (Matagne and Frere 1995). An
arginine residue at position 234 has also been
found in class A B-lactamases from seven of nine
strains with high identities as compared with the
sequence of the pPDP8517 ampicillin resistance
gene. The ampicillin resistance gene had a con-
served RSG triad at position 234236, as expected
for some class A genes (Ambler 1980; Ambler et
al. 1991). Moreover, the gene was present at an
STFK active-site tetrad at position 70-73 and a
SDN loop characteristic at position 130-132 or the
unique glutamic acid residue at position 166. Con-
sequently, four important structural features con-
served in class A B-lactamases (Ambler 1980; Ma-
tagne and Frere 1995) were present in the deduced
amino acid sequence of the pPDP ampicillin re-
sistance gene. In contrast, the amino acid residues
conserved in the aligned sequences were not found
among the amino acid sequence of the P. damselae
ampicillin resistance gene and the sequences of
the class B, C, and D B-lactamases. Neverthel ess,
the deduced amino acid sequence of the pPDP am-
picillin resistance gene had from 63% to 40% iden-
tities among class A B-lactamases from bacteria
other than P. damselae. These results suggest that
the pPDP ampicillin resistance gene is a plasmid-
encoded class A B-lactamase and a novel class A
gene.

In this study, we cloned an ampicillin resistance
gene from a 50-kb plasmid of P. damselae. Esch-
erichia coli JM83 cells harboring a recombinant
plasmid (pHSG398, which has a fragment of
pPDP8517) had a highly elevated level of resis-
tance to ampicillin (>100 png/mL) compared with
that of the host strain (<3.1 wg/mL), indicating
that the cloned insert from the P. damsel ae plasmid
contained an ampicillin resistance gene. Earlier
studies had concluded that ampicillin resistancein
P. damselae was chromosomal (Takashima et al.
1985; Kim and Aoki 1993), but Takashima et al.
(1985) reported one case of ampicillin resistance

MORII ET AL.

being harbored by a plasmid. Our study is the first
report of a B-lactamase geneisolated from P. dam-
selae. Future work will involve determining the
flanking sequences of the gene and the genetic
mechanisms of ampicillin resistance transfer as
well asthe biochemical characterization of the pro-
tein.
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