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Abstract

Confusion over the identification and taxonomy of Aeromonas spp. has led to under¬

reporting of these significant pathogens. The role of the psychrophilic species,
Aeromoms salmonicida, as a fish pathogen is well documented. This species is

responsible for the fish disease, furunculosis, which has devastated the aquaculture

industry for many years. However, the role of the mesophilic aeromonads is still

highly controversial.

The threat of this genus to the health of humans and animals has been overcome by

treating the infections with antibacterials. The pisciculture industry has relied heavily
on antibacterial chemotherapy to avoid huge losses as an effective vaccine could not

be found. However, indiscriminate doses of medical and veterinary antibiotics have
been employed in the aquaculture industry leading to the rapid emergence of an

overwhelming incidence of antibiotic resistance.

The majority ofAeromonas spp are innately resistant to ampicillin, therefore the aim
of this thesis was to examine the expression of P-lactamases in A. salmonicida subsp.

achromogenes and A. hydrophila. Previous researchers had revealed the presence of
two P-lactamases in the motile Aeromonas spp., a penicillinase with carbapenemase

activity and a cephalosporinase. However, it was demonstrated in this thesis, that
these P-lactamases had not been purified completely and that three P-lactamases could
be purified from A. salmonicida subsp. achromogenes and A. hydrophila. Anion and

cation exchange chromatography were employed to separate the P-lactamases of the
strains which had been induced with sub-MIC doses of ampicillin, cefoxitin or

imipenem Substrate profiles of these purified P-lactamases revealed the presence of a

cephalosporinase, a penicillinase and a highly unusual carbapenemase which cannot be
detected with nitrocephin. Inhibitor profiles showed that the cephalosporinase and the

penicillinase were serine-based, whereas the carbapenemase was a metallo-enzyme but

was unusually sensitive to zinc and may be a new class of metallo-P-lactamase. The
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cephalosporinase is probably a class C P-lactamase whereas the penicillinase is

probably a class A P-lactamase

An ampicillin-sensitive species, A. sa/monicida subsp salmonicida was also examined
and found to contain a carbapenemase and a cephalosporinase, but no penicillinase,
which will explain its sensitivity to ampicillin. The expression of these two

P-lactamases appears to be co-regulated as the cephalosporinase was only expressed
in the uninduced strain and the carbapenemase activity was much higher post-

induction.

During this PhD., the first quinolone-resistant clinical isolate of A. hydrophila was

found. The gene encoding the a subunit of the DNA gyrase was therefore amplified

and sequenced and compared with the sequence of a sensitive strain. A mutation was

found in the codon of amino acid 83 which affected the ability of the quinolone drugs

to bind to the DNA gyrase. Five laboratory mutants of A. hydrophila were also
selected with either nalidixic acid or ciprofloxacin and the changes in the sequences of
the gyrA genes were also determined to occur at amino acid 83 and/or 87.
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Introduction

1.1. Antibacterial Chemotherapy

1.1.1. Introduction

The discovery of antibiotics has been heralded to be the greatest advance in the
history of medicine, saving more lives than any other drug or medical technique has
ever done and increasing the average life expectancy by ten years. However, the
overuse of antibiotics in medicine and animal husbandry has compromised their
success and resulted in the development and spread of bacterial resistance to these
antibiotics. Pharmaceutical companies have tried to overcome this predicament by
modifying existing antibiotics or developing novel synthetic antibacterials. However,
the genetic versatility of bacteria has enabled them to respond by modifying existing
resistance mechanisms or by acquiring resistance genes from other bacteria.

1.1.2. The Discovery of P-Lactam Antibiotics
1.1.2.1. Penicillins

In 1928, Fleming observed that the growth of a staphylococci on an agar plate was

inhibited by a diffusable substance which was being produced by a contaminating
mould on the plate. The mould was identified as Penicillium notatum and so he
named the inhibitory substance, penicillin (Fleming, 1929). However, his attempts to

purify this antibacterial product failed. In 1939, Florey and Chain managed to extract
an impure solid form of the antibacterial which was highly active (Chain et al. 1940).
Collaborative work between 39 laboratories situated in the United States and Britain

led to the purification of penicillin, which was then employed on allied war casualties
(Pulvertaft, 1943).

The structure of penicillin was found to consist of a p-lactam ring linked to a

thiazolidine ring (Fig. 1). All penicillins are derivatives of 6-amino penicillanic acid
(6-APA) (Batchelor et al. 1959). The prototype, penicillin G demonstrates a narrow

spectrum of activity, inhibiting mostly Gram-positive bacteria, some Gram-negative
cocci and some spirochaetes (Wright and Wilkowske, 1987). Narrow spectrum

penicillinase-resistant penicllins were subsequently developed such as methicillin
and the isoxazoyl penicillins (oxacillin, cloxacillin, dicloxacillin and flucloxacillin).
These antibacterials possess an altered side chain which sterically hinders their access
into the active site of [1-lactamases produced by Staphylococcus aureus but not from
other species (Rolinson et al. 1960). However, a surge in the number of
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nosocomially- acquired infections was observed and S. aureus was not the only
aetiological agent. In order to extend the spectrum of activity to other species, the
broad-spectrum penicillins were developed, including the aminopenicillins, such as

ampicillin and the carboxypenicillins, such as carbenicillin. These drugs have the
ability to traverse the outer membrane of Gram-negative bacteria. Ampicillin
demonstrates excellent activity against a range of Gram-negative pathogens but is
ineffective against Pseudomonas aeruginosa and is slightly less active than penicillin
G against Gram-positive cocci. Ampicillin is still the most commonly prescribed
antibacterial world-wide. However, this compound is poorly absorbed, so the
structure was slightly modified to produce amoxycillin (p-hydroxy-ampicillin) which
is also bactericidal at lower concentrations than ampicillin. Carbenicillin is active
against Ps. aeruginosa but is less effective against other Gram-negatives. The
spectrum of this class of penicillins has been superseded by the extended-spectrum
penicillins, known as the ureidopenicillins, such as piperacillin, (reviewed by Wright
and Wilkowske, 1987).

1.1.2.2. Cephalosporins
Cephalosporins were discovered by Giuseppe Brotzu in 1945, in Sardinia. He noticed
that water from a sewage outlet appeared to be self-purifying. Samples of this water
were collected and he subsequently isolated the antibiotic-producing strains, which
were similar to Cephalosporium acremonium. His discovery was published in "The
Works of the Institute of Cagliara" which had a very limited circulation (Abraham,
1987). Brotzu realised that he did not have the resources to purify the active
component and so he sent a copy of his publication to Dr Blythe Brooke who had
been a British Public Health Officer in Italy at the end of the war, who passed it on to
Dr Howard Florey. Purification of the products of this fungus was then achieved over

the next few years by a team of scientists at Oxford. The active ingredient was named
cephalosporin C (Newton and Abraham, 1955). It has a P-lactam ring like penicillin
but it is attached to a six-membered dihydrothiazine ring. The nucleus,
7-aminocephalosporic acid (7-ACA), like 6-APA, possesses little antibacterial
activity. The activity, spectra and pharmacological properties are conferred by the
side chains Rj and R2 (Fig. 1). Addition of a methoxy group at position 7 increases
the stability of the cephalosporin to P-lactamases, such as in cefoxitin, whereas
addition of an aminothiazolyl moiety in the acyl side chain at the same position
increases the ability to penetrate the outer membrane of Gram-negatives and
increases the affinity for the target protein, i.e. the penicillin-binding proteins (PBPs).
Changes in the moieties at position 3 have also increased the activity against
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Gram-negatives, such as the addition of methylthiotetrazole in cefamandole,
cefotetan, cefoperazone and moxalactam. Changes at this position also alter the
pharmacokinetic properties, protein binding and renal excretion, for example bulky
side chains impair oral adsorption (reviewed by Allan et al. 1987). The development
of the cephalosporins has been classified into "generations". The first generation
cephalosporins such as cephalothin and cephaloridine have a narrow spectrum and
are more active against Gram-positives. The second generation cephalosporins (e.g.
cefuroxime) and cephamycins (e.g. cefoxitin) are more active against Gram-negatives
but are not as active as the third generation cephalosporins (e.g. ceftazidime).

1.1.2.3. Carbapenems
Carbapenems are a more recent discovery. Kahan et al. (1983), screened soil
microorganisms for inhibitors of peptidoglycan synthesis and isolated thienamycin
from Streptomyces cattleya. This compound is very potent and has a broad
antibacterial spectrum; however it is unstable in the solid form and in concentrated
solution. It was therefore modified by adding a formadine group to the sulphur side
chain, to produce N-formimidoyl thienamycin which is now known as imipenem.
This derivative is even more potent against a wide spectrum of Gram-positive and
Gram-negative bacteria and is more stable (Barza, 1985). Imipenem, however, is
unstable to renal dehydropeptidase and so has to be co-administered with cilistatin
which inhibits this enzyme (Kropp et al. 1982). This highly active group of broad
spectrum drugs have a similar structure to penams except that the sulphur atom at

position 1 of the thiazolidine ring has been replaced by a C atom and the bond
between C2 and C3 is unsaturated (Fig. 1) (Albers-Schonberg et al. 1978),
(Moellering, Jr. et al. 1989). This compact and zwitterionic structure is able to

penetrate into the Gram-negative cell wall with ease (Wise, 1986). Imipenem is also
extremely stable to (3-lactamases, as a result of a hydroxyethyl side chain in the trans
formation at position 6. Penicillins and cephalosporins have a cis configuration at

positions 6 and 7 respectively, which renders them susceptible to [3-lactamases (Labia
et al. 1986). Unlike the penicillins and cephalosporins, imipenem binds to PBP 2, as
well as PBP la and lb. As there are fewer molecules of PBP 2, less antibiotic is

required to inhibit the enzyme (Spratt et al. 1977). Meropenem has a unique side
chain at C2 which increases its activity against Ps. aeruginosa and a methyl group at
C1 which increases its stabilitiy against renal dehydropeptidase. It therefore does not
need to be co-administered with cilistatin (Wise, 1986). It also has the advantage that
it does not induce chromosomal p-lactamases whereas imipenem is a potent inducer
(Sanders et al. 1989; Yang and Livermore, 1989). It is generally more active than
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imipenem though it is slightly less active against Gram-positives (Yang and
Livermore, 1989).

The carbapenem group also includes the olivanic acids (Brown et a! 1976),
thienamycin (Albers-Schonberg et aI 1978), the carpetimycins (Nakayama et al
1980) and PS-compounds (Okamura et al 1978)

1.1.2.4. Monobactams

These naturally occuring compounds were discovered in bacteria, but they were not

very active so their structure was analysed and synthetic monobactams were

developed which had superior antibacterial activity and P-lactamase stability.
However, they have a limited spectrum as they only have a high affinity for the PBPs
of aerobic or facultatively anaerobic Gram-negative bacteria. They do not possess the
usual bicyclic P-lactam structure, as they only have a P-lactam ring which is activated
by a sulphonic group (Sykes et al. 1981) (Fig. 1). Substituents at position 1 activate
the P-lactam ring, so that it is biologically active. Moieties at C4 confer P-lactamase
stability (Imada et al. 1985) and substituents at C3 affect the antibacterial spectrum
and potency (Cimarusti and Sykes, 1984).

Aztreonam was the first narrow spectrum monobactam available for clinical
application. It was designed to be an antibiotic (Sykes et al. 1982), but it was also
observed to be a potent inhibitor of cephalosporinases, having a K, in the nanomolar
region (Bush et al. 1982). The antibiotic forms an acyl enzyme complex with the
P-lactamase for several generations but the drug is eventually hydrolysed and the
P-lactamase is released (Bush et al 1982).

1.1.2.5. P-Lactamase Inhibitors
P-lactamase inhibitors were introduced to combat the increasing threat being posed by
plasmid-mediated P-lactamases and inducible or stably derepresssed chromosomal P
-lactamases. These compounds inhibit the active site of the P-lactamase, so allowing
the co-administered P-lactamase-labile antibiotic to reach the target protein
unhindered.

There are two types of inhibitor, reversible and irreversible Reversible inhibitors bind
at or near the active site, but do not form a covalent bond They are weak
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structures with a high affinity for the P-lactamase so they do not completely inactivate
the enzyme Irreversible inhibitors usually form a covalent bond with the active site of
the P-lactamase and therefore do eventually inactivate the P-lactamase, though it
usually requires several molecules of the inhibitor to bring about this inactivation.
There are three types of irreversible inhibitors-

/) Amino acid modifiers modify certain susceptible amino acids in the P-lactamase
structure though not necessarily at the active site and can result in irreversible
inactivation of the enzyme (reviewed by Bush and Sykes, 1983) For example,
p-chloromercuribenzoate (pCMB) reacts with cysteine residues of some P-lactamases
(Richmond and Sykes, 1973)

ii) Active-site directed inhibitors bind irreversibly at the active site (Shaw, 1970).
These compounds resemble the enzymes natural substrate but possess a highly
reactive functional group which forms a covalent bond with at least one amino acid at
the active site (reviewed by Bush and Sykes, 1983).

Hi) Suicide inactivators are poorly reactive compounds which bind at the active site
and are then converted into an inactivator by the action of the enzyme (Abeles and
Maycock, 1976).

Clavulanic acid was the first suicide inactivator employed clinically (Brown et al.
1976). This compound was isolated from Streptococcus clavuligerus and showed
potent inhibition of the broad-spectrum p-lactamase from Klebsiella pneumoniae
(Reading and Cole, 1977). The clavam structure was the first bicyclic P-lactam to

possess an oxygen instead of a sulphur atom in the five membered ring, (Howarth and
Brown, 1976), (Fig. 2). This compound demonstrates more potent inhibition of
penicillinases than cephalosporinases (Bush, 1988b).

Sulbactam, a penicillanic acid sulphone (Fig. 2), was also found to be hydrolysed
before it irreversibly inhibited the P-lactamase (English et al. 1978). It is a slightly
better inhibitor of cephalosporinases but like clavulanic acid, it shows increased
inhibition of penicillinases (reviewed by Bush, 1988b). Tazobactam, (Fig. 2), is
another penicillanic acid sulphone, which was introduced to protect piperacillin and
appears to be more effective than sulbactam (Jacobs et al 1989, Bryson and Brogden,
1994). BRL42715 is a very potent broad-range P-lactamase inhibitor (Coleman et al
1989, Matagne et al 1995), but is extremely light sensitive and so
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cannot be employed clinically but is instead used in assays to classify P-lactamases
(see below).

As was mentioned above, aztreonam is a potent inhibitor of cephalosporinases, but
has a low affinity for penicillinases and broad-spectrum P-lactamases (Bush et al
1982). Monophosphams, which are another class of monobactams, also demonstrate
this powerful inhibition of cephalosporinases (Bush et al 1987) AMPA, one of the 6-
acyl-methylenepenicillanic acids is a broad spectrum inhibitor of P-lactamases (Fig. 2),
(Arisawa and Then, 1982). Its interaction with cephalosporinases and penicillinases is
the same as or usually better than clavulanic acid and sulbactam

All of the inhibitors have a secondary effect on the bacteria because they have an

affinity for the penicillin binding proteins, which are the target of the P-lactam
antibiotics, and therefore will act synergistically with the co-administered antibiotic
(Spratt et al 1977). The affinity for PBPs is generally weak though there may be a

secondary effect after the inhibitors initial interaction with the P-lactamase The action
of clavulanic acid (Reading and Cole, 1977) and sulbactam (English et al. 1978) as

antibiotics has been demonstrated in Neisseria gonorrheae which demonstated low
enough MICs to suggest that this inhibitor could be prescribed without a P-lactam
antibiotic. However, antagonism is also observed with some combinations of
antibiotics and inhibitors as a result of induction of P-lactamases by the inhibitor,
antibiotic or both Clavulanic acid is a potent inducer (Livermore et al 1989),
whereas sulbactam and tazobactam are weak inducers (Moosdeen et al 1986).

Generally the concentrations of inhibitor required to induce P-lactamases are in excess

of the amount required clinically (Stobberingh, 1988). Clavulanate strongly induces
the P-lactamases of Aeromonas spp. but it also demonstrates an antibacterial effect
and consequently no antagonism is found (Weber and Sanders, 1990).
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1.1.3. Mode of Action of P-lactam Antibiotics

The site of action of penicillins was demonstrated by Cooper who observed that
radio-labelled penicillin bound to the cell membrane and that consequently the cell
died (Cooper, 1956). Tipper and Strominger (1965), later observed that penicillin-
treated cells of S. aureus possessed more non-cross-linked peptidoglycan in the cell
wall than untreated cells. It was therefore concluded that [3-lactams inhibit the
proteins situated in the cell membrane which catalyse the transpeptidation step of
peptidoglycan synthesis so that consequently the cell loses its rigidity and lyses.

It was realised that there are different groups of proteins involved in the final stages
of peptidoglycan synthesis and each preferentially binds to a certain class of P-lactam
(Spratt, 1975). This led to the description of the penicillin binding proteins (PBPs) in
Escherichia coli, which are numbered in decreasing order of molecular weight
(reviewed by Waxman and Strominger, 1983),

PBP la and lb are wall transpeptidases and transglycosylases which are responsible
for cell elongation. Inhibition of these proteins causes cell lysis, though some mutants
which do not have these proteins can grow normally (Spratt, 1975; Suzuki et al.
1978).

PBP 2 is a transpeptidase which is involved in longitudinal growth. Inhibition of PBP
2 produces large osmotically stable cells which lyse after a few hours (Spratt and
Pardee, 1975).

PBP 3 is a septum transpeptidase and transglycosylase which is involved in the
formation of the septum. Inhibition of PBP 3 causes filamentation by inhibiting cell
division (Spratt, 1975).

PBPs 4, 5 and 6 are carboxypeptidases but are not inhibited by f3-lactams (Spratt,
1980).

The usual substrate for PBPs is D-Alanyl-D-Alanine which is very similar in
structure to the p-lactam ring. Therefore, the P-lactam can compete with the D-Ala-
D-Ala for the active site of the PBP and block the transpeptidation step in cell wall
synthesis (Tipper and Strominger, 1965).
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1.1.4. The Development of Quinolone Antimicrobial Agents

Unlike the P-lactam antibiotics, quinolones are completely synthetic and bear no

known resemblance to any compounds found in living organisms Therefore, bacteria
should not be intrinsically resistant to this group of drugs, though this may not

necessarily be true (see below). Nalidixic acid was the first qumolone to be
synthesised, by Lesher, who found it in a distillate whilst synthesising chloroquine
(Lesher et a!. 1962) Nalidixic acid has a narrow spectrum, only being effective
against Enterobactenaceae because this drug can only reach therapeutic levels in the
urine. Therefore, the basic quinolone structure (4-oxo-l,4-dihydroquinolone) (Fig. 3)
was modified to create more potent quinolones, with a broader spectrum and better
pharmacokinetic properties Oxolinic acid and cinoxacin were developed in the 1970s,
but these compounds had a narrow spectrum also. The breakthrough came when
fluoro-quinolones were developed which have a much greater potency, (1000-fold
greater than nalidixic acid), as a result of addition of the fluorine atom at position C7
and a wider spectrum as a result of the addition of a piperazine ring at position C6
(Fig. 3), (Koga etal. 1980).

Certain areas of the rings are important for the antibacterial activity of the molecule.
The carbonyl group at position C4 and the carboxylic acid group at position C3 are

thought to be necessary for binding to the proposed target (DNA/gyrase complex)
and are present in all quinolone structures (Schentag and Domagala, 1985). The
substituent at position 1 is essential for antibacterial activity and is usually a small
aliphatic group such as ethyl (in oxolinic acid and norfloxacin) or cyclopropyl (in
ciprofloxacin) which enhance the potency of the drug (Toma, 1989). Modification of
C2 results in a complete destruction of the molecules antibacterial activity.

1.1.5. The Mode of Action of the Quinolones
The target of the quinolones is DNA gyrase (bacterial topoisomerase II; EC. 5.99.1.3)
which is the only bacterial enzyme capable of catalysing negative supercoiling of
covalently closed circular DNA (Gellert, 1976). Negative supercoiling i.e. super-

twisting against the direction of the DNA helix, is an essential process involved in
reducing the bulk of the chromosome so that it can be accommodated inside the cell.
Topoisomerase I is capable of relaxing supercoils but cannot induce negative
supercoils The topoisomerases are also responsible for regulating transcription
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Figure 3: Structure of quinolone antibacterials
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(Fisher, 1984); recombination (Drlica, 1984; Wang et al. 1990); replication (Drlica,
1984); catenation and decatenation, and enviromental regulation of virulence gene

expression (Dorman et al. 1990).

The gyrase is a tetramer (a2P2) (Mizuuchi et al. 1978), around which is wrapped
approximately 140bps ofDNA (Klevan and Wang, 1980). The a subunits cut both of
the DNA strands simultaneously at intervals of four base pairs and hold the strands

apart whilst the |3 subunits, which are ATPases, provide energy for the negative
supercoiling to occur (Mizuuchi et al. 1978). Another piece of DNA passes through
the break before the a subunits reseal the nicks in the strands (Sugino et al. 1977)
(Fig. 4). These subunits are encoded by the gyrA and gyrB genes. Both of these genes

are highly conserved from species to species suggesting that they play a vital role in
the bacterial cell and consequently cannot afford to diverge too far from this
homologous sequence. Tyrosine 122 of the a subunit forms a phosphodiester bond
with the terminal phosphate of the cut polynucleotide, in order to conserve energy for
the resealing of the DNA strands (Horowitz and Wang, 1987). Transcription of the
gyrA and gyrB genes and transcription of the topA gene which encodes
topoisomerase I, is regulated by the level of supercoiling in the DNA molecule. A
high level of supercoiling represses transcription of the gyrA and gyrB genes and
induces transcription of the topA gene, and vice versa (Menzel and Gellert, 1983).

DNA gyrases are the target of quinolones and coumarin drugs, which are potentially
excellent antimicrobials because they interfere with this essential prokaryotic
enzyme. Coumarins such as novobiocin bind to the N-terminal of GyrB and interfere
with ATP hydrolysis and consequently inhibit supercoiling (Mizuuchi et al. 1978).
Quinolones are inhibitors of GyrA (Sugino et al. 1977). The mechanisms by which
quinolones inhibit negative supercoiling that have been proposed are- i) that the
gyrase interacts with the double-stranded DNA and introduces a cut in the DNA
which reveals a quinolone-binding site. This area is usually rich in guanine so that
the quinolones' carbonyl and carboxyl groups can form a bond with the hydrogen
groups of the guanine molecules. The group at position 7 of the quinolone structure
has also been implicated in interacting with the gyrase molecule, though this is
questionable as the group is variable and ligand interactions are usually highly
specific (Shen et al. 1989); ii) that these carboxyl and carbonyl substituents on the
quinolone ring may interact with the gyrase (Toma, 1989). Whatever the mechanism
the outcome seems to be that the quinolones "freeze" the supercoiling reaction so that
there is an accumulation of nicks in the DNA, which act as signals for the induction
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Figure 4: The a subunits introduce nicks into the DNA strands at
specific sites, four base pairs apart
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of exonucleases, which will degrade the DNA and inevitably cause cell death
(Crumplin and Smith, 1975). Cell death is not necessarily a result of inhibition of
supercoiling, as between 10 and 100 times more quinolone is required to inhibit
supercoiling in in vitro assays than is required to cause cell death (Gellert et al. 1977;
Domagala et al. 1986). In addition to this, the quinolone-sensitive allele is dominant
over the resistant allele in a partial diploid (Hane and Wood, 1969). Kreuzer and
Cozzarelli (1979), proposed that the quinolone-gyrase complex formed a barrier to
RNA polymerases. This would explain why only a few molecules of gyrase are

required to bind to the quinolone before cell death occurs and also explains why the
sensitive allele is dominant as the presence of quinolone resistant gyrases would not

prevent the quinolone-sensitive gyrases from binding to the drug. Willmott and
Maxwell (1993), have since shown that mutated subunits which have a lower affinity
for quinolones and require a much higher concentration of drug to inhibit
transcription. Willmott et al. (1994), also demonstrated that RNA polymerase
stimulates DNA cleavage when it is bound to the gyrase/quinolone complex,
especially at low concentrations of gyrase. The polymerase may stabilise the
interaction of the gyrase with the DNA at low gyrase concentrations by promoting
favourable DNA-protein or protein-protein interactions. The barrier to RNA
polymerase also explains the findings of Crumplin and Smith (1975), that nalidixic
acid is bactericidal at low concentrations but bacteriostatic at higher concentrations,
since DNA synthesis will be inhibited at lower concentrations and RNA and protein
synthesis would be inhibited at higher concentrations. Smith and Lewin (1988),
found that bacteria could be rescued from the bactericidal effects of nalidixic acid by
treatment with rifampicin (a RNA polymerase inhibitor) or chloramphenicol (a
protein synthesis inhibitor). This implies that RNA and protein synthesis are required
to mediate cell death.

Smith proposed that there are two bactericidal mechanisms of 4-quinolones.
Mechanism A is common to all 4-quinolones and is abolished by the inhibition of
RNA synthesis. Mechanism B is unique to ofloxacin and ciprofloxacin and does not

require RNA or protein synthesis, or cell replication (Zieler and Grohe, 1984), but
results from SOS error-prone DNA repair on an irreversibly bound drug-gyrase-DNA
complex (Howard et al. 1994). Mechanism C was also identified, which occurs with
ciprofloxacin, ofloxacin and norfloxacin (Ratcliffe and Smith, 1985). This
mechanism requires RNA and protein synthesis but not cell division and is mediated
via drug interaction with the (3 subunit (Howard et al. 1993).
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1.2. Antibiotic Resistance

1.2.1. Types of Antibiotic Resistance

It has been demonstrated that are two levels of antibiotic resistance-

Innate Resistance. This type of chromosomally-encoded resistance is thought to
have originated in antibiotic-producing bacteria which require a mechanism to

protect themselves from the antibacterial. Environmental bacteria also require innate
mechanisms to protect themselves from naturally produced antibiotics.

Acquired Resistance. This mechanism of resistance is either produced by-
0 selection of strain which possesses either a single or multiple mutations in an

existing gene which provides the strain with a selective advantage over the wild-type
strains; or

ii) results from the genetic exchange between bacteria which possess resistance
determinants with those that are susceptible to antibacterials.

1.2.2. The Transfer of Resistance Genes

The transfer of these resistance genes can occur by three methods-
0 Conjugation. Bacteria of the same species, but sometimes of different species can

join together via conjugative pili and transfer plasmids to each other, either by
utilising their own transfer genes (tra) or in the case of plasmids which are too small
to encode their own tra genes (<20 kb), by being mobilised by another plasmid
(Broda, 1979). If the recipient bacterium already possesses a plasmid, the two genetic
elements need to compete for the host cell's machinery and membrane binding sites.
Related plasmids have a common regulatory system and therefore cannot co-exist in
the same cell are assigned to the same incompatibility group (Broda, 1979).

Plasmids appear to be stable even when there is no selective pressure, and are free to
mutate and collect genes without any adverse effects on the cell (Bennett and Linton,
1986). The plasmid copy number can be much higher than the copy number of the
chromosome, especially if the plasmid is small and plasmid-encoded genes are rarely
repressed. Consequently, some plasmid-encoded resistance genes can produce a

much higher level of resistance than chromosomally-encoded genes. It is therefore,
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beneficial to the organism to move the chromosomally-encoded genes onto a plasmid,
so that the gene has a higher copy number and is mobile Sometimes a plasmid-
encoded gene is more stable if it moves onto a chromosome In order for these genes

to move between genetic elements either recombination needs to occur or

transposition. Recombination will only occur between regions of considerable genetic
homology and yet the promiscuous transfer of genes between regions of relatively
little common ancestry has been reported (Reannev, 1976, Datta and Richards, 1981).
This is a result of transposition which is independent of recA. Transposons consist of
resistance genes which are bounded by DNA sequences called inverted repeats i.e. the
sequence at the 3' end is the reverse of the sequence at the 5' end Simple transposons,
(or insertion sequences), carry no genetic information other than that which is
necessary for transposition i.e they possess a transposase gene bounded by two

inverted repeats Complex transposons have terminal sequences which enclose
additional genetic components unconnected with transposition, such as antibiotic
resistance genes Unlike plasmids, transposons cannot self-replicate and therefore
need to insert themselves into a replicon (reviewed by Tait, 1993).

ii) Transduction. Bacteriophage have a narrow and specific host range and therefore
probably do not play a major role in the dissemination of resistance genes, apart from
between bacteria of the same species. The phage enter a lysogenic cycle which
involves the phage chromosome integrating into the bacterial chromosome to become
a prophage which is then replicated. After a few thousand cell divisions the phage
causes lysis of the cell and releases phage particles containing bacterial DNA which
will then be incorporated into the next bacterium's DNA (R.eanney, 1976)

Hi) Transformation. When a bacterial cell lyses, naked DNA is released which can

pass through the cell wall of neighbouring bacteria by a mechanism which is not fully
understood and then become incorporated into the new host's genome. It is not

thought to occur very often in vivo though it is a major means of genetic exchange for
Haemophilus spp., Bacillus spp. and streptococci (Smith et al 1981). Courvalin and
co-workers have demonstrated that genes from Gram-positive bacteria can transfer
and be expressed in Gram-negative bacteria but not vice versa (Trieu-Cuot et al
1985, Trieucuot et a! 1993; Courvalin, 1994)
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1.2.3. Mechanisms ofAntibiotic Resistance

Bacteria can become resistant to antibiotics in 3 ways-

1. Interference with drug transport. Tetracycline resistance was shown to result
from a decreased accumulation of the drug (Franklin, 1967). Subsequently a

cytoplasmic membrane pump was found which actively effluxes tetracycline
(McMurray et al. 1980). There are numerous classes of tet genes encoding these
proteins (Mendez et al. 1980; Marshall et al. 1986); class A is the most prevalent
in Aeromonas spp. (Levy, 1984).

Gram-negative bacteria can also prevent drugs from traversing their outer
membrane by changing their outer membrane proteins (van Nguyen and
Gutmann, 1994). However, these changes result in a decreased growth yield and
in the absence of a selective pressure, these resistant isolates are often rapidly
outgrown by sensitive bacteria (Courvalin et al. 1985).

2. Modification of target. E.g. dihydrofolate reductases (DHFR) which are normally
sensitive to trimethoprim, can mutate so that they become resistant to the folate
analogue, but usually they acquire an additional trimethoprim-resistant DHFR
which is plasmid-borne (Amyes and Smith, 1974). This by-pass mechanism
requires that the plasmid-borne resistant allele is dominant over its chromosomal
counterpart.

3. Modification of the antibiotic. Drug inactivation is the most common mechanism
of bacterial resistance to antibacterials. Aminoglycoside resistance results from
the production of aminoglycoside modifying enzymes, which inactivate
aminoglycosides by phosphorylation or adenylation of the hydroxyl groups in the
presence of ATP or other nucleotides (Davies and Smith, 1978). This is catalysed
by aminoglycoside phosphotransferase (APH) and aminoglycoside
adenyltransferase (AAD) respectively. They can also be inactivated by
aminoglycoside acetyltransferase (AAC) which acetylates the amino groups in the
presence of acetyl CoA (reviewed by Brown and Reeves, 1992).
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1.2.4. Mechanisms of Resistance to [3-lactam Antibiotics

1.2.4.1. Interference with Drug Transport
Gram-negative bacteria possess a protective outer membrane. [3-lactams passively
cross this outer membrane through porins (Nikaido, 1989). Alteration in these
proteins therefore prevents the antibacterial from entering the cell. The OmpF and
OmpC proteins have been shown to facilitate permeation of ^-lactams through the
outer membrane of E. coli (Jaffe et al. 1982). Porin-deficient mutants usually
demonstrate low-level cross-resistance to many different groups of antibacterials
(Griffiths and Lynch, 1989).

1.2.4.2. Modification of Target
Modification of the PBPs is an important resistance mechanism in Gram-positive
cocci and fastidious Gram-negatives (Livermore, 1991; Spratt, 1994). Existing PBP-
encoding genes can either mutate to produce amino acid substitutions or insertions,
or the bacteria can acquire a PBP with a lower affinity for (3-lactams.
Enterococcusfaecium has PBPs which are inherently resistant to all (3-lactams
available (Fontana, 1985). Methicillin-resistant S. aureus (MRSA) possess an

additional penicillin binding protein (PBP 2') which is modified so that it has a low
affinity for (3-lactam drugs and can therefore still perform the functions of the
(3-lactam-sensitive PBP 2 and PBP 3 (Ubakata et al. 1985). Therefore, MRSAs are

resistant to most (3-lactams except for imipenem, amoxycillin and cefamandole
(Livermore, 1991).

1.2.4.3. Modification of the Antibiotic

1.2.4.3.a (3-lactamases
(3-lactamases are the main mechanism of resistance to (3-lactam antibiotics in Gram-
negative bacteria. They catalyse the hydrolysis of the amide bond in the (3-lactam ring
which produces an antibacterially inactive product, R-penicilloic acid or

R-cephalosporic acid, the latter then spontaneously degrades further (Newton and
Hamilton-Miller, 1967). Gram-positive bacteria secrete these enzymes into the
environment, whereas the periplasmic space of Gram-negative bacteria is the location
of the majority of their (3-lactamases, though leakage through the outer membrane
can occur (Sanders et al. 1987). These resistance genes appear to be ubiquitous, as a

result of the location of many of these (3-lactamase-encoding genes on plasmids and
transposons (Medeiros, 1984) and the presence of chromosomally-encoded
[3-lactamases in most, if not all bacteria.
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Waxman and Strominger (1980), found sequence homology between the penicillin-
sensitive D-Ala carboxypeptidases and P-lactamases especially around the active site
serine. Similarly, Spratt (1983), compared the amino acid sequences of the active site
of class A ^-lactamases with that of the PBPs 5 and 6 of E. coli and found enough
similarity to also suggest that the P-lactamases evolved from the penicillin-binding
proteins. Joris et al. (1988) also argued that class A and C P-lactamases and OXA-2
have a common evolutionary origin with PBPs but Jaurin and Grundstrom (1981),
proposed that the sequences of class A and C P-lactamases are too divergent for them
to have evolved from a common source. It is possible that there was a duplication of
the transpeptidase gene which subsequently mutated to form a P-lactamase-encoding
gene (bla) (Richmond and Sykes, 1973). The reason for this mutation may be so that
low levels of p-lactamases are present in all bacteria in order to break the P-lactam
structure which is formed as a transitory intermediate in the synthesis of the cell wall.
The existence of antibiotic resistance genes in strains isolated from the pre-antibiotic
era (Hughes and Datta, 1983^ also suggests that these enzymes have a role in the cell
physiology.

1.2.4.3.b Induction of p-lactamases in Gram-negative bacteria
Chromosomally-encoded P-lactamases can be produced at a constant low "basal"
level, which does not protect them even from P-lactams that are readily hydrolysed
by these enzymes (Livermore, 1987). The level of P-lactamase expression can

increase as a result of either- gene amplification; alteration in the promotor or

attenuator regions affecting transcription; or from a change in the regulatory
apparatus governing the expression of inducible p-lactamases (Lindberg et al. 1988).
Many species of bacteria, in particular Gram-positive bacteria, possess a reversible
induction mechanism for expression of P-lactamase genes. Ampicillin, amoxycillin,
cefoxitin, impenem and clavulanic acid are potent inducers at sub-MIC levels. In
Gram-positive bacteria, it appears that the bacteria can detect the p-lactam at the cell
surface which consequently triggers the induction mechanism, whereas the induction
mechanism in Gram-negative bacteria may be stimulated by the build up of cell wall
precursors in the periplasm or cytoplasm (Bennett and Chopra, 1993).

Bennett and Chopra (1993) have hypothesised that the P-lactamase structural gene in
Gram-negative bacteria, ampC, is induced in the following way. A P-lactam
(inducer) binds to a PBP and disrupts peptidoglycan synthesis. A membrane protein,
AmpG senses this interference and interacts with the transcriptional regulator,
AmpR, which then changes from its repressor form to its activator form possibly by
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modification of the protein and consequently stimulates the expression of ampC. This
expression is down-regulated by the binding of AmpD to AmpR to maintain it in its
repressor form. AmpE also enhances this down-regulation but is not essential.

Approximately one in a million of these inducible strains produces p-lactamases
constitutively as a result of a mutation in ampD (Lindberg et al. 1987). These stably
derepressed mutants hyperproduce p-lactamases even in the absence of the inducer
(Lindberg et al. 1988). Approximately 4% of the total cell protein in these mutants is
p-lactamase (Bush et al. 1985).

1.2.4.3.C Classification of P-lactamases
Various classification systems have been devised to group together p-lactamases with
similar substrate and inhibitor profiles or similar DNA sequences. The Ambler
classification is based on the sequence homology of the amino acids of p-lactamases
(Ambler, 1980). The classes of p-lactamases have now been linked with their
biochemical properties (Richmond and Sykes, 1973).

Class A P-lactamases (Ambler, 1980), have a serine group at their active site. They
are usually penicillinases or broad spectrum P-lactamases which are sensitive to

P-lactamase inhibitors and have a molecular weight of about 29,000. The plasmid-
encoded TEM-1 and SHV-1 are the most commonly occuring P-lactamases in this
group though chromosomally encoded P-lactamases exist within this group also.

Class B P-lactamases (Ambler, 1980), are usually metallo-enzymes, such as

carbapenemases, though two class A carbapenemases (NMC-A and Sme-1) have
recently been sequenced (Naas et al. 1994a; Naas et al. 1994b). Metallo-P-lactamases
are mechanistically different from p-lactamases with a serine at their active site,
which may explain their resistance to P-lactamase inhibitors including BRL42715.
They are generally broad-spectrum P-lactamases (Payne, 1993; Felici and
Amicosante, 1995), though Aeromonas spp. appear to possess highly specific
carbapenemases (Segatore et al. 1993; Felici and Amicosante, 1995). This class of
enzymes appears to be rare though this maybe because we have only recently become
aware of these enzymes since the introduction of imipenem. They are generally
chromosomally-encoded, though two incidences of plasmid-mediated
carbapenemases have been reported in Ps. aeruginosa (Watanbe et al. 1991) and
Bacteroides fragilis (Bandoh et al. 1992). The pseudomonal carbapenemase was

encoded by an inc? plasmid which could only transfer to other Ps. aeruginosa
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(Watanbe et al. 1991), though transposition to a broader host range plasmid has not
been investigated.

Jaurin and Grundstrom introduced the class C P-lactamases which are serine-based
but show no homology to the class A enymes (Jaurin and Grundstrom, 1981). They
are often inducible and exhibit cephalosporinase activity, though if produced at high
enough levels they can hydrolyse penicillins as well (Lindberg et al. 1987). Class C
P-lactamases exhibit decreased sensitivity to most of the P-lactamase inhibitors apart
from BRL42715 (Matagne et al. 1995) when compared with class A enzymes.

Class D enzymes were proposed by Huovinen et al. who found sequence homology
between the Pseudomonas-specific oxacillinase PSE-2 (Huovinen et al. 1988) and
OXA-2 P-lactamases (Dale, 1985). This class is therefore composed of plasmid-
mediated oxacillinases.

Metallo-P-lactamases from Xanthomonas maltophilia show no homology with class
B enzymes and so were designated to class E (Bicknall et al. 1985).

1.2.4.3.d Mechanisms of Serine-based P-Lactamases
Class A and C P-lactamases have a consensus sequence around their active site at

position 70, where they both possess a serine residue (Bush, 1988a).

Phe Ala Met Ala Ser Thr Ser Lys
(Tyr) Pro Phe Cys (Val) Phe

(Ser) Tyr (Met) (lie)
(Pro) (Asn) (Tyr)

(Gly)

70

C Thr Leu Phe Glu Leu Gly Ser Val Ser Lys
(lie) (He)
(Val) (Leu)

Parentheses around residue indicates an amino acid substitution found in a single
enzyme sequence.

The P-lactamase and P-lactam were found to form an acyl-enzyme complex (Tipper
and Strominger, 1965; Knott-Hunziker et al. 1982). The hydroxyl group of the serine
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residue nucleophilically attacks the carbon of the carbonyl group in the (3-lactam ring
(A: Fig. 5) (Lamotte-Brasseur et al. 1991; Dubus et al. 1994b). In class A enzymes,

lysine 73 acts as a general base and deprotonates the hydroxy1 group of the serine
residue. This proton is donated to serine 130 which in turn donates the proton to the
nitrogen atom of the amide bond (Strynadka et al. 1992). This results in fission of the
amide bond. Class C ^-lactamases have a tyrosine residue at position 150 which
corresponds to Ser-130 in class A P-lactamases (Joris et al. 1988). Tyr-150 is in an

optimal position to act as a proton acceptor whereas the N atom of lysine 67 is too far
away to donate a proton to the N atom of the (3-lactam ring (Oefner et al. 1990;
Lobkovsky et al. 1994). However, site-directed mutagenesis has shown that Tyr-150
is important for the hydrolysis of good substrates but is not essential for the activity
of the (3-lactamase (Dubus et al. 1994a). The acyl-enzyme complex is bulky and
therefore only a small molecule such as water can gain access to the carbon atom to
release the enzyme (B: Fig. 5). Glutamate 166 of class A P-lactamases may act as a

general base and deprotonate the water molecule and then donate the proton to the O
atom (Adachi et al. 1991; Strynadka et al. 1992). Leung et al. (1994), however,
demonstrated by site-directed mutagenesis that residues other than Glu-166 may be
important in activating the water molecule. This causes the bond between the enzyme

and the inactive p-lactam to break (C: Fig. 5). Class C enzymes do not possess this
Glu-166 residue or any other functional acidic residue in this region (Nukaga et al.
1993).

1.2.4.3.e Mechanisms ofMetallo-p-Lactamases
Three histidine residues have been found around the active site of the Bacillus

cerews-P-lactamase II (Baldwin et al. 1978). In conjunction with Cys-168, these
residues are thought to position a zinc ion at the centre of the active site (Sutton et al.
1987). This ion binds a water molecule which nucleophilically attacks the carbon of
the carbonyl group. It was originally proposed that glutamate 37 acted as a general
base and deprotonated the water molecule (Little et al. 1986). However, computer-
imaging has demonstrated that this residue is too far away from the active site and
therefore, it was suggested that Glu-212 is the general base (Sutton et al. 1987). Site-
directed mutagenesis has since shown that neither of these residues are important for
the catalytic activity of metallo-P-lactamases and it is in fact Lys-90 which acts as a

general base (Sutton et al. 1987) (Fig. 6). The acyl-enzyme complex is deacylated by
a water molecule as described above.
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Figure 5: Mechanisms of Serine-based P-lactamases
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Figure 6: Mechanisms ofMetallo-(3-lactamases
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1.2.5. Mechanisms of Resistance to Quinolones

1.2.5.1. Interference with Drug Transport

Hydrophobic quinolones, such as nalidixic acid, pass directly through the lipid
bilayer of the cell membrane whereas hydrophilic quinolones (e.g. ciprofloxacin)
pass through water-filled porins (Hirai et al. 1986a). The norA gene was found in a

strain of S. aureus which possessed a high level of resistance to hydrophilic
quinolones and a low level of resistance to hydrophobic quinolones. The gene codes
for a 50 KDa protein which appears to be membrane associated (Yoshida et al.
1990b). As mentioned above, cross-resistance can occur as a result of changes in
outer membrane proteins. Inactivation of the ompF gene and mutations in the
regulatory genes controlling expression of the ompF gene in E. coli, can cause

resistance to quinolones as well as other non-related groups of antibacterials (Cohen
et al. 1989). Similarly in Ps. aeruginosa, reduction in the production of the OmpG
porin and another closely related outer membrane protein conferred resistance to

quinolones as well as (3-lactam antibiotics, chloramphenicol and tetracycline
(Chamberland et al. 1989). An active efflux mechanism has also recently been
described as a mechanism of quinolone resistance (Cohen et al. 1988). In addition,
cellular lipopolysaccharide (LPS) has been shown to impede the penetration of
hydrophobic quinolones such as nalidixic acid (Hirai et al. 1986b).

1.2.5.2. Modification of Target
The essential nature of DNA gyrases requires that they only alter their highly
conserved 5' sequence very slightly, in order to prevent quinolones binding to their N
terminal but without affecting the properties of the enzyme. Single nucleotide
changes have been observed in the gyrase structural genes gyrA (Cullen et al. 1989)
and gyrB (Yamagishi et al. 1986) of quinolone-resistant bacteria. Most reports of
quinolone-resistance mutations have been mapped to the gyrA gene, but one report
showed that out of 25 spontaneous quinolone-resistant mutants, 13 had gyrA
mutations and 12 had gyrB mutations (Nakamura et al. 1989). Mutations in the gyrA
gene yield resistance to all of the quinolones including the fluoroquinolones (Table
1). These point mutations commonly occur at serine 83 of the gyrA gene or

somewhere else inside the "quinolone-resistance determining region" which lies
between amino acids 67 to 106 of the E. coli gyrA gene, (Yoshida et al. 1990a).
Three of the residues in this region are hydrophilic (Ser-83, Asp-87 and Gin-106)
which supports the theory that the gyrase forms hydrogen bonds with the quinolone.

25



Table 1: Mutations in gyrase genes conferring resistance to 4-quinolones
Species Subunit Amino acid Mutation Quinolone Reference

no. resistance

E. coli gyrA 67 Ala -> Ser low level Yoshida el al 1988
E. coli gyrA 81 Gly ->Cys medium level Yoshida et al. 1990a
E. coli gyrA 83 Ser —> Ala low level Hallett and Maxwell, 1991
E. coli gyrA 83 Ser —> Leu high level Yoshida etal. 1988
E. coli gyrA 83 Ser —» Trp high level Yoshida et al. 1988

E. coli gyrA 84 Ala —>Pro medium level Yoshida et al. 1990a
E. coli gyrA 87 Ser—> Leu high level Heisig etal. 1993

Asp -» Gly1
E. coli gyrA 87 Asp —> Asn medium/high level Yoshida etal. 1990a

E. coli gyrA 87 Asp —» Val low level Oram and Fisher, 1991
E. coli gyrA 106 Gin —>Arg low level Hallett and Maxwell, 1991
E. coli gyrA 106 Gin —>His low level Yoshida etal. 1988
E. coli gyrB 426 Asp —» Asn low/medium level Yamagishi et al. 1986
E. coli gyrB 447 Lys —>Glu low level Yamagishi et al. 1986
Ps. aeruginosa gyrA 87 Asp —> Asn medium level Kureishi et al. 1994

gyrA 87 Asp -»Tyr medium/high level
gyrA 83 Thr —>Ile high level

N. gonorrhoeae gyrA 83 Ser —>Phe low level Deguchi et al. 1995
gyrA 87 Asp —>Asn medium level f

H. pylori gyrA 87 (83) Asn —>Lys medium/high Moore et al. 1995

gyrA 88(84) Ala —> Val medium level

gyrA 91 (87) Asp -» medium/high
Gly/Asn/Tyr

S. aureus gyrA 84 (83) Ser —»Leu medium level Sreedharan et al. 1990
S. aureus gyrA 84 (83) Ser —> Ala medium level Goswitz et al. 1992
S. aureus gyrA 85(84) Ser —>Pro high level Sreedharan et al. 1990
S. aureus gyrA 88(87) Glu —> Lys medium level Goswitz et al. 1992
S. aureus gyrA 84 (83) Ser ->Leu medium level Tanaka etal. 1995

88 (87) Glu -»Lys medium/high level
C. jejuni gyrA 70 (67) Ala —» Thr low/medium level Wang et al. 1993
C. jejuni gyrA 86 (83) Thr —>De high level
C. jejuni gyrA 90 (87) Asp -»Ala medium/low level

M. avium gyrA 83 Ala —> Val high level Cambau etal. 1994b
M. smegmatis gyrA 83 Ala —>Val low level Revel et al. 1994

87 Asp -»Gly high level f
M. tuberculososis gyrA 90 (83) Ala —>Val high level Cambau et al. 1994a

S. typhimurium gyrA 83 Ser -> medium/low level Reyna et al. 1995
87 Phe/Tyr medium/low level

Asp -»
Tyr/Asn

A. baumannii gyrA 83 Ser —> Leu medium level Vila etal. 1995
81 Gly -» Val low level

A. salmonicida gyrA 83 Servile low level Oppegaard and Serum,
67 Ala ->Gly medium levelf 1994

() denotes equivalent amino acid position in E. coli; t denotes had both mutations
Low level resistance upto lmg/1 of 4-quinolones; medium level upto 32mg/l; high level above 32mg/l
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A single point mutation at Ser-83 reduces the binding of the quinolone to the
gyrase/DNA complex, therefore it appears that this is the main residue which binds to
these drugs (Willmott and Maxwell, 1993). However, site-directed mutagenesis of
Ser-83 of the gyrA gene of E. coli has indicated that the serine's hydroxyl group is
not directly involved in the quinolone-gyrase interaction and that a hydrophobic
residue is required at this position to produce a quinolone-resistant phenotype
(Yonezawa et al. 1995). Changes at residue 447 of the gyrB gene from lysine to

glutamic acid produce low level resistance to most quinolones but hypersensitivity to
the fluoroquinolones which have a piperazine ring at C7 (Yoshida et al. 1993).
Changes in the aspartic acid residue at position 426 to asparagine (known as the nalD
mutation) causes low level resistance to all of the quinolones (Yamagishi et al.
1986). The [3 subunit is mostly inhibited by coumarin antibiotics though.

It was mentioned earlier that there should be no intrinsic resistance to these synthetic
compounds but it has been proposed that Campylobacter jejuni and Klebsiella
pneumoniae are intrinsically less susceptible to quinolones (Wolfson and Hooper,
1989), because of the presence of threonine at positions 86 (analogous to position 83
in E. coli) (Wang et al. 1993) and 83 (Dimri and Das, 1990) respectively, where a

serine would usually be found in other quinolone-sensitive species. However, it
would be more accurate to examine strains of these species from the pre-nalidixic
acid era to ensure that these strains are not mutants which have been selected by the
employment of nalidixic acid. Together with the results presented in Table 1, this
suggests that the loss of serine is more critical than the gain of another amino acid, as
the hydroxyl group of this residue is thought to mediate hydrogen bonding between
the quinolone and the gyrase. The addition of an amino acid which may sterically
hinder the quinolone would also be an advantage to the bacterium.

There have not been any valid reports of clinical plasmid-mediated quinolone
resistance so far and it seems to be an unlikely occurence for the following reasons-

Crumplin and Smith (1981), observed that certain resistance plasmids increased the
susceptibility of the bacteria to quinolones. It has also been found that certain gyrB
mutations decrease the ability of bacteria to receive, donate or stably maintain
plasmids (Friedman et al. 1984). Quinolones tend to eliminate plasmids (Wolfson et
al. 1982; Weisser and Wiedemann, 1986) as well as inhibiting their transfer (Weisser
and Wiedemann, 1987) and replication (Uhlin and Nordstrom, 1985). A similar lack
of plasmid-mediated resistance was experienced with glycopeptides for several
decades, though it has eventually emerged (Leclercq et al. 1987)
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1.3. Taxonomy of Aeromonas spp.

1.3.1. Introduction

The taxonomy of Aeromonas spp. has changed considerably since it was first
classified in 1936 (Kluyver and van Niel, 1936). Until the late 1970s, the motile
aeromonads were generally clurped into one group called Aeromonas hydrophila.
Biochemical and genetic studies have since shown that they are a very heterogeneous
group which needs to be divided into at least three species - Aeromonas hydrophila,
Aeromonas sobria and Aeromonas caviae. DNA-DNA reassociation kinetics have

been employed to divide the aeromonads into 13 hybridisation groups (HGs) (Farmer
et al. 1986; Altwegg et al. 1990). Unfortunately, the phenotype does not always
identify the genotype and as most laboratories can only classify the bacteria by
biochemical tests there will still be some errors in identification.

1.3.2 The History of the Classification ofAeromonas spp.
The first isolate of Aeromonas spp. was found in tap water in Chemnitz and was

named Bacillus punctatus (Zimmerman, 1890). A year later, B. hydrophilus fuscus
was isolated from a frog (Sanarelli, 1891, cited by von Graevenitz, 1987). In 1884,
Emmerich and Wiebel isolated Bacterium salmonicida from a trout and in 1917,

Hammer found Bacillus ichthyosmius in spoilt milk. All of these strains are now

known to be members of the Aeromonas genus. However, the name Aeromonas
which means gas (producing) monad, was not proposed until 1936 by Kluyver and
van Niel. They described the genus as rod-shaped bacteria which move by a polar
flagellum and have the properties of the enteric group Stanier, (1943), supported this
proposition by classifying the first species, Aeromonas hydrophila.

The genus was introduced into the 7th edition of Bergey's Manual (1957), as a

member of the Pseudomonaceae family. However, the next two editions moved the
genus to the family Vibrionaceae where it still resides. In the 7th edition, Sniezko,
(1957), classified the motile aeromonads into three species - A. hydrophila,
A. punctata and A. liquefaciens, based on their biochemical properties and
pathogenicity. He also gave the first description of the non-motile species
A. salmonicida.

However, many groups wanted the genus to be divided into two species, the non-

motile A. salmonicida and the motile species A. hydrophila (Ewing et al. 1961;
McCarthy, 1975b; Maclnnes et al. 1979). Until recent years many groups have
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employed this classification system because of the confusion over the taxonomy of
Aeromonas species.

Smith, (1963), proposed that A. salmonicida should be transferred to a new genus

Necromonas. However, genetic studies in later years demonstrated that A.
salmonicida and A. hydrophila are highly related and should remain in the same

genus (Maclnnes et al. 1979). Also growth of this species at supra-optimal
temperatures (30-37°C) has resulted in the expression of a polar flagellum (Mcintosh
and Austin, 1991).

In Bergeys 8th Edition, Schubert described two motile species of Aeromonas which
were divided into five subspecies- A. hydrophila subsp. hydrophila,
A. hydrophila subp. anaerogenes, A. hydrophila subsp. proteolytica, A. punctata
subsp. punctata and A. punctata subsp. caviae. He also described three subspecies of
A. salmonicida- A. salmonicida subsp. salmonicida, A. salmonicida subsp
achromogenes and A. salmonicida subsp. mascoucida (Schubert, 1974).

In 1976, Popoff and Veron analysed 203 characteristics of 68 motile Aeromonas
strains (previously designated as A. hydrophila and A. punctata) and found seven

biochemical traits. They suggested that they should be categorised into two species-
Aeromonas hydrophila with biovars hydrophila and anaerogenes and Aeromonas
sobria (spp. nov.). They also agreed with McCarthy's proposal that A. hydrophila
subsp. proteolytica should be removed from the Aeromonas genus to the Vibrio
genus (McCarthy, 1975a).

Popoff subjected 55 motile Aeromonas strains to DNA-DNA homology studies. On
analysis of the polynucleotide sequences of the four phenotypes of Aeromonas they
found that there were additional genetic clusters within the phenospecies (Popoff,
1984). A. hydrophila biovar anaerogenes was renamed Aeromonas caviae (Popoff,
1984).

In 1986, Colwell et al. proposed that the Aeromonas genus should be moved to its
own family called the family Aeromonadaceae. This proposition was based on

various sources of genetic data including 5S rRNA sequences, 16S rRNA cataloguing
and ribosomal ribonucleic acid-deoxyribonucleic acid hybridisation data (Colwell et
al. 1986). Ruimy et al. (1994) also advocated the recognition of this new family after
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analysis of the sequences of the small subunits of rRNA from reference strains
belonging to the genera A eromonas, Pleisiomonas, Vibrio and Photobacter.

Now that the importance of this genus has been realised, techniques for identification
of these organisms to species level have improved and consequently several new

species of Aeromonas have been identified A. media (Allen el al. 1983), A. veronii
(Hickman-Brenner et al 1987); A. schubertii (Hickman-Brenner et al 1988);
A. eucrenophila (Schubert and Hegazi, 1988); A. salmonicida subsp smithia (Austin
et al. 1989); A. jandaei (Carnahan et al. 1991b); A. trota (Carnahan et al 1991a) and
A. allosaccharophila (Martinez-Murcia et al. 1992). A. ichthiosmia (Schubert et al
1990b) and A. enteropelogenes (Schubert et al 1990a) were also proposed as new-

species but phylogenetic evidence has since shown them to be A. veroni var veroni
and A. trota respectively (Collins et al. 1993).

1.4. Isolation and Identification ofAeromonas spp.
1.4.1. Isolation ofAeromonas spp.
Various media have been advocated for the selection and identification ofAeromonas

spp. The cheapest and easiest to prepare is ampicillin blood agar (ABA). It also
usually has the best recovery rates (Robinson et al 1984; Kay et al 1985).
Aeromonas species can be identified as grey P-haemolytic colonies which are oxidase-
positive (Agger et al. 1985; Robinson et al. 1984; Kay et al. 1985; Mishra et al
1987). However, it is now known that ampicillin resistance is not universal within this
genus. One clinical species, Aeromonas trota, is sensitive to most antibiotics except
for cephalothin (Carnahan et al. 1991a), and several non-clinical Aeromonas spp. have
been found to have varying levels of sensitivity to ampicillin- 100% ofA. salmonicida
subsp. salmonicida and A. media, approximately 80% of A. salmonicida subsp.
smithia and about 30% ofA. salmonicida subsp. mascoucida (Austin et al. 1989). In
addition to this, not all aeromonads are P-haemolytic (Kelly et al 1988). Overman et
al. (1979) also reported that approximately 8% of Aeromonas spp. are oxidase-
variable on non-selective media. This may also occur as an artefact resulting from
performing oxidase tests on selective media which show a false negative result if the
sugars in the media have been fermented and consequently acid has been produced.
Oxidase-negative variants of A. salmonicida have also been identified (Teska et al.
1992). However, if ABA is employed in conjunction with a selective medium, high
yields and accurate identification can be achieved (Kelly et al. 1988; Moyer et al
1991).
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A variety of other selective media have been tested for their ability to isolate
Aeromonas spp. many of which have incorporated xylose and dextrin which
Aeromonas spp. are unable to ferment- Dextrin Fuchsin Sulphite Agar (Schubert,
1967); Rimler-Schotts Media (Shotts, Jr. and Rimler, 1973); Pril-Xylose-Ampicillin
Agar (Rogol et al. 1979); Aeromonas hydrophila medium (Kaper et al. 1979);
Xylose-Sodium-Deoxycholate-Citrate Agar (Shread et al. 1981; Millership and
Chattopadhyay, 1984); Ryans medium (Oxoid) (Holmes and Sartory, 1993); Bile Salt
Brilliant Green Agar (Millership and Chattopadhyay, 1984). The success of these
various media is difficult to assess because techniques employed in surveys of the
incidence of Aeromonas spp. are inconsistent. One major artefact has arisen because
some researchers directly plate the specimens whilst others enrich them first in
Alkaline Peptone Water (pH 8.6) (Robinson et al. 1986). Another artefact arises as a

result of the seasonal and geographical variation found in isolation rates of
Aeromonas spp. as there is a higher incidence in coastal regions during the summer

(Burke et al. 1984). Consequently, it was not surprising to find that the asymptomatic
carrier rate in the USA was reported to be between 0.1 and 27%. (Agger et al. 1985).
One survey showed that 49% of clinical Aeromonas isolates were A. hydrophila, 25%
were A. sobria, 25% were A. caviae and 1% were untypable (Janda and Duffey,
1988).

Certain enteric media are highly inhibitory to Aeromonas spp. Hoektoen enteric agar

and eosin-methylene blue have low plating efficiencies for A. hydrophila and brilliant
green agar severely inhibits A. sobria and A. caviae (Desmond and Janda, 1986).

1.4.2. Identification ofAeromonas spp.
This genus has been characterised as-

Gram negative coccobacilli or bacilli (0.3-1.Ojim x 1.0-3.5|im). Non-sporulating. The
motile species have a single polar flagellum though the non-motile species can

develop a flagellum after growth at supra-optimal temperatures (Mcintosh and
Austin, 1991). Aeromonas salmonicida grow optimally at 22-25°C, whereas the
motile species grow optimally at 28°C. They are generally oxidase-positive though
there have been reports of oxidase-negative strains of A. hydrophila (Overman et al.
1979) and A. salmonicida which are highly homologous genetically to oxidase
positive strains (Teska et al. 1992). They are facultative anaerobes. They utilise
glucose by fermentative and respiratory pathways. Acid or acid and gas are produced
from the utilisation of carbohydrates. Nitrates are reduced to nitrites. They are
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resistant to 2,4di-amino-6,7-diisopropylpteridine (0/129). They do not grow in 6%
sodium chloride. They are chemoorganotrophs which can utilise a variety of sugars
and organic acids (Popoff, 1990).

1.4.3. Methods of Identification ofAeromonas spp.

Genotyping. This recently developed method has allowed scientists to separate the
aeromonads into Hybridisation Groups (HGs) by assessing the DNA-DNA
hybridisation kinetics of reference or type strains (Table 2) (Farmer et al. 1986). The
genospecies can be defined on the basis of reassociation kinetics between the strains
to be identified with isotopically labelled DNA from reference strains. On the basis
of the criteria of relative binding ratios of 70% at 60°C (optimal conditions) and 55%
at 70°C (stringent conditions), 13 hybridisation groups have been determined in
Aeromonas spp. (see Table 2). The hybridisation groups have been named according
to the name of their phenospecies, except where there is more than one genotype for
each phenospecies. Two of these groups are unnamed either because of an

insufficient number of strains or an inability to find sufficient markers to separate the
hybridisation groups.

Phenotyping. As most clinical laboratories do not have access to the equipment
required to analyse DNA, phenotyping is a more accessible method of identifying
Aeromonas species. Numerous groups have now correlated the results of biochemical
tests with the hydridisation groups which have been defined (Altwegg et al. 1990).
Abbott et al. (1992), reported that between 9 and 16 selected tests could identify 98%
of Aeromonas strains to their correct HG. Janda et al. (1984), identified 93% of their
isolates with 8 tests and 99% with a further 9 tests. API20NE and Microbact24E can

identify about 97.5% of the motile Aeromonas spp. (Ogden et al. 1994). However,
Sugita et al. (1994), found that 48% of the genotypically identified strains of
A. caviae, A. sobria and A. hydrophila differed from the type strains in one to three
characteristics. A simple scheme was devised by Wilcox to identify the aeromonads
to species level without requiring too many tests (Wilcox et al. 1992b)-
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Table 2: Hybridisation Groups within the genus Aeromonas

DNA

group

Relative

Pathogenicityt
Genospecies Phenospecies Unusual Biochemical

Characteristics of

species
it B A. hydrophila A. hydrophila
2 F Unnamed A. hydrophila
3 G A. salmonicida A. hydrophila Acid from D-sorbitol

4t H A. caviae A. caviae

5 J A. media A. caviae

6 I A. eucrenophila* A. caviae Gas from glucose
H2S from cysteine -
based agar

7 K A. sobria* A. sobria

8/10t D A. veronii A. sobria

9 A A. jandeii A. sobria No acid from sucrose

10/8 C A. veronii A. veronii Ornithine

Decarboxylase +
Arginine Dihydrolase -

11 E Unnamed A. veronii Ornithine

Decarboxylase +

12 B A. schubertii A. schubertii No acid from mannitol

No gas from glucose
Indole negative

13 A. trota A. sobria Cellulose +

Ampicillin sensitive

* never isolated from humans

^ predominant HGs found in clinical material (85%) (Altwegg et al. 1990; Kuijper et
al. 1989b)

•I- relative pathogenicity in mice in decreasing order from A to K
Modification of Table 1 from Janda, (1991).
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API 20NE SUICIDE PHENOMENON

A.sobria A. hydrophila /caviae Non Suicidal

Aerogenic
Suicidal

Aerogenic
Suicidal

Anaerogenic

Haem + Haem-

A. hydrophila A. caviae A. hydrophila
(Aesculin +)

A.sobria A. caviae

(Aesculin -) (Aesculin +)
Haem + = Haemolysis on blood agar; Haem- = No haemolysis. Aesculin + = Hydrolysis of
aesculin; Aesculin - = No hydrolysis. The Suicide Phenomenon is the fermentation of
glucose with or without the production of gas and the pelleting of the bacteria i.e. bacteria
not viable after 24h (Namdari and Bottone, 1988).

Ribotyping. The ribosomal RNA genes of Aeromonas spp. have been restricted to
see if the banding patterns correlate with the hybridisation groups. The high
molecular weight bands did not show any correlation but the smaller fragments
produced from a Smal digest showed consistent banding patterns which can be
correlated with the HGs (Martinetti-Lucchini and Altwegg, 1992; Moyer et al. 1992).
Altwegg et al. (1988), also found ribosomal DNA typing to be highly discriminatory.

Multi-Locus Enzyme Electrophoresis. The electrophoretic profiles of 4 isoenzymes
(esterase, lactate-, glutamate- and malate-dehydrogenases) from Aeromonas spp.

were analysed (Picard and Goullet, 1985). Eight zymotypes were found which
correlated with defined HGs. Altwegg et al. (1988), also found a good correlation
between 11 enzyme loci with HGs ofAeromonas spp.

Serotyping. Sakazaki and Shimada, (1984), developed a serotyping method for
motile Aeromonas spp. Forty-five serotypes were identified but only 50% of faecal
isolates were reported to be typable. An additional 52 serogroups have since been
identified which has increased the typability rate to between 43 and 68% for strains
outside the UK and 76% for A. hydrophila isolates and 63% for A. sobria and A.
caviae strains from the UK (Thomas et al. 1990).

Conclusion

An increasing awareness of the role of Aeromonas spp. in clinical disease has
resulted in various attempts to identify the pathogens to species level. As the
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pathogenicity of this genus is still not fully understood, it is necessary to accurately
speciate the isolates in order to determine traits associated with each species, for
example A. sobria appears to be much more virulent than A. caviae (Figueroa et al.
1988a). Accurate identification is particularly important in immunocompromised and
cirrhotic patients who are at risk of developing an invasive disease. Identification can

also help to determine the source of infection. Genotyping is the most accurate
method but is not viable for a clinical laboratory. However, many of the genospecies
have unique biochemical properties (Table 2) which will enable more accurate
identification to the genospecies level without necessitating the employment of DNA
techniques. Other techniques such as multi-locus enzyme electrophoresis (Picard and
Goullet, 1985; Altwegg et al. 1988), ribotyping (Altwegg et al. 1988; Martinetti-
Lucchini and Altwegg, 1992) and PCR assays (Dorsch et al. 1994) have been
advocated for their ability to discriminate between different species of Aeromonas
whereas immunoblotting against whole cells ofA. sobria could not be correlated with
the serotype or biochemical phenotype (Mulla and Millership, 1993). Examination of
the outer membrane profiles of Aeromonas spp. by SDS-PAGE could distinguish
A. hydrophila and A. caviae but not A. sobria (Wilcox et al. 1992b), whereas whole
cell protein fingerprinting could not be correlated with biochemical properties
(Millership and Want, 1993). Shaw and Hodder, (1978), analysed the hexose and
heptose content of the cell wall core and consequently divided the aeromonads into
groups roughly equivalent to their species, though this is also not a very accurate or

practical method of identification. Cellular fatty acid composition (Huys et al. 1994)
and pyrolysis mass spectrometry characterisation (Magee et al. 1993) also produced
inconclusive results.

A lack of standardisation in the identification of the psychrophilic aeromonads has
caused difficulties as it has been found that the non-motile aeromonads produce
varying results in sugar reactions when incubated at different temperatures (Hahnel
and Gould, 1982).
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1.5. Aeromonas Infections

1.5.1. Aeromonas Infections of Fish

A. salmonicida and to a lesser extent the motile aeromonads have caused devastation

in the aquaculture industry for many years A. salmonicida causes furunculosis in
salmonids and "A. hydrophila" is the aetiological agent of haemorrhagic septacaemia
in salmonids, carp, bass, ayu, catfish and perch "A. hydrophila" is probably a general
term for the motile aeromonads which were not correctly speciated, as phenotypes of
A. cariae and A. sohria have also been isolated from fish. Furunculosis is a misnomer

in some cases, as the clinical diseases caused by A. salmonicida do not always
manifest in the formation of furuncules The different clinical types of the disease fall
into three categories (reviewed by McCarthy and Roberts, 1980)-

1) Peracute furunculosis. This condition is only found in fingerling fish in hatcheries
supplied with water containing wild carrier fish. The fish are inappetent, lethargic and
have darker skin They may die quickly or if they survive haemorrhages are seen on

their fins

2) Acute furunculosis. This type of furunculosis is found in growing fish and adults,
which show signs of large swellings (furuncules) or acute bacterial septacaemia.
Inappetence, lethargy and darkening of the skin are characteristic symptoms.
Mortalities usually occur within 2-3 days, by which time the furuncules have often
ulcerated and released the infectious agent.

3) Subacute and chronic furunculosis. This occurs in older fish Darkening of the
skin and inappetence is not as obvious as in the acute form. The furuncules tend to be
bigger and more viscous when ruptured The fish often live longer and some recover

though most eventually die either as a result of the Aeromonas infection or from a

secondary infection as furunculosis is immunosuppressive.
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1.5.2. Virulence Factors ofAeromonas species isolated from fish

The virulence mechanisms of A. salmonicida are still not fully understood but the
following determinants are the most likely candidates to cause disease in fish.

The A-layer. In 1981, Kay demonstrated by electron microscopy that virulent strains
of A. salmonicida have a layer of lipopolysaccharide and a 49-51 KDa protein (the A
protein or Surface Array Protein [SAP]) around the cell, known as the A-layer or S-
layer. Strains which have lost this layer show an increase in LD50 of 1000-10,000
fold. This layer protects the bacterium from the bactericidal activity of complement
(Munn et al. 1982). It is also capable of binding haem and basement binding proteins
(Kay and Trust, 1991). Growth of A. salmonicida at supra-optimal temperatures
causes the strains to lose their A-layer and to become avirulent (Ishiguro et al. 1981).
Mutants with a disorganised A-layer are avirulent and are being developed for
employment in a vaccine (Thornton et al. 1991).

Capsule. Strains of A. salmonicida which have acquired resistance to phagocytosis
and bacteriolysis in vivo but which lose these properties in vitro, are surrounded by a

polysaccharide capsule (Garrote et al. 1992).

Extracellular Proteins. A. salmonicida produces several extracellular proteins, some
of which have defined roles in the pathogenesis of this species whilst the role of
others has been speculated on.

Numerous groups have reported the presence of cytotoxins and haemolysins in fish
isolates of A. salmonicida and A. hydrophila (Boulanger et al. 1977; Fyfe et al. 1987;
Rodriguez et al. 1992). However, Lallier et al. (1984), found that a strain of
A. hydrophila which was weakly virulent in fish produced 20 times more haemolysin
than another strain which was more virulent in fish, suggesting that haemolysins are

not involved in the pathogenesis of this organism in fish. A. hydrophila have been
shown to produce multiple haemolysins with different host specificities, depending
on what growth medium is employed (Nzeako et al. 1991). Toxins may not play a

major role in pathogenesis in fish as their production is probably limited at low
temperatures (Mcintosh and Austin, 1991).

Proteases have also been implicated in the pathogenesis of A. salmonicida. A
protease-deficient mutant of A. salmonicida was found to be much less pathogenic
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than the wild type strain and was unable to produce the furuncules which the wild-
type strain could induce (Sakai, 1985). However, Allan had previously observed that
a protease-negative mutant of A. hydrophila was much more toxic to fish, which led
to the conclusions that either the protease was not a virulence factor or that it was an

activator of precursors which are virulence factors (Allan and Stevenson, 1981). In
1988, Ellis found that brown trout are more susceptible to furunculosis than rainbow
trout because the activity of their serum enhances protease activity which is necessary

for the production of nutrients for the growth of A. salmonicida (Ellis and Stapleton,
1988).

More recently, two extracellular proteins have been shown to play major roles in the
disease process in fish- a caseinase and a phospholipase
(glycerophospholipid:cholesterol acyltransferase) (GCAT). The caseinase causes

extensive tissue liquefaction and activates the blood clotting system. The GCAT
forms a complex with LPS and is extremely haemolytic for fish erythrocytes and is
cytolytic and leucocytolytic in vitro. Mixtures of the caseinase and GCAT/LPS
complex produce extensive liquefactive and haemorrhagic lesions typical of
furuncules (Lee & Ellis, 1990). The caseinase is also thought to activate a precursor

of a haemolysin which is also activated by a serum factor and to a lesser extent by
serine proteases (Titball et al. 1985).

1.5.3. Aeromonas Infections of Humans

1.5.3.1. Aeromonas spp.- an accepted neoenteropathogen?
Aeromonas spp. are recovered most frequently from faecal specimens but their role
as enteropathogens is still very controversial for the following reasons-

1) The lack ofan animal model.
Pazzaglia et al. (1990b), suggested that the removable intestinal tie adult rabbit
model could be utilised as it demonstrates histological changes associated with
colonisation and infection of the ileum by Aeromonas spp. However this model
cannot reproduce the diarrhoeal disease. Diarrhoea has however been recently
induced in gnotobiotic piglets (Tzipori-unpublished data: reviewed by Burke and
Gracey, 1986)
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2) Inconsistent methods of isolation and identification 0/Aeromonas spp.

The results of some surveys have produced wildly varying results, which can be
accounted for, in part, by geographic variation but they are also the result of
inconsistencies in the isolation and identification of Aeromonas spp. The main
artefact is introduced by enrichment of the samples in Alkaline Peptone Water
(APW), which usually results in over-reporting, as low numbers of Aeromonas spp.

which can occur in the gastrointestinal tract without causing diarrhoea, will also be
detected (Robinson et al. 1986). This enrichment technique is one of the reasons why
some groups have reported an equal rate of isolation of Aeromonas spp. from
diarrhoeal specimens and healthy stools (Figura et al. 1986). If the specimens are

enriched in APW the number of non-pathogenic strains in the healthy stools increases
which would probably not be detected otherwise. In addition to this, the groups that
have found these results have not usually matched their controls. Gracey et al. (1982)
matched their subjects by age and sex and found an isolation rate of 10.2 % in
children with diarrhoea and 0.6% in healthy children. Non-enterotoxigenic strains
were found in equal proportions in both groups.

Another reason for the variation in isolation rates is the wide range of media utilised
in the isolation of these pathogens which have varying recovery rates of Aeromonas
spp., including certain enteric agars which are highly inhibitory to Aeromonas spp.

(Desmond and Janda, 1986).

Under-reporting of the isolation of this genus from diarrhoeal specimens also occurs,

because many clinical laboratories still do not actively look for these bacteria, and
therefore in the light of other clinical laboratories isolation rates, they are probably
mis-identifying pathogens.

3) Co-pathogens isolated in about 20% of cases ofAeromonas infection (Nazer et al.
1986).
Colonisation by another enteropathogen may enhance the virulence of Aeromonas
species, or there again, the aeromonads may be innocent by-standers with no role in
the diarrhoeal disease.

4) Attempt to reproduce diarrhoea in humans failed.
Morgan et al. (1985) tried to induce diarrhoea in humans by feeding them with
various titres of an Aeromonas strain which had several virulence properties such as a

cytotoxin, haemolytic enterotoxin and deoxyribonuclease. Only 3.5% developed
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diarrhoea. However this low incidence may be attributed to the employment of the
Sereny test to detect the invasiveness of the strain, as it is not a totally reliable
method (Watson et al. 1985). There may also be a predisposing factor which leads to
colonisation of the gastrointestinal tract by aeromonads. Aeromonas-associated
diarrhoea is more common in children, the elderly and in patients with underlying
malignancies. Antibiotic therapy prior to the infection has also been implicated
(Wilcox et al. 1992a). Certainly the fact that this genus is generally resistant to

penicillins would suggest that oral penicillins, such as ampicillin, which is poorly
absorbed from the gut, will select for these resistant species.

5) Reports that only some of the strains isolated from diarrhoeal specimens are

enterotoxigenic.
For example, Turnbull et al. (1984) found that only 59% of his diarrhoeal strains
were enterotoxigenic. Explanations for this could be i) the strains cease to produce
the enterotoxin in storage or the in vitro conditions are not suitable for its production;
or ii) the enterotoxin does not cause diarrhoea, though symptoms would suggest that
this is not the case. It may also be possible that an avirulent strain may co-exist with
the virulent strain and may outgrow the latter in in vitro conditions. Analysis of
banding patterns of total DNA cut with Smal showed that different strains are

isolated from the same specimen (Kuijper et al. 1989c; Martinetti-Lucchini and
Altwegg, 1992).

Virulence determinants can be induced by their environment. For example, serial
passaging in the rabbit ileal loop has been shown to increase enterotoxigenicity
(Singh and Sanyal, 1992), as has the addition of yeast extract to the growth media
(Turnbull et al. 1984). In the same way, virulence factors are switched off by growth
and storage conditions and serial sub-culturing (Ishiguro et al. 1981; Mateos et al.
1993). Therefore the role of Aeromonas spp. may be underestimated. The number of
diarrhoeal isolates (Table 3) would suggest that this is the case.

1.5.3.2 Extra-Intestinal Infections caused by Aeromonas spp.
Incidences of Aeromonas spp. causing extra-intestinal infections are rare but often
fatal, especially in immunocompromised hosts. A wide variety of infections have
been reported suggesting that several virulence mechanisms are involved in infecting
different sites of the body.
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Table3:IncidenceofAeromonasspp.indiarrhoeaandhealthystools. Country

Speciesisolatedfrom diarrhoea

%from diarrhoea

%fromhealthy stool

Enterotoxin

Cytotoxin

Haemolysis

Reference

France

Aera18.8% AH12.5% AS12.5% AC48%

2.3

Notdone

0% 50% 0%

100% 83% 0%

100% 66.7% 0%

Megraud,1986

Saudi

AH20%

Notdone

Notdone

100%

75%

Notdone

Gosling,1986

Arabia

AS30% AC50%

100% 0%

100% 0

Saudi

Aer

5

0

Notdone

Notdone

Notdone

Qadrietal.1991

Arabia Australia

Aerent+ Aerent-

10.2 2

0.6 1.3

100% 0%

Notdone

Notdone

Graceyetal.1982

USA

Aer

1.1

0

62%

62%

Aggeretal.1985

USA

Aerfromchildren AC83%

22.5%

Notdone

Notdone

Notdone

Notdone

delaMorenaetal.1993

Israel

Aera9% AH52% AS15% AC24%

4

Notdone

Notdone

Notdone

Notdone

Gluskinetal.1992

India

AH77.8% AS15.5% AC6.7%

1.8

0

100%

Notdone

100%

Deodharelal.1991

Peru

Aerfromneonates
55.6

16.3

Notdone

Notdone

Notdone

Pazzagliaetal.1990a

UK

Aer

10.6

3.3

Notdone

Notdone

Notdone

Millershipetal.1983

UK

Aer

13.2(+EPs) 7.1(-EPs)

1.25

Notdone

Notdone

Notdone

Shreadetal.1981

Thailand

Aer

16.5%(Thai) 44%(USPC)
11.5%(Thai) 11.8%(USPC)
Notdone

71%diar 64%"healthy"
71diar 64%"healthy"
Pitarangsietal.1982

Chile

Aer

7.1

5.2(+EPs)

100%diar. 0%"healthy"

Notdone

100%diar. 0%"healthy"

Figueroaetal.1988b

Italy

AH23% AS14% AC85%

3.7

2.1

Notdone

Notdone

Notdone

Figuraetal.1986

Aer=Aeromonasspp.AH=A.hydrophila-,AS=A.sobria;AC=A.caviae\+EPs=otherenteropathogenspresent; USPC=USPeaceCorpsworkers;Thai=IndigenousThaipopulation;Diar=Diarrhoealsamples.



Wound infections. These are the second most prevalent disease caused by the motile
aeromonads. Infection is usually preceded by a traumatic injury, which becomes
infected usually from contaminated water or soiled objects (Isaacs el al. 1988).

Nosocomial infections are rare, though the re-introduction of medicinal leeches has

increased the incidence ofAeromonas wound infections in hospitals (Lineaweaver el
al. 1992). Infections range from mild cellulitis to fulminant myonecrosis. Cellulitis is

not usually a problem if it is treated appropriately (Petit el al. 1992), whereas
fulminant myonecrosis is sometimes accompanied by gas gangrene which may lead to

amputation of the infected limb and is often fatal (Suthipintawongs and Wanvaree,

1982).

Sepsis. Septicaemia caused by Aeromonas spp. has been reported in

immunocompetent (Ketover et al. 1973) but mostly in immunocompromised patients

(Harris et al 1985). It is the most invasive disease which Aeromonas spp can

produce and is usually caused by A. sobria (77%) and A. hydrophila (23%) (Dryden
and Munro, 1989). The gastrointestinal tract is thought to be the source of the
bacteraemic infection (Harris et al 1985), though the biliary tree, soft tissue and

respiratory tract have also been implicated (Dryden and Munro, 1989). The mortality
rate is about 30% even after treatment with antibiotics which are effective in vitro

(Harris et al 1985).

Meningitis. This has only been reported in patients with underlying conditions such as

leukaemia and spleenectomy, though an immunocompetent patient developed
/lero/HOwas-associated meningitis after a craniotomy (Qadri et al 1976).

Approximately 40% of cases are fatal (Freij, 1987).

Respiratory Tract Infections. Aeromonas-induced pneumonia has been reported in

eight incidences in association with underlying disorders. About 40% of cases are

fatal Aspiration pneumonia has been reported in near-drowning patients (Baddour

and Baselski, 1988). However, a case has also been reported about a healthy young

man who acquired pneumonia after swimming in sea water which must have been
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contaminated with Aeromonas spp. He died 21 hours after his first symptom

appeared (Goncalves et al. 1992).

Obstetric/gynecologic Infections. Seven Guatemalan woman suffered pelvic
infections after incomplete abortions. A pure culture of Aeromonas spp. was

recovered from six of them. All were given aggressive medical treatment but they all

developed acidosis, shock and cardiorespiratory arrest and consequently died

(reviewed by Janda and Duffey, 1988).

Miscellaneous Infections.

Osteomyelitis, peritonitis, ocular infections, acute choleocystitis, ileocolitis,

endocarditis, liver abscess, subphrenic abscess, urinary tract infections, vaginal

discharge, ear, nose and throat infections have all been caused by Aeromonas

infections (reviewed by Janda and Duffey, 1988 and Altwegg and Geiss, 1989).

1.5.4. Virulence Factors of Motile Aeromonas spp.

1.5.4.1. Extracellular Toxins

a) Cytotonic Enterotoxins. It appears that there are two similar cytotonic

enterotoxins, one which is closely related to the cholera toxin and is negative in the

suckling mouse assay (Ljungh and Kronevi, 1982) and another which is positive in
the suckling mouse assay and is not neutralised by cholera anti-toxin (Ljungh et al.

1982). These proteins activate adenylate cyclase in the intestinal epithelial cells and

consequently cause the secretion of salt and water which produces diarrhoea

(reviewed by Cahill, 1990). Enterotoxigenic aeromonads are frequently isolated from

watery diarrhoea (Watson et al. 1985).

b) Cytotoxic Enterotoxin. These proteins are responsible for cell damage and death
and produce dysentry-like symptoms (Cahill, 1990). Gracey et al. reported a

dysentry-like illness in 20% of patients infected with enterotoxigenic Aeromonas
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strains (Gracey et al. 1982a). The presence of lysine decarboxylase and a positive

Voges-Proskaur reaction is usually a good indicator of the production of cytotoxin

(Cumberbatch et al. 1979; Turnbull et al. 1984). Two types of cytotoxin have been

characterised-

i). fi-Haemolysin: Also known as Aerolysin, Asao toxin, Cytolysin or Cytolytic
enterotoxin.

These 49-53 KDa thermolabile proteins insert themselves into the lipid bilayer of

erythrocytes, forming a hole and consequently destroying the permeability barrier of
the cell which then lyses (Howard and Buckley, 1985). The proteins are synthesised

in a precursor form which is activated by the proteolytic cleavage of its signal

sequence before its export to the outer membrane (Howard and Buckley, 1985).

p-haemolytic strains are detected by the zone of clearing that they produce on blood

agar. There are at least two types of (3-haemolysin with pis of 5.3-5.4 and 7.6, though

they are probably immunologically related (Ljungh et al. 1981; Bloch and Monteil,

1989).

ii). a-Haemolysin: This 65 KDa thermolabile protein causes irreversible cytotoxic

changes such as vacuolisation of the cell cytoplasm and visualisation of the nucleus.
This enzyme is not thought to play a major role in pathogenesis of Aeromonas spp.

(Ljungh et al. 1981).

1.5.4.2. Proteases

These proteins are responsible for the activation of the aerolysin precursor (Leung
and Stevenson, 1988). They may also enhance invasion of tissues or cause direct
tissue damage (Sakai, 1985).

1.5.4.3. Adhesins

These colonisation factors facilitate the attachment of the bacterium to the epithelial
cells of the host, therefore allowing the toxins to have a maximal effect. Aeromonas

spp. demonstrate high host specificity as they adhere in much higher numbers to
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human epithelial cells than to rabbit epithelial cells and brush borders (Levett and

Daniel, 1981). Carrello et al (1988), observed that diarrhoeal strains are more

adhesive than environmental strains and possess pili which mediate attachment to

cells It was also observed that 57% of the A. sobria strains and 38% of the A. caviae

strains were adhesive, but only 19% of the A. hydrophila strains were adhesive.

Namdari & Bottone (1990), found that all of the strains of.-l. caviae which they had

isolated from diarrhoeal specimens adhered to HEp-2 cells and were cytotoxic

1.5.4.4. Enteroinvasiveness.

Invasion of epithelial cells also produces dysentry-like symptoms (Watson et a/

1985). Some Aeromonas strains (mostly A. sobria phenotype), isolated from patients
with these symptoms, were found to invade HEp-2 cells (Watson et at. 1985).

Pitarangsi could not produce any positive results with A. hydrophila in the

keratoconjuctivitis test. However, histology generally suggests that they are invasive

(Pitarangsi et al. 1982). The invasive strains possess a genospecific Surface Array

Protein (SAP) which is thought to be involved in the dissemination of the bacteria
after invasion through the gastric mucosa (Kokka et al. 1992).

1.5.5. Conclusions

Aeromonas spp. have several potential virulence mechanisms, though none of them
have been directly related to diarrhoeal disease in humans. Kindschuh et al. (1987)

argued against the role of toxins in Aeromonas-associated diarrhoea. They found that
95% of diarrhoeal isolates contained a cytotoxin but so did 100% of isolates from

healthy stools. However, there have been numerous case reports of Aeromonas-
associated diarrhoea in humans which has resolved when the number of faecal

aeromonads has decreased which would suggest that they are enteropathogens

(Rosner, 1964), especially in children (Nazer et al. 1986, Namdari and Bottone, 1990,

Wilcox et al. 1992a) and the elderly (Millership et al. 1983; Agger et al. 1985).

George et al. (1985) found that Aeromonas spp. was the most frequently recovered

potential pathogen from patients with diarrhoea in a US hospital.
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1.6. Antibiotic resistance in Aeromonas spp.

1.6.1. Antibiotic Resistance in Aeromonas isolates from fish

Fish farming is a growing industry in many countries including Scotland, Norway
and Japan, because of the decrease in wild stocks and the increasing demand for sea
food. The farming is very intensive and consequently disease is a persistent problem.

Furunculosis, which is caused by A. salmonicida, was reported to kill between 25-

35% of Atlantic farmed salmon in Scotland, despite the employment of vaccines and

chemotherapeutic agents (Newman, 1991). More recently this number of deaths has
decreased to 20% (SOAFD, 1990). The pathogen can persist in water, sludge at the
bottom of the tanks and in carrier fish which do not exhibit any signs of ill-health

(Hastings, 1988). The disease can be triggered in these carrier populations by the

stress caused by overcrowded tanks (Munro and Hastings, 1993). An effective
vaccine has been elusive for many years and so antibacterials have been employed to

keep the disease under control. However, as drugs have not been developed

specifically for poikilotherms, medical and veterinary drugs are being administered to

the fish. Dosages of these drugs are not calculated accurately as the pharmacokinetics

of the antibiotics in fish have not been established, also approximately 80% of the
antibiotics are not ingested by the fish which display inappetence as a result of the
disease (Samuelsen, 1992). In addition to this, the antibiotics are added to tanks

containing mixed populations of sick and healthy fish. For all of these reasons the
fish are probably receiving sub-MIC doses of the antibacterials, the majority of which

form a sediment at the bottom of the tanks along with bacteria, which provides an

ideal environment for the development of drug resistance.

Oxytetracycline, oxolinic acid (Austin et al. 1983), a potentiated sulphonamide

(Tribrissen) (McCarthy et al. 1974), and amoxycillin (Inglis et al. 1992) are the only

drugs which have been licensed for use in the Scottish pisceculture industry. Rotation

of these drugs is therefore limited but rotation could also lead to multi-resistant

plasmids transferring between bacteria as the selective pressure changes.
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There have been many reports of antibiotic resistance in fish pathogens and some of
the resistance determinants have been found on transmissible plasmids. Geographical
variations in the types of resistance that occur are often observed as a result of the
different antibiotics being prescribed. Another reason for the variation is the lack of

guidelines for sensitivity testing of fish pathogens. Several studies have shown that
MICs differ if incubated at low and high temperatures. For example, the MIC of 4-

quinolones increases two or three fold if the plates are incubated at 10°C (Hahnel

and Gould, 1982; Barnes et al. 1990b; Martinsen et al. 1992).

In Spain, it was found that 97% of A. hydrophila isolates from fish and water were

resistant to tetracycline. Ninety-two percent were resistant to ampicillin and

cephalothin. One or more plasmids were isolated from 66% of these strains. Plasmid-
mediated resistance to kanamycin, tobramycin, gentamicin and novobiocin was

demonstrated in some of the isolates by curing their plasmids with ethidium bromide

and consequently produced strains which were sensitive to these antibiotics (Borrego
etal. 1991).

A similar study in Chile found multiple resistance to P-lactam antibiotics,

trimethoprim and sulphamethoxazole, a moderate level of resistance to tetracycline
and low resistance to chloramphenicol in fish and sea water isolates ofA. hydrophila.

Approximately half of these strains contained cryptic plasmids which were thought to
have been acquired from bacteria from faecal pollution (Montoya et al. 1992).

In the USA, Nusbaum reported that most of their isolates of A. salmonicida were

chloramphenicol and erythromycin resistant and some were tetracycline resistant

(Nusbaum and Shotts, 1981). Chloramphenicol resistance is usually rare amongst

Aeromonas spp.

Aoki showed that this resistance problem has been acquired through the overuse of

drugs in fish farms rather than it being an innate resistance determinant. He found
that 96% of cultured fish pathogens were resistant to between 1 and 6 drugs, whereas
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70% of wild fish pathogens were sensitive to all of the antibiotics tested. A 29 MDa

transferable plasmid which encoded resistance to chloramphenicol, streptomycin and

sulphamethoxazole was isolated from 1.6% of the cultured fish pathogens as was a

mobilisable 7.6 MDa plasmid which encoded resistance to tetracycline. None of the
wild fish pathogens possessed R-plasmids (Aoki et al. 1983). However, the "Fish

Farmer" (1991) reported that residues of antibiotics were being found in wild fish

which feed around fish farms. It is likely that the sedimented antibiotics which break
down very slowly in the anoxic conditions experienced underneath the cages

(Samuelsen, 1992), are washed out to sea with the tide and wild fish are therefore

probably receiving a continuous low dose of antibiotics which will inevitably lead to

drug resistance.

Hedges et al. (1985b) examined the R-plasmids of Aeromonas spp. and tried to

assign them to incompatibility groups. ZncU plasmids were the most common

amongst Aeromonas spp. and these all encoded resistance to streptomycin and

sulphonamides. Strains from Japan also possessed a chloramphenicol-resistance

determinant, strains from France demonstrated incV plasmid-encoded resistance to

tetracycline and kanamycin and Irish isolates had inc\J plasmids encoding

tetracycline and trimethoprim resistance. However, these additional resistance
determinants were not stable on drug-free media. IncU plasmids have a uniform
structure into which transposons can insert which appears to be the reason for the

trimethoprim resistance in the Irish isolates which had an insert about the same size
as Tn7. This incompatibility group has a wide host range and will therefore transfer
to genera other than Aeromonas spp. Unlike the incU plasmids found in other genera,
Aeromonas incU plasmids are not sensitive to the PDR1 class of pilus phages

(Bradley et al. 1982). Therefore, an epidemic phage can destroy the competitors of

Aeromonas spp. so that the aeromonas incU plasmids are free to transfer to other
bacteria and ideally would collect genes before returning to Aeromonas spp.
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IncC plasmids were also found in Aeromonas spp. which had been isolated from
France (Mizon et al. 1978) and Japan. This group also has a wide host range and are

commonly found in Vibrios (Hedges et al. 1977).

The remaining plasmids could not be assigned to an incompatibility group because

they were not stable in E. coli (Hedges et al. 1985b). This may be because they have

become well adapted to Aeromonas spp. and can therefore possibly integrate into the

chromosome.

Cross-resistance has also been a problem in the aquaculture industry. Resistance to

oxytetracycline and oxolinic acid has been reported in Scotland (Barnes et al. 1992a).
Resistance in a laboratory mutant (Barnes et al. 1990a), and clinical isolates (Barnes
et al. 1992b), was caused by the increased expression of a 37 KDa outer membrane

protein and a decrease in expression of a 43 KDa protein. Similarly, a laboratory
mutant ofA. salmonicida which demonstrated a low level of resistance to several low

molecular weight antibacterials (P-lactams, quinolones, tetracycline,

chloramphenicol and novobiocin) was found to be deficient in a 38.5 KDa outer

membrane protein, which had been replaced by a 37 KDa protein (Wood et al. 1986).

Triple resistance to oxytetracycline, oxolinic acid and sulphonamides has also been
found in many Scottish fish farms (Inglis et al. 1991). Amoxycillin was introduced
into the aquaculture industry to overcome these multi-resistance problems, but a

survey of MICs in A. salmonicida showed that A. salmonicida subsp. achromogenes
had MICs of amoxycillin >512mg/l (Barnes et al. 1991).

Overuse of oxolinic acid in Norwe gan fish farms has also led to the emergence of

quinolone-resistant A. salmonicida (Hastings and McKay, 1987). In Norway alone,
65 metric tonnes of oxolinic acid were prescribed between 1985 and 1991 to treat

furunculosis (Norwe gan Medicinal Depot 1993). Resistance to quinolones usually
results from a mutation in the gyrA gene. Therefore the gyrA genes of these

quinolone-resistant A. salmonicida were sequenced and were all found to have the

following change in the gyr A sequences- Ser-83 (AGT) —» He (ATT). One of the
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isolates also had a change at Ala-67 (GCC) —» Gly (GGC), (Oppegaard and Sprum,

1994).

1.6.2. Antibiotic Resistance in Clinical Aeromonas Isolates

The mesophilic aeromonads are being increasingly implicated as the aetiological

agent in various infections including gastroenteritis. Antibiotics are required for
extra-intestinal infections and chronic cases of gastroenteritis, especially if there is an

underlying malignancy which may lead to septicaemia. Consequently, numerous

reports have been made on the susceptibility of these pathogens to antibiotics.

Trimethoprim/sulphamethoxazole, chloramphenicol, tetracycline, quinolones,
aztreonam and third generation cephalosporins have been advocated for treating
Aeromonas infections (Reinhardt and George, 1985; San Joaquin et al. 1986; Kuijper
et al. 1989a; Braga et al. 1990; Koehler and Ashdown, 1993). Moxalactam and
aztreonam have been reported to have the highest in vitro activity against Aeromonas

spp. (Fass and Barnishan, 1981; Fainstein et al. 1982). Clavulanic acid has also been
shown to exhibit an antibiotic effect on Aeromonas spp. as a result of its ability to

bind to PBPs 2, 3 and 6 of A. hydrophila (Gonzalez-Lama et al. 1987). Drug
resistance is not a major problem amongst the clinical species because they have not

been over-exploited in the same way as in the aquaculture industry.

Ampicillin, penicillin G and carbenicillin resistance are a fairly consistent
observation amongst the aeromonads. However, the recently discovered species
Aeromonas trota is sensitive to most antibiotics apart from cephalothin (Carnahan et

al. 1991a).

Figure 7 demonstrates the variation in antibiotic resistance observed between
different species of Aeromonas (Motyl et al. 1985; Rolston et al. 1986; Burgos et al.

1990; Morita et al. 1994). There are obviously geographical variations as well as

artefacts resulting from variations in procedures in different laboratories. These
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variations are seen in the difference in reports of chloramphenicol, tetracycline,

erythromycin and polymyxin sensitivities.

Chang reported that 75% of the strains she isolated from Australia and Asia were

resistant to between 3 and 5 antibacterials. Some of the strains possessed 11
resistance genes. However, only 22 out of 75 possessed plasmids, which is low in

comparison with members of the Enterobacteriaceae, and only one of these was a

conjugative plasmid which belonged to incC. This plasmid carried genes encoding
resistance to ampicillin, kanamycin, streptomycin, tobramycin, spectinomycin,

trimethoprim and sulphisoxazole (Chang and Bolton, 1987). The other plasmids may

have belonged to the Aeromonas specific incompatibility group mentioned earlier

(Hedges et al. 1985b), but they were unable to transfer to A. hydrophila either. The

strains could not be cured of their resistance mechanism either though this not a

completely accurate method of determining plasmid-mediated resistance. It has been
found that the motile species of Aeromonas have a lower incidence of plasmids than
the non-motile species. Fifty-eight percent of fish isolates of A. hydrophila contained

plasmids compared with 100% of A. salmonicida isolates (Toranzo et al. 1983). On
the other hand, Hedges et al. (1985b) managed to transfer A. hydrophila R-plasmids
to E. coli, though these plasmids mostly encoded resistance to chloramphenicol,

streptomycin and the sulphonamides. Only one plasmid carried an ampicillin
resistance gene.

Therefore, there is the potential for the same scenario to occur in clinical isolates of
Aeromonas spp. as has been observed in the aquaculture industry.

1.6.3. (3-lactamases ofAeromonas spp.

There is very limited literature on the P-lactamases in Aeromonas salmonicida

(Barnes et al. 1994) but more has been published about the P-lactamases in the
motile aeromonads (Table 4). The first report was made by Sawai et al. (1976), who
found an inducible oxacillinase in a strain of A. hydrophila isolated from a fish.
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Table 4: Summary of (^-lactamases ofAeromonas spp.

(3-lactamase Species Pi Size

(KDa)
Inducible Substrate and

Inhibitor profile
Reference

AH 23 Yes Oxacillinase Sawaieta/. 1976
AER-1 AH 5.9 22 No Carbenicillinase Hedges et al. 1985a
cphA AH 8.0 28 No Carbapenemase Massidda et al. 1991
Alh AH 7.0 42.5 Yes Cephalosporinase

ClavR; Cloxs; Azs
Iaconisefa/. 1990

A2h AH 8.0 31.5 No Carbapenemase
Clavs; EDTAS

Als AS 7.0 42.5 Yes Cephalosporinase
ClavR; Cloxs; Azs

A2s AS 8.4 35 No Carbapenemase
Clavs; EDTAS

5 strains, AH 7.0, 7.6 No Carbapenemase Shannon et al. 1986
unnamed 7.0,7.6
enzymes 7.0, 7.6

7.0
7.4

4 strains,
unnamed

AH 7.4, 8.2
8.3

Yes Cephalosporinase

enzymes 8.3

6.7, 6.9
7.0

AER 19
AER64

AH 8.0 No Carbapenemase
Clavs; CloxR; AzR

Bakken et al. 1988

AER 84
AER 14 AS
AER 83
AER 178
ATCC35624 AV
AER 19
AER 5

AH

AC
7.0

6.7,7.3
Yes Cephalosporinase

ClavR; Cloxs; Azs
AER 51 6.7,7.3
DLS4 6.7, 6.8
DLS5 6.7, 6.8
ATCC15468 6.7,7.3
AER 83 AS 6.9

AH = A. hydrophila\ AS = A. sobria; AC = A. caviae; AV = A. veronii

Clav = Clavulanic acid; Clox = Cloxacillin; Az = Aztreonam

R = resistant; S = sensitive
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Hedges et al. (1985a), subsequently isolated a carbenicillinase (AER-1) from
A. hydrophila. The gene encoding this enzyme is thought to be situated on a non¬

functional transposon. Following this there were several reports of strains of
Aeromoncis spp producing two P-lactamases, a clavulanic acid-sensitive penicillinase

with carbapenemase activity, with a pi of around 8.0 and a clavulanic acid-resistant

cephalosporinase, with a pi of about 7.0 (Shannon et al 1986, Bakken et al. 1988;

Iaconis and Sanders, 1990). Massidda et al. (1991) cloned the gene encoding

carbapenemase activity (cphA) in A. hydrophila. and found that it was predominantly
a carbapenemase with five regions of amino acid homology when compared with CfiA

of Bacteroides fragilis and P-lactamase II of Bacillus cereus. Its overall homology
with these two P-lactamases was about 25% which is quite low suggesting that they

may belong to a subclass of class B metallo-P-lactamases. In addition to this, the

region of the sequence encoding the ligand binding regions of cfiA and P-lactamase II

could not be aligned with cphA (Massidda et al 1991). A cphA probe was developed
which detected this gene in all of the A. hydrophila, A.veronii subspp. veronii, A
veronii subsp. sobria and A. jandae isolates tested but in only one out of 62 A. caviae

and in none of the A. trota or A. schubertii isolates. Some of the hybridisation-

positive strains did not demonstrate any detectable carbapenemase activity. The
authors explained this as a deletion in the gene or repression of the gene, but it may
also be a result of inaccurate probing as the probe was 2kb and incorporated the cphA

gene as well as some flanking sequences (Rossolini et al. 1995). It may have been
these flanking sequences which were hybridising to the strains.

1.7. Aims of this thesis

1) To examine the expression of p-lactamases in A. salmonicida subsp.

achromogenes.

2) To examine the expression of P-lactamases in the motile species ofAeromonas.

3) To ascertain whether the ampicillin-sensitive species, A. salmonicida subsp.

salmonicida has the same P-lactamase profile as the ampicillin-resistant aeromonads.

4) To elucidate the mechanism of quinolone-resistance in a clinical and laboratory
mutants of the motile species ofAeromonas.
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Materials & Methods

2.1. Bacterial Strains

The seven strains of A. salmonicida subsp. achromogenes (ASA59, 64, 84, 94, 111,

114 and 116) and the strain A. salmonicida subsp. salmonicida ASS52 examined
were recovered from natural outbreaks of furunculosis in farmed salmonids in

Scotland, between 1986 and 1989 by Dr. T.S. Hastings at the SOAFD Marine

laboratory in Aberdeen.

The strains ofA. hydrophila were obtained as follows- Dr. J. Hood at Glasgow Royal

Infirmary kindly donated strains G19 and G75. Strains 9B273 and 5B160 were blood

isolates from the Royal Infirmary, Edinburgh. Strains R4007, R6407, R8856 were

diarrhoeal isolates collected from the Royal Infirmary, Edinburgh, during a survey

from 1991-1992. The diarrhoeal isolate CI9897 was also collected between 1991-

1992 from the City Hospital in Edinburgh.

The standard strains employed were E. coli K12 J62-2 (pro" his" trp" lac")

(Bachmann, 1972); E. coli K802 (Wood, 1966); E. coli DH5a (thr) (Hanahan,

1983); E. coli K12 J53-3 (R751) (Jobanputra and Datta, 1974); E. coli K12 J53-2

(R6K) [TEM-1] and E. coli K12 J53-2 (RP4) (Hedges and Jacob, 1974); E. coli K12
J53-2 (R1010) [SHV-1] (Petrocheilou et al. 1977); E. coli K12 J53 (R455) [OXA-1],

E. coli K12 J53-2 (R46) [OXA-2] (Dale and Smith, 1974); A. hydrophila VL7711

[AER-1] (Hedges et al. 1985a); A. hydrophila NCTC8049 (Schubert 1971).

2.2. Storage of Cultures

All strains were stored at -70°C, in cryovials (Alpha laboratories, Eastleigh, Hamps).
The bacteria were grown overnight, after which an aliquot was added to a vial and

55



mixed with glycerol, to a final concentration of 5%, before freezing. Strains were

sub-cultured from the stock and not passaged.

2.3. Reagents and Antibacterial Agents

All chemicals were purchased from Sigma Chemicals (Poole, Dorset) unless

otherwise stated. Antibiotics were dissolved in sterile distilled water apart from

amoxycillin, rifampicin, trimethoprim and ofloxacin which were initially dissolved in
a minimal volume of saturated sodium bicarbonate, ethanol, lactic acid and 0.5M

NaOH respectively.

2.4. Media.

All media was made to the manufacturer's instructions and sterilisation was achieved

by autoclaving at 121°C for 15 minutes. The mesophilic Aeromonas strains were

isolated on Ryans media CM 83 (Oxoid, Basingstoke, Hants.), whereas the

psychrophilic strains were grown on Oxoid Tryptone Soya Agar (CM 131) in order to
determine whether the strains produced melanin when grown with tyrosine.
Columbia Agar with Horse Blood plates (Oxoid P0122A) were employed to detect

(3-haemolysis. Oxoid Tryptone Soya Broth (CM 129) was employed for liquid culture
of all Aeromonas strains. MICs were determined on Oxoid Iso-Sensitest agar

(CM471). MacConkey Agar (CM7b) was employed for growth of strains of E. coli.
SOB media was made up as follows, for one litre: 20g Bacto tryptone (Difco): 5g
Bacto yeast extract (Difco): 0.5g NaCl: 10ml of 0.25M KC1. The pH was adjusted to

7.0 with NaOH. SOC was made up as SOB but 20mM glucose was added. SOB and

SOC were utilised for growing E. coli DH5a for competent cells.
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Table 5: Antimicrobial Agents

Antimicrobial Abbreviation Supplier

Ampicillin Ap SmithKline Beecham Pharmaceuticals, Brockham

Park, Surrey

Clavulanic acid CA SmithKline Beecham Pharmaceuticals

Carbenicillin Carb SmithKline Beecham Pharmaceuticals

BRL42715 SmithKline Beecham Pharmaceuticals

Amoxycillin Amx Bencard, Brockham Park, Surrey

Nitrocephin Ncfn Glaxo Laboratories, Stockley Park, Uxbridge,
Middlesex

Cephaloridine Ceph Glaxo Laboratories

Cefuroxime Glaxo Laboratories

Ceftazidime CAZ Glaxo Laboratories

Cefotaxime CTX Roussel Laboratories, Broadwater Park, Uxbridge,
Middlesex

Ofloxacin Oflox Roussel Laboratories

Imipenem Im Merck Sharp & Dohme, Hertford Rd, Hoddesdon,

Herts

Meropenem Mero Zeneca, Macclesfield,Cheshire

Sulbactam Pfizer, Sandwich, Kent

Tazobactam Tz Cyanamid Chemical Co. Fareham Rd, Gosport,
Hants

Cefoxitin Cfx Bayer, Strawberry Hill, Newbury, Berks

Ciprofloxacin Cip Bayer
Nalidixic acid Nal Sigma Chemicals, Poole, Dorset

Trimethoprim Tp The Wellcome Foundation, Crewe, Cheshire

Chloramphenicol Cm Boehringer Mannheim, Simpson Parkway,

Livingston

Rifampicin Rf Ciba laboratories, Horsham, W. Sussex
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Luria-Bertani broth was prepared as follows- lOg Bacto tryptone (Difco), 5g Bacto

yeast extract (Difco) and lOg sodium chloride in one litre. LB agar was prepared by
the addition of 1.5% Bacteriological Agar No. 1 (LI 1, Oxoid) to LB broth, for the
selection of clones. DM minimal media was prepared as shown in Table 6, in the

order shown (Davis and Mingioli, 1950). This media was solidified with 1.5%

Bacteriological Agar No. 1 and was employed to check the integrity of any

transconjugants by supplementing the media with the auxotrophic requirements

(Table 7) of the recipient strains.

Table 6: Ingredients required for the preparation of minimal media (Davis and

Mingioli, 1950).

Ingredient Amount employed per litre (g)

k2hpo4 14.0

kh2po4 6.0

Trisodium citrate 1.0

MgS04.7H20 0.2

(nh4)2s04 2.0

Table 7: Amino acid solutions

Solution Concentration of stock Final concentration in

solution (mg/ml) DM agar (mg/1)

L-proline 5 50

L-histidine 5 50

L-tryptophan 2 50

L-methionine 5 50

Amino acid solutions were sterilised by steaming for 30 minutes.
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2.5. Identification ofAeromonas spp.

The strains of A. salmonicida subsp. achromogenes and A. salmonicida subsp.
salmonicida had been previously speciated by Dr T. Hastings with API20E strips

(Bio Merieux SA) and a Bionor latex agglutination kit (Aquaculture Vaccines,
Saffron Waldon). API20NE strips (Bio Merieux SA) were the primary method of

identification of A. hydrophila, in addition with haemolysis on blood agar plates to

distinguish the strains from A. caviae (Wilcox et al. 1992b).

2.6. Antibiotic Susceptibility Tests.

MICs were determined by an agar dilution technique following the British Society for
Antimicrobial Chemotherapy (BSAC) guidelines (Working Party of the British

Society of Antimicrobial Chemotherapy, 1991). Amoxycillin/clavulanic acid plates
were prepared in a ratio of 2:1. A. salmonicida subsp. achromogenes and
A. salmonicida subsp. salmonicida were grown for 48 hours at 22°C whereas
A. hydrophila strains were grown for 24 hours at 30°C. The A. salmonicida cultures

were then diluted 100-fold and the A. hydrophila strains were diluted to 10~4 in

single strength Davis and Mingioli media (Davis and Mingioli, 1950). This dilution

(1(0.1) was inoculated on the plates with a multipoint inoculator (Denley, Surrey). The

plates were then incubated for 48 hours at 22°C (for A. salmonicida

subsp. achromogenes and A. salmonicida subsp. salmonicida) and for 24 hours at

30°C for A. hydrophila in stacks of no more than three plates. The MIC was taken as

the lowest concentration showing no visible growth. A sensitive A. salmonicida

strain was used as a control for the plates which were incubated at 22°C.
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2.7. Preparation of P-Lactamases.

A. salmonicida were grown with shaking in 10 litres of Oxoid tryptone soya broth for
24 hours at 22°C and induced with one-quarter of the MIC of cefoxitin, ampicillin or

imipenem for a further 24 hours. The mesophilic aeromonads were grown with

shaking in one litre of Oxoid tryptone soya broth for 24 hours at 37°C and induced
with one quarter of the MIC of ampicillin for a further 4 hours. The cells were

harvested by centrifugation (RC-5B Sorval) at 6000 x g for 15 minutes, the pellet
was washed in 50mM phosphate or 25mM PIPES buffer (pH 7.0) at 0.05 of the

original volume and centrifuged as before. The pellet was resuspended in a minimal
volume of phosphate buffer and sonicated on ice utilising a MSE Soniprep 150 (MSE

Instruments, Crawley). The sonicated extracts were centrifuged at 31,650 x g for 1

hour to remove cell debris. The P-lactamase preparations were stored at -20°C until

required for use.

2.8. Analytical isoelectric focusing of p-lactamases

P-lactamases were focused on horizontal thin layer polyacrylamide gels containing
carrier ampholines of pH 3.5-10.0, by the method of Matthews et al. (1975). The

composition of the gels is given in Table 8. The gel was poured between two glass

plates approximately 1mm apart and was polymerised with UV light. One of the

glass plates was coated with a solution containing 0.5% w/v gelatine (ca. 225 bloom
from calf skin, Aldrich Chemical Co. Ltd., Gillingham, Dorset) and 0.05% w/v

chromium potassium sulphate dodecahydrate (Aldrich Chemical Co. Ltd.). The other

glass plate was siliconised to reduce adhesion.

To assess the quantity of sample to be loaded on the gel, an empirically derived assay

was used to ascertain the activity of the sample- 30pl of sample was added to 100pl
of nitrocephin (50mg/L). The time taken for a colour change to occur could be used

as an indication of the activity in the sample. The corresponding volume, in pi, to the
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time taken in seconds, was used to load the gel. The samples were loaded near the
anode and run at one Watt overnight. The gels were stained by overlaying the gel
with filter paper soaked in nitrocephin (500mg/l). Detection of the P-lactamases
which did not hydrolyse nitrocephin, was attempted by a modified iodometric

technique (Jorgensen et al. 1977) with imipenem as the substrate, modifying the

technique to include a overlay with lpM zinc sulphate prior to overlaying with

imipenem or nitrocephin.

Table 8: Composition of isoelectric focusing gel

Material Supplier Volume

employed

(ml)

Final

concentration

5% v/v Sigma 0.2 0.25mg/l

N,N,N',N'-tetramethyl-ethylenediamine Chemicals

(TEMED) in distilled water

40% ampholines w/v (pH 3.5-10) LKB 2.0 2% w/v

lOOg acrylamide and 2.7g BDH 9.0 acrylamide

bisacrylamide in 300ml water 75g/l

bisacrylamide

2g/l

Distilled water 25.0

Riboflavin (20mg/l) Sigma 4.0 2mg/l

2.9.1. Anion Exchange Chromatography employing a DEAE-cellulose column.

The enzymes from strain ASA 111 were separated on a column (7cm x 41cm)

containing DEAE-cellulose DE 32 (Whatman, Maidstone, Kent), which had been

prepared according to the manufacturer's instructions and equilibrated with lOmM
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Tris HC1 (pH 8.5). The enzyme preparation was loaded onto the top of the column
and allowed to adsorb to the matrix. When all the protein that was not bound had
been washed through the column with the same buffer, i.e the optical density of the
eluant at 280nm had dropped to less than 0.08, the enzymes were eluted with a linear
concentration gradient of sodium chloride in the same buffer (0-1M), (Amyes and

Smith, 1976). Each 10ml fraction was maintained at 4°C and assayed with

nitrocephin to detect (3-lactamase activity.

2.9.2. Anion and Cation Exchange Chromatography employing the FPLC

system.

The cell-free extract from strain G19 was divided into two aliquots, one was dialysed
for 4 hours at 4°C in 50mM Tris buffer (pH 8.5) and the other in 50mM MES buffer

(pH 6.5). Twenty-five milligrams of the Tris-dialysed protein was loaded onto a

Mono-Q anion exchange column (Pharmacia LKB, Sweden) which had been

previously equilibrated with the same buffer. A linear concentration gradient of
sodium chloride (0-1M) in the same buffer was applied to the column to elute the
bound proteins. Each 1ml fraction was maintained at 4°C and assayed with

nitrocephin and imipenem to detect (3-lactamase activity. The same quantity of MES-

dialysed protein was applied to a Mono-S cation exchange column which had been

equilibrated with 50mM MES buffer (pH 6.5) and the same procedure as above was

followed to elute the proteins. Fractions containing (3-lactamase activity were

purified further by reloading the fraction onto the same column from which it was
eluted.

2.10.1. Preparation of Gel Filtration Column

Sephadex G75 (Mr range 3000-70,000), was swollen by steaming the matrix with
50mM phosphate buffer (pH 7.0) for 2 hours. After cooling, the sephadex slurry was
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carefully poured into a gel filtration column (2cnr x 90cm), avoiding the introduction
of air bubbles. Once the column was fully packed, the top was replaced, and a

peristaltic pump was employed to maintain a continuous flow of buffer in an upward
direction The column was allowed to equilibrate for 48 hours and then the peristaltic

pump was adjusted to produce a flow rate of 12ml/h. .After use, the column was

washed with at least two column volumes (i.e. 360ml) of buffer

2.10.2. Calibration of the Sephadex G75 column

Five milligrams of ovalbumin (Mr 45,000), chymotrypsinogen (Mr 25,000) and

cytochrome-C (Mr 12,384) were dissolved in 1ml of phosphate buffer and then

applied to the column. The following day, the 2ml fractions which had been collected,

were assayed on a Perkin Elmer XI Spectrophotometer at 280nm to determine the

protein concentration in each fraction.

2.10.3. Molecular Mass Determinations by gel Filtration.

The molecular masses of the (3-lactamases were determined by gel filtration

chromatography. The crude (3-lactamase preparation (1ml) was applied to a

previously calibrated Sephadex G75 column and eluted with 50mM phosphate buffer

(pH 7.0) (Andrews, 1964). The collected fractions were assayed for P-lactamase

activity with nitrocephin (50mg/l) and imipenem (10~3M).

2.11. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE).

The molecular weight of the P-lactamases were determined by SDS-PAGE as

described by Laemmli (1970), by the Pharmacia PhastSystem (LKB, Sweden) The

proteins were boiled in SDS (final volume 2.5%), P-mercaptoethanol (final volume

5%), Tris/HCl (lOmM, pH 8 0) and ImM EDTA for five minutes and bromophenol
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blue was added to a final concentration of 0.01%. The proteins ([3-lactamase and

standards) were run on a polyacrylamide gel with a continuous gradient of 10-15%
and stained according to manufacturer's instructions with Coomassie brilliant blue
R250 (Sigma Chemical Co.) or silver nitrate (Biorad Laboratories).

2.12. Determination of Substrate and Inhibitor Profiles.

Assays of (^-lactamase activity were performed on a A,2 spectrophotometer at 37°C in

50mM phosphate or 25mM PIPES buffer (pH 7.0) and with freshly prepared
solutions of antibiotics (Reid and Amyes, 1986). The rates of hydrolysis of

penicillins was measured at concentrations between 10~4 and 10"3M. The rates of

hydrolysis of cephalosporins (except nitrocephin) and carbapenems was measured at

concentrations between 10~5 and 10~4M. The rate of hydrolysis of nitrocephin was

measured between 10"6 and 10"5 M.

The activity of the sample was then determined by:

R = AOD x n x enzyme dilution

ODi x time

R= (imoles of substrate hydrolysed minute"1 ml"1 extract.

AOD= change in optical density.

n= pinoles substrate in the cuvette.

OD,= optical density of the intact substrate.

The antibiotics employed were assayed at the wavelengths shown in Table 9.

The enzymes were assayed with decreasing concentrations of substrate to determine

the values of the maximum rate of hydrolysis (Vmax) and the Michaelis constant

(Km) by the method of Lineweaver-Burk (1934). The method of Waddell (1956) was
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employed to determine the protein concentration of the [3-lactamase preparations.
The samples to be tested were initially diluted (1 in 1000) in distilled water. The
absorbance was then measured at 215 and 225nm. The concentration of protein could
then be ascertained with reference to a previously prepared standard curve.

Table 9:Optimal Wavelengths for the Measurement of (3-lactam hydrolysis

(3-lactam Wavelength (Xmax)

Ampicillin 238

Cephaloridine 255

Nitrocephin 384

Cefuroxime 260

Cefotaxime 265

Ceftazidime 260

Imipenem 299

Meropenem 299

Specific activity was determined from the activity of the sample divided by the total

protein concentration.

The inhibitory dose for various inhibitors to reduce the enzyme activity by 50%

(ID50) was determined by pre-incubating the enzyme with various concentrations of
inhibitors for 5 minutes at 37°C before adding the antibiotic. This was continued
until the concentration which inhibits 50% of the hydrolysis of the substrate could be

determined.

2.13. Conjugation Experiments

From fresh overnight cultures in tryptone soya broth, 0.1ml or 0.25ml of the donor
strain (A. salmonicida subsp. achromogenes or A. hydrophila) and 0.5ml of the
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recipient strain (E.coh J62-2 or E. coh K802) were added and gently mixed in 4.5ml

of warmed tryptone soya broth The mixture was incubated overnight at 30°C

(A. hydrophila) or for 24 or 48 hours at 25°C (A. salmonicida subsp achromogenes).
The cells were then spun down in a Heraeus Christ labofuge and washed in single

strength DM. Serial 10-fold dilutions were prepared before spreading 0.1ml of the
dilutions on minimal agar containing the appropriate auxotrophic requirements of the

recipient and selective drugs The plates were incubated for 48 hours at 37°C, any

transconjugants were verified by checking auxotrophic requirements and resistance
markers.

To select E. coh K12 J62-2 trimethoprim resistant transconjugants, media containing
the requirements of this strain, proline, histidine and tryptophan, along with 25mg/L
of rifampicin and lOmg/L of trimethoprim was used E. coli K802 is a restriction
deficient host which was also employed as a recipient in conjugation experiments.

Rifampicin-resistant mutants of this strain were selected by sequential growth on

plates containing increasing doses of rifampicin (100 and then 250mg/l). The transfer

frequency was calculated thus

Transfer frequency = No. of transconiueants/ ml of final mix
No. of donors in original culture/ ml

2.14.1. Preparation of plasmids

Small scale plasmid extractions were carried-out by the alkaline lysis method of
Takahashi and Nagano, (1984) on 4.5ml of cells grown overnight in tryptone soya

broth at 37°C with vigorous shaking. The extracted DNA was subjected to

electrophoresis at 60V overnight in 0.7% agarose in 40mM Tris-acetate pH 8 0, 2mM

EDTA electrophoresis buffer (Takahashi and Nagano, 1984) in a Gibco-BRL

(Paisley, Scotland) Horizon 20.25 horizontal gel tank.
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The DNA was visualized by staining for one hour in 50|ig/L ethidium bromide and
viewed on a long wavelength U.V. transilluminator (U.V. Products, Cambridge).

2.14.2. Large-Scale Plasmid DNA Preparations

To prepare vector plasmids, large scale DNA preparations were performed by the

polyethylene glycol precipitation method of Zyskind and Bernstein, (1992).
Concentration and purity of DNA was assessed by reading the optical density at

260nm and 280nm.

One absorbance unit at 260nm = 50mg/ml for double stranded DNA. The ratio

between the O.D. 260nm and O.D. 280nm provides an estimate of purity, the ratio
1:1.8 is an indication of pure double stranded DNA.

2.14.3. Restriction Endonuclease Digests

DNA was digested as recommended by the manufacturer in the "REact" buffer

system supplied with the restriction enzyme (Gibco-BRL Life Sciences).

Electrophoresis was performed with the buffer and tanks specified above but 0.8%

agarose was employed for the analysis of the restricted DNA fragments.

2.14.4. Sizing of DNA Fragments and Plasmids

The distance migrated by linear DNA during electrophoresis through an agarose gel
is inversely proportional to the log of its molecular weight. A standard curve can be
drawn from the distance migrated by DNA fragments of known size against the log

of their molecular weight, the unknown can be derived from this curve. X phage

DNA digested with HindUl was employed as the standard. The molecular weight of
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plasmids was calculated from the distance moved through the gel compared to the
standards.

2.14.5. Vector Plasmids

The plasmid employed in cloning was pSU18 (chloramphenicol resistant) (Bartolome
et al 1991). After restriction, the plasmid was dephosphorylated with Bacterial
Alkaline Phosphatase (BAP) according to the manufacturer's instructions

(Gibco-BRL). The plasmid was then extracted with phenol, precipitated with ethanol,
dried and redissolved in appropriate volume of milli-Q water.

2.15. Preparation of Total Genomic DNA

Chromosomal DNA was prepared as described previously (Zyskind and Bernstein,

1992).

2.16. Ligation of chromosomal DNA fragments with vector

The vector and target DNA were digested with an appropriate enzyme and the digests
were examined by electrophoresis on a 0.8% agarose gel. The DNA was then
extracted with phenol and precipitated with ethanol. The ligation reactions were

carried out in 20p.l volumes, containing ligation mix (Gibco-BRL), digested vector

and target DNA ligation mix (Gibco-BRL), to which was added 0.1 unit of T4 DNA

ligase (Gibco-BRL). The mix was incubated at 12°C overnight after which 80|il of

TE buffer was added to the eppendorf and the tube was stored either on ice or at -

20°C.
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2.17.Transformations

E. coli DH5a were grown overnight in 10ml of SOB broth containing lOmM MgCl2.
Half a millilitre of this culture was then inoculated into 50ml of SOB broth

containing lOmM MgCl2, tue cells were then grown at 37°C with vigorous shaking to

approximately mid-log phase. The cells were then harvested by centrifugation at

2,000g, for 12 minutes, at 4°C, resuspended in 12ml ice-cold 50mM CaCl2 and then
stored on ice for 15 minutes. The cells were centrifuged as before then resuspended

in 4ml of ice-cold 50mM CaCl2 and dispensed in 0.2ml aliquots. The cells were then

kept at 4°C for between 12-24 hours.

Five to ten microlitres of the ligation mix, was added to the cells and gently mixed
before storing on ice for 30 minutes. The cells were subjected to a 42°C heat pulse for
one minute. After which they were returned to the ice and BOOjil SOC was added.

They were then allowed to recover by incubation for one hour at 37°C. The cells were

then spread onto LB agar containing 40|ll of X-gal (20mg/ml), 4)0.1 of IPTG

(200mg/ml) (Sambrook et al. 1982) and the appropriate antibiotics. To test the

efficiency of transformation, a known concentration of pSU18 DNA was transformed
and the number of transformants counted. Possible recombinants were sub-cultured

onto selective plates followed by plasmid preparation and analysis by restriction

digest.

2.18. Polymerase Chain Reaction (PCR).

PCR amplification was performed based on the method of Sambrook et al. (1982).

2.18.1. Amplification of the gene encoding the carbapenemase

Primers were designed from the sequence of cphA (Massidda et al 1991) to amplify
a 617bp sequence of the carbapenemases in A. salmonicida subsp. achromogenes 111
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and A. caviae R8856, and utilising A. hydrophila AE036 (cphA +) as a positive
control. The primers were synthesised by Cruachem (Glasgow, UK) as follows- 5'
TCGCTGACGCAGGTGAGC and 3' GTGATCAATCAGCTCGGGGCC. The 5'

primer was biotinylated. PCR was performed in a Techne PHC-2 Dri-Block Cycler

(Cambridge Bioscience) with various concentrations of reagents- lOmM Tris-HCl

(pH 8.3), 50mM KC1, 0.5 - 2.5mM MgCl2, 20 - 200|lM each dATP, dGTP, dCTP

and dTTP, lOpmol - 500nm each primer, 1 - lOng template and 2 - 2.5U of Taq

polymerase. The thermocycling parameters shown in Table 10 were employed. On

completion of the reaction, the tubes were placed on ice to quench any further
reaction. The PCR products were run on a 1% agarose gel and visualised by staining
with ethidium bromide.

Table 10: Thermocycling parameters for the amplification of gene encoding

carbapenemase

Segment Temperature

(°C)

Time (s) No. of Cycles Function

1 96 30-180 1 Denaturation of DNA

2 94 45 Denaturation of DNA

55a 30 r x30 Primer Annealing
72b 90

J

Primer Extension

3 94 120 Denaturation of DNA

60 60 }xl Primer Annealing

72 300
-J

Primer Extension

a

annealing temperatures of 50°C were also tried.
b extension emperatures of 55, 58, 60, 62 and 64°C were also tried.
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2.18.2. Amplification of the QRDR of the gyrA gene

A 346 base pair region of gyrA was amplified from the chromosomal DNA of strains

G19, G19nal, G19cip, 9B273, R8856, R8856nal, R8856cip, C19897 and C19897nal,

utilising primers designed from the sequence of the gyrA gene of A. salmonicida

subsp. salmonicida (Oppegaard and Sprum, 1994): 5'

TCTGTTTGCTATGAACGAGTTG 3' and 3'

GCTGTCATGCCCACCAAGGTG 5'. Cruachem prepared the primers
and biotinylated the 3' oligonucleotide. PCR was performed in duplicate to avoid any

possible sequence errors being introduced through mis-reading by the Taq

polymerase. PCR was performed in a Techne PHC-2 Dri-Block Cycler (Cambridge

Bioscience) in lOmM Tris-HCl (pH 8.3), 50mM KC1, 1.5mM MgCl2, 200pM each

dATP, dGTP, dCTP and dTTP, 40pmol each primer, 40ng template and 2U of Taq

polymerase. Optimal results were obtained with the thermocycling parameters shown
in Table 11. On completion of the reaction, the tubes were placed on ice to quench

any further reaction. The PCR products were run on a 1.4% agarose gel and
visualised by staining with ethidium bromide.

Table 11: Parameters for thermocycling protocol for amplification ofgyrA gene

Segment Temperature

(°C)

Time (s) No. of Cycles Function

1 96 120 1 Denaturation ofDNA

2 94 45
1

Denaturation of DNA

52 60 r x30 Primer Annealing
63 150 Primer Extension

3 94 120 Denaturation of DNA

60 60 }xl Primer Annealing
72 300 Primer Extension
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2.19. Dot-Blot Hybridisation of total genomic DNA ofA. hydrophila AE036

(icphA+) with primer cphA 3'

DNA (0.2|lg) from A. hydrophila AE036 (Massidda et al. 1991) was denatured by

heating at 37°C for 10 minutes in 0.5M NaOH. One microlitre of the denatured DNA

was spotted on to Hybond-C Extra membrane (Amersham Life Sciences) and

allowed to dry. The nylon/nitrocellulose membrane was then submersed in

denaturing solution (1.5M NaCl, 0.5M NaOH) for 1 minute followed by 1 minute in

neutralising solution (1.5M NaCl, 0.5M Tris-Cl pH 7.2, ImM disodium EDTA).

Laboratory grade filter paper was utilised to blot the membrane dry. The membrane
was then allowed to air dry and was then baked in a vacuum oven for 2 hours at

80°C.

The 3' primer of the cphA gene (see 2.18.1.), was labelled with fluoroscein with the
ECL oligolabelling and detection systems (Amersham Life Sciences), according to

manufacturer's instructions. Hybridisation was also performed according to

manufacturers instructions at 58°C (i.e. 10°C below the Tm of the primer).

2.20. Separation of DNA strands with Dynabeads M-280.

The PCR fragments were separated with Dynabeads M-280 (Dynal A.S., N-0212,

Oslo, Norway). The beads were washed according to manufacturer's instructions and

were resuspended in a volume of 40(il 1xB&W(2xB&W = lOmM Tris-HCl [pH

7.5], ImM EDTA, 2M NaCl), to provide a final concentration of 5|ig/|il. The DNA

was immobilised by carefully mixing 40|ll of PCR product with the 40|il of B & W

containing the Dynabeads. The mixture was incubated at room temperature for 20-30
minutes with shaking. The eppendorf was placed in a magnetic separator and the

supernatant containing the non-immobilised DNA was removed. The beads were

washed with 40|il of B & W, placed in the separator and the supernatant was

removed. DNA was denatured by resuspending the beads in 8(ll of 0.15M NaOH and
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incubating for 10 minutes at room temperature with shaking. The magnet was

employed to collect the beads between each of the following wash steps- The

supernatant containing the non-biotinylated strand was transferred to a clean

eppendorf, followed by 4p.l 0.2M HC1 and then lfll 1M Tris HC1 (pH 7.5). The non-

biotinylated strand was stored at -20°C. The beads were washed with 4pi 0.3M HC1

and the supernatent was discarded. The beads were then washed in 50pl NaOH

(0.15M), then 50|il lx B & W and then 50|ll TE. The supernatant was removed

between each of these washes. The beads were finally resuspended in 2.0pl of TE
buffer and were stored at 4°C.

2.21. Nucleotide Sequence Analysis.

Sequencing was performed on single-stranded templates by the dideoxynucleotide
chain-termination method (Sanger et al. 1977) with [35S]-dATP (1200Ci mmol"1;
Amersham) and modified T4 DNA polymerase (Sequenase version 2.0, Amersham
Life Sciences) with both the 5' and 3' primers so the fragment could be sequenced in
both directions. A polyacrylamide gel was prepared as described in Tables 12 and 13
and was used to run the sequencing reactions with the Biorad Sequi-gen Nucleic
Acid Sequencing Cell apparatus, according to manufacturer's instructions.

Autoradiography was carried-out with an Amersham autoradiography cassette and
Kodak Biomax MR-1 film with 24 hour exposure at room temperature. The

development of the film was kindly performed by the X-ray department at the

Edinburgh Royal Infirmary.
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Table 12: Preparation of acrylamide stock solution

Component Concentration of Stock
Solution

40% acrylamide (BDH) 8%
5% C AUVrmethylene-bis-acrylamide (BDH) 5%
Urea 7M

10 x TBE buffert 1 x

t 10 x TBE Buffer- 0.89M Tris-borate (pH 8.3), 20mM EDTA

Table 13: Preparation of plug and gel solutions for denaturing polyacrylamide

gel

Component Plug solution Gel solution

Stock sol (Table 11) 20ml 80ml

25% ammonium persulphate 100pl 80(il
TEMED lOOpl 80pl

2.22. Restriction length fragment polymorphisms.
The gyrA PCR products were digested with fisrDI (New England Bio-Laboratories,

Hertfordshire, UK) at 65°C for 4 hours. The restriction fragments were run out on a

4% Metaphor gel (FMC Bioproducts, Rockland, ME) and visualised under UV light
after staining in a solution of ethidium bromide.
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Results

Chapter 3: p-lactamases in A salmonicida subsp. achromogenes.

3.1. Identification of non-motile Aeromonas spp.

The non-motile strains of Aeromonas spp had been previously identified by Dr T

Hastings. The tests in Table 14 were also performed to confirm the identity of the
strains

3.2. Susceptibility Tests.

All of the strains of A. salmonicida subsp achromogenes were resistant to

amoxycillin (MIC >1024mg/l), though their sensitivity was restored by clavulanic acid

(amoxycillin: clavulanic acid - 8:4mg/l). This would normally indicate that the

clavulanic acid is inhibiting the P-lactamase, but a low MIC was observed with
clavulanic acid on its own (4mg/l), suggesting that this inhibitor binds efficiently to the
PBPs of this bacterium and inhibits cell wall synthesis. The strains were also resistant
to carbenicillin (MIC >1024mg/l) and some were moderately resistant to cefoxitin

(MIC 8-32mg/l) and cephaloridine (MIC 32-64mg/l). All of the strains were sensitive

to imipenem (MIC 0.06 - 1.0) (Table 15).

Induction of the strain ASA111 with one quarter of the MIC of cefoxitin, imipenem

or clavulanic acid did not increase the MIC of any of the P-lactams
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Table14:IdentificationofStrainsofnon-motileAeromonasspp. ASA59

ASA64

ASA84

ASA94

ASAlll

ASA114

ASA116

ASS112

ASS52

Ampicillinsensitive

-

-

-

-

-

-

-

+

+

Growat30°C

+

+

+

+

+

+

+

+

+

GrowonMacConkey

+

+

+

-

+

+

-

+

+

Producemelanin(5days)
-

-

-

-

-

-

-

-

+

Producemelanin(10days)
+

+

+

+

+

+

+

-

+

P-haemolytic

+

+

+

+

+

+

+

-

+

Biochemicalidentification
ASA

ASA

ASA

ASA

ASA

ASA

ASA

ASSm

ASS

ASA=Aeromonassalmonicidasubsp.achromogenes ASS=Aeromonassalmonicidasubsp.salmonicida ASSm=Aeromonassalmonicidasubsp.smithia



Table15SusceptibilityofA.salmonicidasubsp.achromogenesto(3-lactamagents. StrainMIC(mg/1) no

Ampicillin
Amoxycillin/CA
CA

Cefoxitin

Cefotaxime
CarbenicillinCephaloridine
Imipenem

ASA59

>1024

8:4

4

8

4

>1024

32

0.25

ASA64

>1024

8:4

4

16

4

>1024

32

0.5

ASA84

>1024

8:4

4

16

8

>1024

64

1

ASA94

>1024

8:4

4

16

4

>1024

64

0.06

ASA111

>1024

8:4

4

16

4

>1024

64

0.5

ASAlllcfx

>1024

8:4

4

16

4

>1024

ND

0.25

ASAlllim

>1024

8:4

4

16

8

>1024

ND

0.25

ASAlllca

>1024

8:4

4

16

4

>1024

ND

0.25

ASA114

>1024

8:4

4

16

4

>1024

64

1

ASA116

>1024

8:4

4

32

8

>1024

64

1

CA=clavulanicacid;ND=Notdetermined;
11lcfx=ASA111inducedwith1/4MICofcefoxitinpriortoplating 11lim=ASA111inducedwith1/4MICofimipenempriortoplating 11lea=ASA111inducedwith1/4MICofclavulanicacidpriortoplating



3.3. Genetic Location of the Ampicillin Resistance Gene.

In an attempt to determine whether the resistance gene is located on a plasmid, a

triple mating method was employed. A. salmonicida subsp. achromogenes 111 was

mated with E. coli K12 J53 carrying the standard broad-host-range plasmid R751
which encodes trimethoprim-resistance. Plasmid R751 transferred to the Aeromonas

strain and this transconjugant was subsequently mated with E. coli J62-2 or E. coli
K802 by growing ASA111(R751) for either 24 or 48 hours at 22°C before mixing
with E. coli J62-2. Plasmid preparations revealed that R751 and two of the
aeromonad plasmids had transferred to E. coli J62-2 (108 kb and 65 kb), though a

smaller plasmid (19 kb) did not transfer and neither did the ampicillin-resistance

gene (Fig. 8). The transfer frequency of these plasmids from a 24 hour culture of

ASA111(R751) was 1.5 x 10*6 and 7.6 x 10"8 from a 48 hour culture of

ASA111(R751).

This conjugation method was repeated on a larger scale in an attempt to increase the

transfer frequency. One millilitre of ASA111 containing R751 and E. coli J62-2 were

added to 100ml of TSB and were incubated overnight at 22°C to encourage

Aeromonas growth. After 24 hours the broth was incubated overnight at 37°C to

allow the E. coli to grow. In order to move the bacteria back into log phase, 400ml of
TSB was added to the mating mixture. After 1 hour, ampicillin was added to a final
concentration of 50mg/l in order to kill any bacteria which did not contain the

ampicillin-resistance gene. After 7 hours the cells were harvested and plated on DM
media (Pro+His+Trp+) supplemented with Ap50 Tps0 or Tpso only. However, only
R751 transferred.

The Aeromonas (R751) transconjugant was subcultured 5 times into broth containing
1000 mg/1 ampicillin and incubated for 24 hours between each subculture. This was

in order to increase the selective pressure in the hope that it would force the
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Figure 8: Agarose gel of Plasmids extracted from A. salmonicida subsp.
achromogenes and transconjugants

1 2 3 4 5 6 7

Lane 1: R6K (39kb); lane 2: RP4 (54kb); lane 3: ASA111; lane 4: ASA111 containing
R751; lane 5: E. coli J53 containing R751; lane 6: E. coli J62-2; lane 7: E.coli J62-2
containing R751
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resistance gene onto R751. A large scale mating was then performed as above but
once again only the trimethoprim-resistance gene transferred to E. coli J62-2.

A small scale mating was attempted with A. salmonicida subsp. achromogenes and

A. salmonicida subsp. salmonicida (ampicillin-sensitive, oxolinic acid-resistant).
A. salmonicida subsp. achromogenes (0.1ml) and A. salmonicida subsp. salmonicida

(1.0ml) were added to 4.5ml of TSB and incubated for 48 hours at 22°C. The cells

were vortexed, harvested and selected on Apso and Oxolinic acids. Aeromonas grew

on the neat and 10"1 dilution plates, but this growth was shown to be a result of an
inoculum effect as plasmid preparations demonstrated that the recipient did not

possess the donors plasmids. Therefore, no ampicillin resistant transconjugants were

retrieved.

Finally, electroporation (Biorad Laboratories) of the plasmids extracted from the

strains was attempted into E. coli DH5a cells. One pulse (2.5kV, 200 Ohm) was

applied to the electroporation cuvette containing the cells and 2fll of DNA.

Pre-warmed SOC media (1ml) was added immediately to the cuvette and the contents

were transferred to an eppendorf. After an hours incubation at 37°C, the cells were

spread on selective plates but there was still no transfer of the ampicillin resistance

gene.

3.4. Isoelectric Focusing of the [3-lactamases from A. salmonicida subsp.
achromogenes.

Two (3-lactamases were observed in each strain on an EEF gel which had been
overlaid with nitrocephin, one had a pi of 6.0 and the other had a pi of 7.9 (Fig. 9).
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Figure 9: Isoelectric focusing gel stained with nitrocephin demonstrating the

(3-lactamases found in isolates ofA. salmonicida subsp. achromogenes

10

Lane 1: TEM-1 (pi 5.4); lane 2:SHV-5 (pi 8.2); lane 3: ASA59; lane 4: ASA64; lane
5: ASA84; lane 6: ASA94; lane 7: ASA111 induced; lane 8: ASA111 uninduced;

lane 9: ASA114; lane 10: ASA116; lane 11: OXA-2 (pi 7.45); lane 12: SHV-1 (pi

7.6).
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When increasing concentrations of clavulanate soaked strips were laid on the gel for
5 minutes before it was developed with nitrocephin, the lower pi enzyme was seen to

be resistant to this P-lactamase inhibitor (Fig. 10).

3.5. Purification of (3-lactamases by Anion Exchange Chromatography

The two (3-lactamases of ASA111 which had been visualised on the isoelectric

focusing gel were separated on a Mono-Q column which had been equilibrated at pH

8.5. The P-lactamases were detected with nitrocephin. The enzyme with a pi of 7.9
was eluted from the column in the first fractions off the column i.e. it did not bind

completely to the column whereas the lower pi p-lactamase was eluted in fraction 13

(Fig. 11). The higher pi P-lactamase hydrolysed nitrocephin and imipenem (Vmax
relative to nitrocephin of 73%). The lower pi enzyme also hydrolysed these two

substrates but was less efficient at hydrolysing imipenem (Vmax relative to

nitrocephin 33%).

3.6. Inhibition Profile of the p-lactamases from A. salmonicida subsp.

achromogenes employing nitrocephin as the reporter substrate.

Clavulanic acid was used to find the ID50S of the crude lysate of the uninduced and
induced strain ASA111, with nitrocephin as the reporter substrate. This result was

compared with the ID50 values obtained for the P-lactamases after they had been
separated by Fast Protein Liquid Chromatography (FPLC) on a Mono-Q column and
with the result from the crude lysate which had been extracted from a strain grown in
broth containing 32mg/l clavulanic acid, so that only the clavulanate-resistant

enzyme (pi 6.0) was present. Similar ID50S were found with the uninduced strain's
crude lysate and the purified enzyme with a pi of 7.9 suggesting that this higher pi

enzyme is present in the uninduced strain. The crude lysate from the induced strain,
the purified P-lactamase with a pi of 6.0 and the p-lactamase isolated from the strain
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Figure 10: IEF demonstrating the effects of various concentrations of clavulanic

acid on (3- lactamases isolated from A. salmonicida subsp. achromogenes.

- T . *•'

1 2 3 4 5 6 7 8 9 10 11 12

Lane 1: TEM-1; lane 2: ASA111 induced and overlaid with 9 x 10 3 M clavulanic
acid; lane 3: ASA111 induced and overlaid with 9 x 10 M clavulanic acid; lane 4:
ASA111 induced and overlaid with 4.5 x 10"4 M clavulanic acid; lane 5: ASA111
induced and overlaid with 2.2 x 10 M clavulanic acid; lane 6: ASA111 induced and
overlaid with 1.1 x 10"4 M clavulanic acid; lane 7: ASA111 induced and overlaid with
5.6 x 10 ° M clavulanic acid; lane 8: ASA111 induced and overlaid with 2.8 x 10° M
clavulanic acid; lane 9: ASA111 induced and overlaid with 1.4 x 10 5 M clavulanic
acid; lane 10: ASA111 induced and overlaid with 7 x 10"6 M clavulanic acid; lane 11:
ASA111 induced; lane 12: SHV-1 overlaid with 9 x 10 M clavulanic acid
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Figure 11: Fractions collected from Mono-Q column loaded with ASA111.

1234567 89 10

Lane 1: TEM-1; lane 2: AER-1; lane 3: fraction 2 collected from Mono-Q column
which had been loaded with crude preparation of ASA111; lane 4: fraction 3 collected
from Mono-Q column; lane 5: fraction 13 collected from Mono-Q column; lane 6:
fraction 14 collected from Mono-Q column; lane 7: fraction 15 collected from Mono-
Q column; lane 8: crude (3-lactamase preparation of induced ASA111; lane 9:
(3-lactamase preparation of uninduced ASA111; lanelO: SHV-1;
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which had been grown with 32mg/l of clavulanic acid also had similar pis suggesting
that the pi 6.0 enzyme is inducible and shows decreased sensitivity to clavulanic acid

(Table 16).

The crude lysate of ASA111 was analysed on EEFs which had been overlaid with

various (3-lactamase inhibitors (Fig. 12) prior to staining with nitrocephin. The

inducible enzyme (pi 6.0) appeared to be resistant to EDTA and was inhibited by

cloxacillin, aztreonam and BRL42715. The clavulanate-sensitive enzyme (pi 7.9)

was only inhibited by BRF42715. This sensitivity to BRF42715 and resistance to

EDTA indicated that neither of these enzymes were likely to be metallo-enzymes.

Table 16: Comparison of ID50 Values of A. salmonicida subsp. achromogenes
strain 111.

(3-Lactamase Preparation ®50 (jlM)
Uninduced 0.115

Induced 185

pi 7.9 enzyme 0.16

pi 6.0 enzyme 260
Clavulanate-resistant enzyme 170

3.7. Determination Of MolecularWeights

Sephadex gel filtration was used to determine the size of the p-lactamases. Fractions
collected from the column were assayed with nitrocephin, either with or without

pre-incubation with lOOpM clavulanic acid. The Mr of the clavulanate-resistant

enzyme (pi 6.0) could therefore be determined from the peak found when the
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Figure 12: IEF demonstrating the effects of various concentrations of

p-lactamases inhibitors on (3- lactamases isolated from A. salmonicida subsp,

achromogenes.

12 3 4 567 89 10

Lane 1: Metalloenzyme LI; lane 2: LI overlaid with ImM EDTA; lane 3: ASA111
Induced (with cefoxitin); lane 4: ASA111 Induced overlaid with ImM EDTA; lane 5
ASA111 Induced; lane 6: ASA111 Induced overlaid with ImM Cloxacillin; lane 7:
ASA111 Induced; lane 8: ASA111 Induced overlaid with ImM Aztreonam; lane 9:
ASA111 Induced; lane 10: ASA111 Induced overlaid with ImM BRL 42715
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fractions were assayed in the presence of clavulanate. The size of the clavulanate-

sensitive ^-lactamase (pi 7.9) was determined from the assays without clavulanate.

From the peaks found in Fig. 13, it was determined that the clavulanate-resistant

enzyme (pi 6.0) had a molecular weight of 28 KDa and the clavulanate-sensitive

enzyme had a molecular weight of 23.

Figure 13: Determination of the size of the ^-lactamases of ASA111 by sephadex

gel filtration.

54 56 58 60 62 64 66

Fraction no.

I-H-ASA111+ clav -»-ASA111
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Chapter 4: The "Hidden" Carbapenemase in A. salmonicida subsp.

achromogenes

4.1 Introduction

Initial studies of the [3-lactamases of A. salmonicida subsp. achromogenes indicated

that there were two (3-lactamases present, one with a pi of 6.0 which was inducible

and showed decreased sensitivity to clavulanic acid when nitrocephin was the

reporter substrate and one with a pi of 7.9, which was present in the uninduced strain
and appeared to be sensitive to clavulanic acid. Neither of the enzymes were

inhibited by EDTA and both were sensitive to BRL42715 when nitrocephin was the

reporter substrate, suggesting that neither of the enzymes was a metallo-P-lactamase.
The higher pi enzyme also appeared to be capable of hydrolysing carbapenems. The

pi 6.0 P-lactamase showed a lower level of carbapenemase activity which may have

been contamination as the fraction was only purified once. Therefore when

nitrocephin was employed as a reporter substrate it appeared that the carbapenem-

hydrolysing enzyme (pi 7.9) was not a metallo-P-lactamase. These results were

obtained after purification of the P-lactamases on a Mono-Q anion exchange column,

employing nitrocephin as the detector substrate. However, the results found in the

following section have demonstrated that the results in the previous section were

mis-interpreted by relying on nitrocephin as a reporter substrate.

4.2. Induction Studies.

Crude P-lactamase preparations of strain ASA111 were assayed with imipenem,

ampicillin and cephaloridine. The enzymes which had been prepared from the strain
that had been induced with one quarter of the MIC of an antibiotic, were much more

active against ampicillin and imipenem than the enzymes from the strain which had
not been induced. The cephalosporinase activity was not induced to the same extent.

Ampicillin was the most potent inducer, followed by cefoxitin and then imipenem.
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Figure14:Inductionof/3-IactamasesinA.salmonicidasubsp.achromogenes
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The production of the |3-lactamases decreased again when the inducer was removed,

therefore, they are not stably derepressed (Fig. 14).

4.3. Isoelectric Focusing.

The cell-free extract was applied to an isoelectric focusing gel. Two enzymes were

visualised with nitrocephin, one of pi 7.9 (ASA-2) and the other of pi 6.0 (ASA-3)

(Fig. 9). Overlaying the gel with 10|lM zinc sulphate for five minutes prior to

staining with nitrocephin, did not reveal the carbapenemase. Attempts to determine
the pi of the carbapenemase by the modified iodometric method were unsuccessful.
This method involved overlaying the isoelectric focusing gel with a 1% agarose gel

containing 0.2% (wt/vol) soluble starch and 1% (wt/vol) imipenem in phosphate
buffer. The 2 gels were then submerged in Lugol solution (Sigma) for five minutes

before the excess solution was removed and the gels were incubated at 37°C. A zone

of discolourisation should be observed on a dark background. When this method

failed, modifications were made such as pre-incubating the isoelectric focusing gel

with l|iM zinc for 5 minutes; varying the amounts of imipenem and starch which
were added to the overlay and varying the incubation times at various stages,

particularly before the Lugol solution was added as the iodine may denature the

carbapenemase before it has begun to hydrolyse the imipenem. However, none of

these modifications were effective in determining the pi of this P-lactamase.

4.4. Separation of the (3-Lactamases from A. salmonicida subsp. achromogenes
111.

The cell-free extract of ASA111 was applied to a DEAE ion-exchange column. Two

P-lactamases had been observed on an isoelectric focusing gel after staining with

nitrocephin. Similarly, when the fractions eluted from the column were assayed with

nitrocephin only two peaks were observed at 10 fractions (100ml ) apart. However,
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when the carbapenemase activity that had been observed in the crude preparation

(Fig. 14) could not be retrieved in either of these peaks, the void volume was assayed
with imipenem and the carbapenemase activity was recovered (Fig. 15). It was

concluded that the carbapenemase (ASA-1) must have a higher pi than the enzyme

with a pi of 7.9 and so did not bind to the column which was equilibrated at a pH of
8.5.

4.5. Molecular Mass Determinations.

Sephadex gel filtration had previously shown that the enzyme of pi 7 9 (ASA-2) has a

molecular weight of 23,000 and that ASA-3 with a pi of 6.0 has a Mr of 28,000 (Fig.

13). The size of ASA-1 was determined to be 19 KDa by SDS-PAGE.

4.6. Temperature Profile of the (3-lactamases in A. salmonicida subsp.
achromogenes

A. salmonicida subsp. achromogenes grows optimally at 22°C and therefore it is

possible that the enzymes produced by this species function optimally at this

temperature. Therefore a crude lysate was assayed with cephaloridine and imipenem
at 15, 22, 30 and 37°C Despite this species having a low optimal growth temperature,

its P-lactamases functioned optimally at >37°C (Fig. 16).
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Figure15:Separationof^-lactamasesfromA.salmonicidasubsp.uchromogenesbyanionexchangechromatography
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Figure16:Temperatureprofileof^-lactamasesfromA.salmonicidasubsp.achromogenes111 1.4 1.3 1.2
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4.7. Substrate and Inhibitor Profiles of the (3-lactamases from ASA111.

The three enzymes, separated completely by ion-exchange chromatography, were

examined further. ASA-1 hydrolysed imipenem and meropenem but not nitrocephin,

ampicillin, cephaloridine, cefoxitin, ceftazidime, cefotaxime or carbenicillin (Table

17). It was resistant to the ^-lactamase inhibitors clavulanic acid, sulbactam,

tazobactam and BRL42715 and sensitive to EDTA and zinc sulphate (Table 18).

The ASA-2 enzyme hydrolysed nitrocephin and ampicillin but not imipenem,

cephaloridine, cefoxitin, ceftazidime, cefotaxime or carbenicillin (Table 17).

However, it did not appear to exhibit first order kinetics when ampicillin was the

substrate, so a Lineweaver-Burk graph could not be plotted. A graph of substrate
concentration against the initial velocity did not suggest that the ampicillin was

binding allosterically to the enzyme (Fig. 17). It was much more sensitive to

clavulanic acid, sulbactam, tazobactam and BRL42715 than ASA-1 but it was much

more resistant to EDTA and zinc (Table 18).

The pi 6.0 P-lactamase (ASA-3) hydrolysed nitrocephin faster than cephaloridine but
had a greater affinity for the latter. It did not hydrolyse imipenem, ampicillin,

cefoxitin, ceftazidime, cefotaxime or carbenicillin (Table 17). It was resistant to all of

the inhibitors clavulanic acid, sulbactam, tazobactam, EDTA and zinc except for
BRL42715 (Table 18).
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Table17:Substrateprofilesofp-lactamasesfromA.salmonicidasubsp.achromogenes. P-Lactamase
Substrate

Vmax

Km(M)

Vmax/Km

(jxmoles/min/ml)

(min1ml"1)

ASA-1

imipenem

1.0

1.5x10"4

6.7x10"3

meropenem

0.625

1.5x10"4

4.2x10"3

nitrocephin

<0.01

ASA-2

nitrocephin

13.3

8.7x10"6

1.5

ampicillin

NR

NR

NR

ASA-3

nitrocephin

4.45

8.7x10"6

0.5

cephaloridine

6.67

3.3x10"4

2.0x10"2

NR=Notreadable.Althoughhydrolysisoccurred,itdidnotfollowfirst-orderkinetics,soVmaxandKmcouldnotbedetermined. Thiswasattemptedthreetimes.



Figure17:GraphofconcentrationofampicillinagainstinitialrateofhydrolysisbyASA-2



Table18:Inhibitorprofilesof(3-lactamasesfromA.salmonicidasubsp.achromogenes. InhibitorInhibitorydose5o(M) ASA-la

ASA-2b

ASA-3b

TEM-lb

Cph-Aa

Clavulanicacid
>1.0x10"3
2.0x10-6

1.0xlO-4

5.0x10"7

ND

Sulbactam

4.5xlO-4

2.2xlO-6

2.2xlO-4

1.0xlO-6

1.1x10-3

Tazobactam

6.3xlO-3

1.4x10"6

2.5xlO-4

2.5x10"8

ND

BRL42715

7.9x10"6

1.8x10"10
1.6xlO-9

2.2x10-9

1.0xlO-4

EDTA

1.3x10"7

0.11

0.25

ND

2.0x10-4

ZnSC>4

1.0x10"5

0.07

0.07

ND

ND

ND=Notdetermined;
a=imipenemusedasreportersubstrate; b=nitrocephinusedasreportersubstrate



Chapter 5: (3-lactamases of motile Aeromonas spp.

5.1. Survey of the incidence ofAeromonas spp. in diarrhoeal specimens from

General Practice and hospitalised patients

Diarrhoeal specimens were collected from Edinburgh GPs' patients and from the City

Hospital, Edinburgh and the isolation rates from the two populations were compared

One gram from each of the 100 diarrhoea specimens collected from the Edinburgh
GPs' patients, was enriched in Alkaline Peptone Water (APW) for upto 18 hours at

30°C. A loopful of the suspension was then collected from the top of the broth and

plated onto Ryan's media Only the first 100 specimens from the City Hospital were

enriched, the rest were directly plated Any Aeromonas-like colonies were confirmed

by API20NE and production of P-haemolysin (Table 19)

From the specimens collected from the Edinburgh GPs' patients, 1 A. hydrophila
R6407 and 2 A. caviae (R4007 and R8856) were isolated. Two were from young

children and the other was from a man who had just returned from Brazil.

One A. hydrophila strain (CI9897; was found in the enriched strains from the City

Hospital patients. No isolates were found without enrichment.
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Table19:IdentificationofmotileAeromonasspp.
G19

G75

5B160

9B273

R4007

R6407

R8856

CI9897

Reductionofnitrates

+

+

+

+

+

+

+

+

Indoleproduction

+

+

+

+

+

+

+

+

Acidfromglucose

+

+

+

+

+

+

+

+

Argininedehydrolase

+

-

+

+

+

+

+

+

Urease

-

-

-

-

-

-

-

-

(3-glucosidase(esculin)

+

+

+

+

+

+

+

+

Protease(gelatin)

+

+

+

+

+

+

+

+

(3-galactosidase(PNPG)

+

+

+

+

+

+

+

+

Assimilationofglucose

+

+

+

+

+

+

+

+

Assimilationofarabinose

+

+

+

+

+

+

+

+

Assimilationofmannose

+

+

+

+

+

-

-

+

Assimilationofmannitol

+

+

+

+

+

+

+

+

AssimilationofN-ac-giucosamine
+

+

+

+

+

+

+

+

Assimilationofmaltose

+

+

+

+

+

+

+

+

Assimilationofgluconate

+

+

+

+

+

+

+

+

Assimilationofciprate

+

+

+

+

+

+

+

+

Assimilationofadipate

-

-

-

-

-

-

-

-

Assimilationofmalate

+

+

+

+

+

+

+

+

Assimilationofcitrate

-

+

-

-

-

-

+

-

Assimilationofphenyl-acetate Oxidase

+

+

+

+

+

+

+

+

BiochemicalIdentification
AH

AH

AH

AH!AC

AH

AC

AH



5.2. Minimum Inhibitory Concentrations.

All strains were ampicillin-resistant (128 - >1024 mg/1) and 75 % were

carbenicillin-resistant (64 - > 1024 mg/1), though strains R6407 and R8856 had MICs
of 32 mg/1 to carbenicillin. Induction of the strains prior to plating increased the
MICs of some of the isolates slightly but not significantly. The strains were sensitive
to imipenem (MIC 0.06-0.25 mg/1), cefoxitin (MIC 0.125-8 mg/1) and cefotaxime

(MIC <0.03-1 mg/1). The MIC of ampicillin was lowered considerably by the
addition of clavulanic acid (MIC 8:4 - 16:8, ampicillinxlavulanic acid). As was

mentioned previously, this reduction in the MIC was not solely a result of the
clavulanic acid blocking the active site of the p-lactamase, as the MIC of clavulanic
acid on its own was between 4 and 16mg/l, therefore demonstrating its ability to bind

directly to the penicillin binding proteins and act as an antibiotic (Table 20).

5.3. Isoelectric Focusing.

The majority of the strains of the motile Aeromonas spp. possessed two (3-lactamases
with pis in the region of 7 and 8, when visualised on an isoelectric focusing gel
which had been stained with nitrocephin. Strains G75 and CI9897 only possessed

one high pi p-lactamase when the gel was stained with nitrocephin (Isoelectric points
listed in Figs. 18 & 19). All of these strains showed similarities with the strains of
Shannon et al. (1986), Bakken et al. (1988) and Iaconis et al. (1990), (Fig. 18).

Incubation of the crude lysates with 0.1M EDTA prior to staining an isoelectric

focusing gel with nitrocephin did not affect the nitrocephin-hydrolysing activity of

any of the P-lactamases apart from the high pi P-lactamase of R4007 (Fig. 19).
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Table20:MinimumInhibitoryConcentrationsofmotilestrainsofAeromonasspp.withvarious(3-lactamantibiotics Strain

Ampicillin

Amoxycillin /clavulanate

Qavulanic acid

Carbenicillin
Cephaloridine
Cefoxitin

Cefotaxime

Imipenem

NCTC8049

>1024

16:8

8

>1024

64

8

<0.03

0.25

NCTCind

>1024

16:8

16

>1024

ND

8

<0.03

0.5

G19

512

8:4

4

64

128

4

<0.03

0.125

G19ind

1024

8:4

8

64

ND

4

<0.03

0.25

G75

128

8:4

8

64

2

0.125

<0.03

0.25

G75ind

128

8:4

8

64

ND

0.125

<0.03

0.25

5B160

1024

16:8

16

256

64

2

<0.03

0.25

5B160ind

>1024

>16:8

16

512

ND

2

<0.03

0.5

9B273

256

16:8

8

1024

16

1

1

0.125

9B273ind

256

16:8

8

>1024

ND

1

1

0.25

R4007

1024

16:8

16

64

64

4

<0.03

0.125

R4007ind

1024

16:8

16

128

ND

2

0.06

0.25

R6407

512

16:8

8

32

64

2

0.03

0.125

R6407ind

1024

16:8

8

32

ND

4

<0.03

0.25

R8856

512

16:8

8

32

128

8

0.06

0.06

R8856ind

>1024

16:8

8

64

ND

8

0.06

0.125

C19897

512

16:8

8

128

16

1

0.03

0.25

C19897ind

1024

16:8

8

128

ND

1

0.03

0.25

ND=Notdetermined;ind=straininducedpriortoplating
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Figure19:Nitrocephin-stainedIEFgeldemonstratingthe(3-lactamasesisolatedfromclinicalisolatesofAeromonasspp.andthe effectofincubationwith0.1MEDTA. 1234567891011121314151617181920
Lane1:NCTC8049(pis7.2&6.8);2:NCTC8049after10minincubationwith0.1MEDTA;3:G19(pis7.8&6.8);4:G19after10min incubationwith0.1MEDTA;5:G75(pis7.8);6,G75after10minincubationwith0.1MEDTA;7:5B160(pis8.4&6.9);8:5B160after 10minincubationwith0.1MEDTA;9:9B273(pis7.9&6.5);10:9B273after10minincubationwith0.1MEDTA;11:R4007(pis9.2& 7.1);12:R4007after10minincubationwith0.1MEDTA;13:R6407(pis7.6&6.8);14:R6407after10minincubationwith0.1MEDTA; 15:R8856(pis7.6&6.8);16:R8856after10minincubationwith0.1MEDTA;17:C19897(pi7.5);18:C19897after10minincubation with0.1MEDTA;19:ASA111(pis7.9&6.0);20:ASA111after10minincubationwith0.1MEDTA.



5.4. Induction of p-lactamases in the motile Aeromonas spp.

In 1991, the Aeromonas strains R4007, R6407, R8856 and C19897 were capable of

hydrolysing imipenem but during storage these strains lost the ability to express their

carbapenemase. Sequential inductions were executed for 9 days in an attempt to

retrieve this carbapenem-hydrolysing activity. Overnight cultures of the Aeromonas

strains were diluted to 10"1 and were then induced either with 1/2 of the MIC of

cefoxitin or imipenem either during early or mid log phase. However, the

carbapenemase activity was irretrievable.

5.5. Selection of imipenem-resistant mutants of A. hydrophila

Two strains of A. hydrophila were grown in liquid culture with a half of the MIC of

imipenem on the first day followed by doubling amounts of antibiotic for the next four

days. The MIC of imipenem to the strains were then determined. A. hydrophila
NCTC8049 showed a 16-fold increase in MIC when uninduced and a 32-fold increase

when induced for 4 hours before inoculating on the imipenem plates. A. hydrophila
CI9897 also showed a 16-fold increase in its MIC and was unaffected by induction

prior to plating.

Table 21: Susceptibility of imipenem-resistant mutants to imipenem

Strain MIC of imipenem (mg/1)

A. hydrophila NCTC8049 0.125

A. hydrophila C19897 0.125

A. hydrophila NCTC8049M Im ind 4

A. hydrophila NCTC8049M 2

A. hydrophila C19897M Im ind 2

A. hydrophila C19897M 2

M = mutant; Im ind = induced with imipenem for 4h prior to plating
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5.6. Separation of the P-lactamases of A. hydrophila G19 by ion exchange

chromatography.

Cell-free extracts of strain G19 were dialysed in either 50mM MES buffer (pH 6.5)
or 50mM Tris buffer (pH 8.5) and the strains substrate profile was determined

spectrophotometrieally. The crude P-lactamase preparation was found to hydrolyse

nitrocephin, imipenem, cephaloridine, cefoxitin and ampicillin. The MES-dialysed

protein was then loaded onto a Mono-S column which had been equilibrated with the
same buffer. Nitrocephin activity was detected in the fourth fraction after the start of

the salt gradient and carbapenemase activity was detected in the seventh and eighth
fractions after the salt gradient had been applied (Fig. 20). The carbapenemase
demonstrated weak nitrocephin hydrolysis; however this activity was not inhibited by

0.1M EDTA unlike the hydrolysis of imipenem. These fractions were then reloaded

onto the Mono-S column and the carbapenemase activity was again detected in these

fractions but there was no nitrocephin hydrolysis. Nitrocephin hydrolysis had also
been observed in the initial fractions which contained the proteins which had not

bound to the column. This would be as a result of the p-lactamase with a pi of 7.0
which cannot bind to the column when it is equilibrated at pH 6.5, whereas the

enzyme with a pi of 8.0 can bind and was eluted by approximately 3.5% sodium
chloride.

When the Tris-dialysed protein was loaded onto the Mono-Q column, the

carbapenemase and the P-lactamase with a pi of 8.0 did not bind to the column,

which was equilibrated at pH 8.5, but the P-lactamase with a pi of 7.0 did bind and

was eluted by 13% sodium chloride (Fig. 21). The separation of the p-lactamases
which could hydrolyse nitrocephin was confirmed by visualisation on an isoelectric

focusing gel. The purity of the carbapenemase was confirmed on a silver-stained
SDS-PAGE gel.
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Figure20:Separationof/^-lactamasesfromA.hydrophilaG19bycationexchangechromatography 123456789101112131415 Fractionnumber
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Figure21:Separationof/^-lactamasesfromA.hydrophilaG19byanionexchangechromatography 0.15 0.05

012345678910111213141516 Fractionnumber
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5.7. Substrate and Inhibitor Profiles of the ^-lactamases purified from
A. hydrophila G19.

The purified enzymes were assayed on the spectrophotometer with nitrocephin,

imipenem, ampicillin, cephaloridine and cefoxitin as substrates. The carbapenemase

ACP, (Aeromonas carbapenemase), only hydrolysed imipenem and showed

absolutely no hydrolysis of nitrocephin (Table 22). It was sensitive to EDTA, but like

ASA-1, it was unusually inhibited by low concentrations of zinc. It was highly
resistant to inhibition by clavulanic acid and BRL42715, (Table 23).

The (3-lactamase with a pi of 8.0 APE (.Aeromonas penicillinase), was a

penicillinase, though like ASA-2 it did not follow first order kinetics when ampicillin
was utilised as a substrate (Table 22). Nitrocephin was the only cephalosporin which
it could hydrolyse. This enzyme was extremely sensitive to inhibition by clavulanic
acid and BRL42715, (Table 23).

The [^-lactamase isolated on the Mono-Q column was a cephalosporinase, ACE

(Aeromonas cephalosporinase), with a pi of 7.0. It hydrolysed nitrocephin faster than

cephaloridine and cefoxitin (Table 22). This enzyme had an ED50 for BRL42715
similar to that of APE, but it was not as sensitive to inhibition by clavulanic acid as

APE was, (Table 23).

5.8. Molecular Mass Determinations.

The sizes of ACP, APE and ACE were determined by SDS-PAGE to be 31,000,

43,250 and 20,000 Da respectively.
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Table22:Substrateprofileofthree[3-lactamasesisolatedfromAeromonashydrophilaG19 (3-lactamase

Vmax (|imoles/min/ml)
Km(pM)

Vmax/Km

Relative Vmax*

ACP

Imipenem Nitrocephin Ampicillin Cephaloridine Cefoxitin

0.8

130

0.006

APE

Imipenem

-

-

-

Nitrocephin

0.062

5.1

0.012

100

Ampicillin

NF

NF

NF

208

Cephaloridine

-

-

-

Cefoxitin

-

-

-

ACE

Imipenem

-

-

-

Nitrocephin

1.25

16

0.075

100

Ampicillin

-

-

-

Cephaloridine

NM

NM

NM

64

Cefoxitin

NM

NM

NM

10



*Vmaxrelativetonitrocephin. Nodetectablehydrolysis.
NFThehydrolysisofampicillindidnotfollowfirst-orderkineticsandthusthedeterminationofVmaxandKmwereimpossible. NMNotmeasurablebecausetherateofhydrolysiswastoolowtomeasureaccuratelyandthusthedeterminationofVmaxandKm impossible. Table23:Inhibitorprofileofthreep-lactamasesisolatedfromAeromonashydrophilag19 id50(M)

P-lactamase
Pi

Clavulanic acid

BRL42715
EDTA

Zincsulphate

ACP*

-8.2

2.1x10"3

2.5x10"6

1.8x10"4

1.5x10"5

APE|

8.0

2.0x10"10

3.0x10"11
-

-

ACEf

7.0

5.9x10~5

3.7x10"11
-

-

TEM1|

5.4

4.3x10'7

3.3x10"9

-

-

* reportersubstratewasimipenem t reportersubstratewasnitrocephin
-=notmeasured



Chapter 6: p-lactamases ofA. salmonicida subsp. salmonicida

6.1. Introduction

A. salmonicida subsp salmonicida is unlike the majority ofAeromonas spp in that it

is sensitive to ampicillin A strain of this species (ASS52) was therefore examined to

determine whether it has the same pattern of P-lactamases as are found in
A. salmonicida subsp. achromogenes and A. hydrophila.

6.2. P-Iactamase Profile of A. salmonicida subsp. salmonicida

Strain ASS52 was sensitive to amoxycillin (MIC 0.75mg/l) and carbapenems (MIC

0.5mg/l). Prior to induction this strain possessed a P-lactamase with a pi of 5.2 when

the isoelectric focusing gel was stained with nitrocephin. However, after induction
with a quarter of the MIC of ampicillin, this nitrocephin-hydrolysing enzyme couid not

be seen on a nitrocephin-stained isoelectric focusing gel (Fig. 22). The uninduced
strain demonstrated cephalosporinase activity but exhibited no penicillinase activity
and a very low level of carbapenemase activity (Table 24). After inducfon with a

quarter-MIC dose of ampicillin, the cephalosporin-hydrolysing enzyme could not be

detected, but the carbapenemase activity had increased nearly 350-fold (Table 24).

This carbapenemase was purified by gel filtration and was found to be similar to the

other carbapenemases which have been purified from Aeromonas spp. in that it could
not be detected with nitrocephin. However, unlike the other Aeromonas P-lactamases
found in A. salmonicida subsp achromogenes and A. hydrophila, this carbapenem-

hydrolysing P-lactamase was also capable of hydrolysing ampicillin at a low level

(Table 24) To confirm that this penicillinase activity was not a result of incomplete

purification of the carbapenemase, as has been previously observed, the enzyme was

incubated with 2,5mM EDTA prior to assaying with ampicillin The penicillinase
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Figure 22: A nitrocephin-stained isoelectric focusing gel of ASS52 pre- and post'

induction.

1 2 3 4 5 6

Lane 1 TEM-1 (pi 5.4); lane 2: ASA-2 (pi 7.9); lane 3: ASS52 uninduced- crude

lysate (pi 5.4); lane 4: ASS52 induced with Ap- crude lysate; lane 5: A. hydrophila
AE036 (cphA encoding strain)- crude lysate; lane 6: SHV-1.
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activity was also inhibited, suggesting that the carbapenemase was responsible for the

hydrolysis of ampicillin. This carbapenemase had a similar inhibitor profile to the

other Aeromonas carbapenemases, i.e. it was resistant to clavulanic acid and

moderately resistant to BRL42715 and was inhibited by low levels of zinc (Table

25).

The cephalosporinase from the uninduced strain was also partially purified by gel

filtration. This (^-lactamase hydrolysed nitrocephin at a low level and was uninhibited

by ImM EDTA, suggesting that it is a serine-based enzyme. A low level of

carbapenem-hydrolysing activity was detected in this fraction, but this activity was

inhibited by ImM EDTA and so was attributed to contamination with the

carbapenemase.

The carbapenemase was found to be a monomer with a molecular weight of 25 as

shown by gel filtration and SDS-PAGE. The cephalosporinase had a molecular

weight of 31.25 as shown by gel filtration.
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Table 24: Substrate Profiles with Imipenem

p-lactamase Vmax Km Vmax/Km Rel Vmax

(pmole/min/ml) (mM) (min1 ml"1) Ima Nitro^ Ampb
ASS52UI - - - U Ti ND

ASS52I - - 347 ND

crude

ASS52I 50 2000 0.025 100 ND 2.3

(purified)

Im = imipenem; Nitro = nitrocephin; Amp = ampicillin
UI = uninduced; I = induced; - = Not determined; ND - No detectable hydrolysis
Rel Vmaxa = Maximum rate of hydrolysis relative to the purified carbapenemase.
Rel Vmaxb = Maximum rate of hydrolysis relative to the rate of hydrolysis of

imipenem.

Table 25: Inhibitor Profiles of purified carbapenemases with imipenem as

reporter substrate

(3-lactamase Clavulanic BRL42715 EDTA Zinc

acid (mM) (mM) (mM) Sulphate

(mM)

ASS 52 >8 62 3.1 47

(purified)
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Chapter 7: Cloning the Carbapenemase

7.1. Introduction

The carbapenemases which have been purified from A. salmonicida subsp.

achromogenes and A. hydrophila are highly unusual ^-lactamases as they cannot be

detected with nitrocephin, whereas the majority of other ^-lactamases hydrolyse this

compound. The carbapenemases isolated from Aeromonas spp. were shown to be

metallo-P-lactamases but they were also discovered to possess an unusual sensitivity
to zinc. It therefore appeared that these carbapenem-hydrolysing f3-lactamases

belonged to a novel class of (3-lactamases. This could only be confirmed by

sequencing the gene encoding this (3-lactamase and comparing its nucleotide

sequence with other classes of (3-lactamases.

The following protocols were therefore followed in an attempt to clone this

carbapenemase. One of the main obstacles in this cloning procedure was the inability
to select for the carbapenemase with imipenem, as the carbapenemase does not

confer imipenem-resistance on the strain.

In order to optimise the chances of cloning the gene, various ratios of genomic to

vector DNA were utilised to determine the combination which would give the

highest number of inserts into the vector. Similarly, various sizes of restriction

fragments were employed to optimise the insertion frequency.
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7.2. Determination of the MIC of imipenem to E. coli DH5a

The expression of the carbapenemase-encoding gene may not be inducible in E. coli
and therefore will probably not confer a high level of resistance on the strain. In order
to optimise the chances of cloning the gene, a low concentration of imipenem would

be preferable in the selective plates. Therefore the susceptibility of E. coli DH5a and

E. coli DH5a containing pSU18, to imipenem, was determined.

Table 26: Susceptibility of E. coli DH5a to imipenem

MIC for each dilution of cells

Neat 10"2 10'4

E. coli DH5a 0.06 0.06 0.03

E. coli DH5a (pSU18) 0.06 0.06 0.03

Therefore the clones were selected on concentrations of imipenem of greater than

0.12mg/l.

7.3. Digestion of DNA

A partial digest was performed on the genomic DNA of strain ASA111 by incubating
the substrate with a range of concentrations of the restriction enzyme Sau3A (20 -

0.1U) for 30 minutes at 37°C. The reactions were stopped with 0.5M EDTA and after
ethanol precipitation, the restrictions were examined on a 0.8% agarose gel to help
determine the concentration of enzyme which produces a range of fragments of about
15-23kb.
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The cloning vector pSU18 was restricted with BamRl which produces compatible
cohesive ends with the Sau3A restricted fragments. The restricted pSU18 fragments
were dephosphorylated with Bacterial Alkaline Phosphatase in order to prevent

recircularisation of the vector.

7.4. Ligations

Ligations were set up employing a variety of combinations of ratios of vector with
chromosomal DNA and various restriction reactions. Three controls were also set up-

linear vector without ligase, dephosphorylated linear vector with ligase; and 2ng of
uncut vector.

7.5. Transformations

Competent cells were prepared a day in advance of the transformations and kept at
4°C in order to increase their competency. In order to determine the optimal insertion

frequency the cells were initially plated on LB plates containing 30mg/l

chloramphenicol, X-gal and IPTG. Once the optimal conditions had been determined
the cells were inoculated on to plates containing various combinations of antibiotics-

Cm30Imi; Cmi0Im0.5; Cm30Apio; Cm3oCeph3o.

7.6. Insertion frequency

Figures 23 & 24 show that the size of fragments produced by 5U of SauiAJ (ig of
DNA produced the highest number of inserts into the vector. The highest number of
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Figure23:FrequencyofinsertsinpSU18employingdifferentsizesofrestrictionfragments t:
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inserts was also achieved with 0.2 p.g of chromosomal DNA and 0.2 |ig of vector
DNA. An insertion frequency of about 70% was achieved by employing both of these

factors, however, no imipenem-resistant clones were obtained.

The cloning strategy was therefore altered slightly. Sau3A can cause DNA to

fragment at sites outside of the DNAs' restriction sites and therefore will produce

fragments with non-cohesive ends. Therefore, the DNA was restricted completely
with either BamHl, EcoRl or HindEl, though this increases the chance of cutting into

the gene. This method was also unsuccessful.

7.7. PCR with cphA primers

Attempts to clone the metallo-P-lactamase were unsuccessful, therefore the
nucleotide sequence for cphA was utilised to design primers to amplify the metallo-

enzyme found in A. salmonicida subsp. achromogenes 111 and A. caviae R8856.

Despite attempts to optimise the amplification process by adjusting various

parameters, the primers did not amplify any of the genes, including the positive
control A. hydrophila AE036.

7.8. Hybridisation of cphA primers with A. hydrophila AE036

In order to determine whether the failure to amplify the gene encoding the metallo-

P-lactamase was a result of a problem with the PCR protocol or a result of primers
that do not anneal to the template, the primers were labelled with fluorescein and

were hybridised with dot blots of denatured DNA from A. hydrophila AE036,
A. caviae R8856, A., salmonicida subsp. achromogenes 111 and Xanthomonas

maltophilia LI (negative control). Under conditions of an average stringency, the

primer did not anneal to any of the strains. The probe was checked to ensure that it
was labelled.

120



Chapter 8: Nucleotide sequence of the quinolone-resistance determining region

of the gyrA gene of clinical and laboratory mutants of motile Aeromonas spp..

8.1. Introduction

It has previously been observed that the motile aeromonads are sensitive to the

quinolones, however quinolone-resistance has begun to emerge in the non-motile

species as a result of the application of these drugs in fish-farming. Therefore, the
motile strains were examined to determine whether the clinical employment of

quinolones has selected for quinolone-resistant strains ofA. hydrophila.

8.2. Susceptibility Testing.

K" ■- -j1- < <-• - 1 c^"v
The majority of the strains were sensitive to nalidixic acid, ofloxacin and

ciprofloxacin, but strain A. hydrophila 9B273 exhibited decreased sensitivities to all

of these drugs. MICs of (3-lactam antibiotics with A. hydrophila 9B273 did not

suggest that this strain possessed a mutation in its outer membrane proteins (Table

20). MICs revealed that this clinical strain demonstrated a 16-fold increase in its MIC

of ciprofloxacin and ofloxacin and a 32-fold increase with nalidixic acid when

compared with A. hydrophila NCTC8049 (Table 27). Laboratory mutants were

selected with sub-MIC doses of quinolones in order to determine whether the same

mutations occur as in the clinical setting. The laboratory mutant A. hydrophila

G19nal when compared with the wild-type strain showed a 32-fold increase with

ciprofloxacin and a 16-fold increase with ofloxacin and nalidixic acid (Table 27).
A. hydrophila G19cip had an 512-fold increase in its MIC of ciprofloxacin, a 64-fold
increase with ofloxacin and a 16-fold increase with nalidixic acid when compared to

the wild-type (Table 27). Mutant A.caviae R8856nal was 8 times more resistant
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Table 27. MICs of quinolones with clinical isolates and laboratory mutants of

motile Aeromonas spp. and associated mutations in their gyrA genes.

Strain MIC (mg/1) gyrA mutation

Cip Oflox Nal A

NCTC8049 0.004 0.016 4 ND

G19 0.001 0.008 4

G75 0.002 0.008 4 ND

5B160 0.002 0.016 4 ND

9B273 0.064 0.256 128 Ser83 (AGT) to lie (ATT)

R4007 0.008 0.032 4 ND

R6407 0.004 0.032 4 ND

R8856 0.008 0.032 4

CI9897 0.002 0.016 4

G19 nal induced 0.032 0.128 64 Ser83 (AGT) to Arg (CGC)

G19 cip induced 0.512 0.512 64 Ser83 (AGT) to Thr (ACG)

Asp87 (GAC) to Asn (AAC)

8856 nal ind 0.064 0.512 128 Ser83 (AGC) to Arg (AGA)

8856 cip ind 0.256 0.512 64 Ser83 (AGC) to Thr (ACG)

Asp87 (GAC) to Gly (GGC)
19897 nal ind 0.032 0.128 128 Ser83 (AGT) to Arg (AGA)

Cip = Ciprofloxacin
Oflox = Ofloxacin

Nal = Nalidixic Acid

ND = Not determined
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to ciprofloxacin, 16 times more resistant to ofloxacin and 32 times more resistant to

nalidixic acid (Table 27). A. caviae R8856cip was 32 times more resistant to

ciprofloxacin, 16 times more resistant to ofloxacin and 16 times more resistant to
nalidixic acid than the wild type strain (Table 27). A. hydrophila C19897nal showed
a 16-fold increase in its MIC of ciprofloxacin, an 8-fold increases in the MIC of

ofloxacin and a 32-fold increase in its MIC of nalidixic acid (Table 27).

8.3. DNA sequence analysis of the QRDR from the gyrA gene of the clinical
isolate ofA. hydrophila.

PCR was employed to amplify 346-bp fragments from the chromosomal DNA

preparations of 3 quinolone-sensitive strains of Aeromonas spp.: G19, R8856 and

C19897 and 6 quinolone-resistant strains of Aeromonas spp.: 9B273, G19nal,

G19cip, R8856nal, R8856cip and C19897nal. The strands were separated with

Dynabeads so that the fragments could be sequenced from both directions. Analysis
of the nucleotide sequence of these fragments revealed that the clinical resistant
mutant had a G—»T transition at nucleotide 248 which caused a Ser (AGT)—>Ile

(ATT) substitution at amino acid 83 (Fig. 25).

The quinolone-resistant A. hydrophila (9B273) possessed 97.4% homology at the
nucleotide level and 98.25% at the amino acid level when compared with the

quinolone-sensitive A. salmonicida subsp. salmonicida. The quinolone-sensitive
A. hydrophila (G19) demonstrated 97.7% homology at the nucleotide level and
99.1% homology at the amino acid level when compared with
A. salmonicida subsp. salmonicida. Variations in the nucleotide sequences of the
non-motile and motile strains occured at Ile-74, Glu-141 and Asp-150. The codon

usage of the strains ofA. hydrophila was the same as that in E. coli at these positions.
These substitutions are silent but a non-synonymous mutation was found at position
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92 where leucine (TTG) in A. salmonicida was replaced by methionine (ATG) in

A. hydrophila and E. coli.

8.4. Restriction fragment length polymorphisms in the gyrA PCR fragment

A restriction map of this sequence revealed a BsrDl restriction site which recognises
the mutation found in the codon of 9B273 and was therefore employed as a rapid

method of detecting this Ser—>Ile change in the laboratory mutants. However, the

laboratory mutants were not restricted by this enzyme and subsequent sequence

analysis revealed that they possessed different mutations from the clinical isolate.

8.5. DNA sequence analysis of the QRDR from the gyrA gene of the laboratory
mutants ofAeromonas spp.

The three strains which were selected with nalidixic acid had mutations at serine 83,

whereas the two strains which were selected with ciprofloxacin had an amino acid
substitution at serine 83 and aspartate 87. A. caviae R8856nal and A. hydrophila

C19897nal had changes at nucleotide 249 which resulted in a Ser—>Arg substitution

(AGC—>AGA and AGT—>AGA) (Fig. 27 & 28). A. hydrophila G19nal also had a

serine (AGT) to arginine (CGC) substitution at position 83 (Fig. 26). A. hydrophila

G19cip and A. caviae R8856cip had Ser83—>Thr substitutions (AGT—»ACG and

AGC—»ACG), as well as changes at Asp87 to asparagine in G19cip (GAC—>AAC)
and to glycine in A. caviae R8856cip (GAC—>GGC) (Fig. 27 & 28). An additional

change was found at serine 116 of G19 which was substituted with asparagine in
A. hydrophila G19nal and A. hydrophila G19cip (Fig. 26). This asparagine residue

was also found in A. caviae R8856, A. caviae R8856nal and A. caviae R8856cip (Fig.

27).
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Figure25.NucleotidesequencesofDNAfragmentsamplifiedfromA.hydrophilaG19andA.hydrophila9B273andtheirdeduced aminoacidsequences. Asalmonicidavar.salmonicida143TCTGTTTGCTATGAACGAGTTGGGGAACGACTGGAACAAGCCCTATAAAAAATCGGCCCGTGTGGTCGGTGAC Ahydrophila(sensitive)145TGTTTGGTATGAACCAGTTGGGGAACGACTGGAACAAGCCCTATAAAAAATCGGCCCGTGTGGTCGGTGAC Ahydrophila(resistant)146GTTTGCTATGAACGAGTTGGGGAACGACTGGAACAAGCCCTATAAAAAATCGGCCCGTGTGGTCGGTGAC Asalmonicidavar.salmonicida49LeuPheAlaMetAsnGluLeuGlyAsnAspTrpAsnLysProTyrLysLysSerAlaArgValValGlyAsp Ahydrophila(sensitive)50PheAlaMetAsnGluLeuGlyAsnAspTrpAsnLysProTyrLysLysSerAlaArgValValGlyAsp Ahydrophila(resistant)50PheAlaMetAsnGluLeuGlyAsnAspTrpAsnLysProTyrLysLysSerAlaArgValValGlyAsp Asalmonicidavar.salmonicida111GTAATTGGTAAATACCACCCGCACGGCGACAGTGCCGTGTATGACACCATTGTCCGCTTGGCGCAGGATTTC Ahydrophila(sensitive)111GTAATCGGTAAATATCACCCGCATGGCGACAGTGCCGTGTATGACACCATCGTTCGCATGGCGCAGGATTTC Ahydrophila(resistant)211GTAATCGGTAAATATCACCCGCATGGCGACATTGCCGTGTATGACACCATCGTTCGCATGGCGCAGGATTTC Asalmonicidavar.salmonicida73VallleGlyLysTyrHisProHisGlyAspSerAlaValTyrAspThrlleValArgLeuAlaGlnAspPhe Ahydrophila(sensitive)73VallleGlyLysTyrHisProHisGlyAspSerAlaValTyrAspThrlleValArgMetAlaGlnAspPhe Ahydrophila(resistant)73VallleGlyLysTyrHisProHisGlyAspIleAlaValTyrAspThrlleValArgMetAlaGlnAspPhe



Asabnonicidavar.sabnonicida289TCCATGCGTTACATGCTGGTCGATGGTCAGGGCAACTTCGGTTCGGTCGACGGCGACAGCGCCGCCGCCATG Ahydrophila(sensitive)289TCCATGCGTTACATGCTGGTCGATGGTCAGGGCAACTTCGGTTCGGTCGACGGCGACAGCGCCGCCGCCATG Ahydrophila(resistant)289TCCATGCGTTACATGCTGGTCGATGGTCAGGGCAACTTCGGTTCGGTCGACGGCGACAGCGCCGCCGCCATG Asabnonicidavar.salniotvcida97SerMetArgTyrMetLeuValAspGlyGlnGlyAsnPheGlySerValAspGlyAspSerAlaAlaAlaMet Ahydrophila(sensitive)97SerMetArgTyrMetLeuValAspGlyGlnGlyAsnPheGlySerValAspGlyAspSerAlaAlaAlaMet Ahydrophila(resistant)97SerMetArgTyrMetLeuValAspGlyGlnGlyAsnPheGlySerValAspGlyAspSerAlaAlaAlaMet Asabnonicidavar.sabnonicida361CGTTACACCGAAGTGCGGATGGCCCGCATCTCCCACGAGCTGCTGGCCGATCTGGACAAAGAAACCGTGGAC Ahydrophila(sensitive)361CGTTACACCGAAGTGCGGATGGCCCGCATCTCCCACGAGCTGCTGGCCGATCTGGACAAAGAGACCGTGGAC Ahydrophila(resistant)361CGTTACACCGAAGTGCGGATGGCCCGCATCTCCCACGAGCTGCTGGCCGATCTGGACAAAGAGACCGTGGAC Asabnonicidavar.sabnotiicida121ArgTyrThrGluValArgMetAlaArglleSerHisGluLeuLeuAlaAspLeuAspLysGluThrValAsp Ahydrophila(sensitive)121ArgTyrThrGluValArgMetAlaArglleSerHisGluLeuLeuAlaAspLeuAspLysGluThrValAsp Ahydrophila(resistant)121ArgTyrThrGluValArgMetAlaArglleSerHisGluLeuLeuAlaAspLeuAspLysGluThrValAsp



Asaimonicidavar.salmonicida433TGGGTGCCCAACTATGATGGCACCGAGATGATCCCGGCTGTCATGCCCACCAAGGTG Ahydrophila(sensitive)433TGGGTGCCCAACTATGACGGCACCGAGATGATCCCGGCTGTCATGCCCACCAA Ahydrophila(resistant)433TGGGTGCCCAACTATGACGGCACCGAGATGATCCCGGCTGTCATGCCCACCA Asalmonicidavar.salmonicida145TrpValProAsnTyrAspGlyThrGluMetlleProAlaValMetProThrLysVal Ahydrophila(sensitive)145TrpValProAsnTyrAspGlyThrGluMetlleProAlaValMetProThr Ahydrophila(resistant)145TrpValProAsnTyrAspGlyThrGluMetlleProAlaValMetProThr Underlinedsequencesdenotesprimersequences. Boldtypedenoteschangeinaminoacid.



Figure26.NucleotidesequencesofDNAfragmentsamplifiedfromA.hydrophilaG19,G19nalandG19cipandtheirdeducedamino acidsequences. G19184CCCTATAAAAAATCGGCCCGTGTGGTCGGTGACGTAATCGGTAAATATCACCCGCACGGCGACAGTGCCGTGTATGACACCATCGTT G19n184CCCTATAAAAAATCGGCCCGTGTGGTCGGTGACGTAATCGGTAAATATCACCCGCATGGCGACCGCGCCGTGTATGACACCATCGTC G79cl84CCCTATAAAAAATCGGCCCGTGTGGTCGGTGACGTAATCGGTAAATATCACCCGCATGGCGACACGGCCGTGTATAACACCATCGTC G1962ProTyrLysLysSerAlaArgValValGlyAspVallleGlyLysTyrHisProHisGlyAspSerAlaValTyrAspThrlleVal G19n62ProTyrLysLysSerAlaArgValValGlyAspVallleGlyLysTyrHisProHisGlyAspArgAlaValTyrAspThrlleVal G19c62ProTyrLysLysSerAlaArgValValGlyAspVallleGlyLysTyrHisProHisGlyAspThrAlaValTyrAsnThrlleVal G19280CGCATGGCGCAGGATTTCTCCATGCGTTACATGCTGGTCGATGGTCAGGGCAACTTCGGTTCGGTCGACGGCGACAGCGCCGCCGCC G19n280CGGATGGCGCAGGATTTCTCCATGCGCTACATGCTGGTCGACGGTCAGGGCAACTTCGGTTCGGTGGACGGCGACAACGCCGCGGCC G19c280CGGATGGCGCAGGATTTCTCCATGCGCTACATGCTGGTCGACGGTCAGGGCAACTTCGGTTCGGTGGACGGCGACAACGCCGCGGCC G1994ArgMetAlaGlnAspPheSerMetArgTyrMetLeuValAspGlyGlnGlyAsnPheGlySerValAspGlyAspSerAlaAlaAla G19n94ArgMetAlaGlnAspPheSerMetArgTyrMetLeuValAspGlyGlnGlyAsnPheGlySerValAspGlyAspAsnAlaAlaAla G19c94ArgMetAlaGlnAspPheSerMetArgTyrMetLeuValAspGlyGlnGlyAsnPheGlySerValAspGlyAspAsnAlaAlaAla



G19376ATGCGTTACACCGAAGTGCGGATG G19n376ATGCGTTACACCGAAGTGCGGATG G19c376ATGCGTTACACCGAAGTGCGGATG G19126MetArgTyrThrGluValArgMet G19ri126MetArgTyrThrGluValArgMet G19c126MetArgTyrThrGluValArgMet



Figure27.NucleotidesequencesofDNAfragmentsamplifiedfromA.hydrophilaR8856,R8856nalandR8856cipandtheirdeduced aminoacidsequences. R8856184CCTATAAAAAATCGGCCCGTGTGGTCGGTGACGTAATCGGTAAATATCACCCGCATGGCGACAGCGCCGTGTATGACACCATCGTC R8856n184CCTATAAAAAATCGGCCCGTGTGGTCGGTGACGTAATCGGTAAATATCACCCGCATGGCGACAGAGCCGTGTATGACACCATCGTC fiS&56cl84CCTATAAAAAATCGGCCCGTGTGGTCGGTGACGTAATCGGTAAATATCACCCGCATGGCGACACGGCCGTGTATGGCACCATCGTC R885662ProTyrLysLysSerAlaArgValValGlyAspValIleGlyLysTyrHisProHisGlyAspSerAlaValTyrAspThrIleVal JR8&5(5ra62ProTyrLysLysSerAlaArgValValGlyAspValIleGlyLysTyrHisProHisGlyAspArgAlaValTyrAspThrIleVal R8856c62ProTyrLysLysSerAlaArgValValGlyAspValIleGlyLysTyrHisProHisGlyAspThrAlaValTyrAsnThrIleVal R8856280CGGATGGCGCAGGATTTCTCCATGCGCTACATGCTGGTCGACGGTCAGGGCAACTTCGGTTCGGTGGACGGCGACAACGCCGCCGCC /?6&5<5rc280CGGATGGCGCAGGATTTCTCCATGCGCTACATGCTGGTCGACGGTCAGGGCAACTTCGGTTCGGTGGACGGCGACAACGCCGCGGCC R8856c2&)CGGATGGCGCAGGATTTCTCCATGCGCTACATGCTGGTCGACGGTCAGGGCAACTTCGGTTCGGTGGACGGCGACAACGCCGCGGCC R885694ArgMetAlaGlnAspPheSerMetArgTyrMetLeuValAspGlyGlnGlyAsnPheGlySerValAspGlyAspAsnAlaAlaAla R8856n94ArgMetAlaGlnAspPheSerMetArgTyrMetLeuValAspGlyGlnGlyAsnPheGlySerValAspGlyAspAsnAlaAlaAla R8856c91ArgMetAlaGlnAspPheSerMetArgTyrMetLeuValAspGlyGlnGlyAsnPheGlySerValAspGlyAspAsnAlaAlaAla



R8856376ATGCGTTACACCGAAGTGCGGATG R8856n376ATGCGTTACACCGAAGTGCGGATG R8856c376ATGCGTTACACCGAAGTGCGGATG R8856126MetArgTyrThrGluValArgMet R8856n126MetArgTyrThrGluValArgMet R8856c126MetArgTyrThrGluValArgMet



Figure28.NucleotidesequencesofDNAfragmentsamplifiedfromA.hydrophilaC19897andC19897nalandtheirdeducedamino acidsequences. C19897184CCCTATAAAAAATCGGCCCGTGTGGTCGGTGACGTAATCGGTAAATATCACCCGCACGGCGACAGTGCCGTGTATGACACCATC C19897n184CCCTATAAAAAATCGGCCCGTGTGGTCGGTGACGTAATCGGTAAATATCACCCGCACGGCGACAGAGCCGTGTATGACACCATC C1989762ProTyrLysLysSerAlaArgValValGlyAspVallleGlyLysTyrHisProHisGlyAspSerAlaValTyrAspThrlle C19897n62ProTyrLysLysSerAlaArgValValGlyAspVallleGlyLysTyrHisProHisGlyAspArgAlaValTyrAspThrlle C19897280GTTCGTATGGCGCAGGATTTCTCCATGCGTTACATGCTGGTCGATGGTCAGGGCAACTTCGGTTCGGTCGACGGCGACAGCGCC C19897n280GTTCGTATGGCGCAGGATTTCTCCATGCGTTACATGCTGGTCGATGGTCAGGGCAACTTCGGTTCGGTCGACGGCGACAGCGCC CI989794ValArgMetAlaGlnAspPheSerMetArgTyrMetLeuValAspGlyGlnGlyAsnPheGlySerValAspGlyAspSerAla C19897n94ValArgMetAlaGlnAspPheSerMetArgTyrMetLeuValAspGlyGlnGlyAsnPheGlySerValAspGlyAspSerAla C19897376GCCGCCATGCGTTACACCGAAGTGCGGATG C19897n376GCCGCCATGCGTTACACCGAAGTGCGGATG C19897126AlaAlaMetArgTyrThrGluValArgMet C19897n126AlaAlaMetArgTyrThrGluValArgMet



9.0. Discussion

9.1. Introduction

The aims of this thesis were to examine the expression of (3-lactamases in Aeromonas

spp Initially the P-lactamases in the fish pathogen A. salmonicida subsp.

achromogenes were examined. The motile species of Aeromonas were then

investigated to determine whether they possessed the same P-lactamases as the non-

motile subspecies achromogenes. These results were then compared with the P-
lactamase profile found in the ampicillin-sensitive subspecies salmonicida

In addition, the emergence of quinolone-resistance in the fish pathogen, A.

salmonicida, prompted me to examine the strains of Aeromonas which had been
collected from the Royal Infrmary and the City Hospital in Edinburgh to determine
whether quinolone-resistance has emerged clinically.

9.2. Incidence ofAeromonas spp in diarrhoeal specimens from General Practice

and hospitalised patients

Aeromonas spp. are well-recognised fish pathogens but their role in human infections
has been under-estimated, particularly in the case of gastrointestinal infections

(Gracey et al. 1982). One reason for this under-reporting is the difficulty in isolating
and identifying the members of this genus. Enrichment in APW prior to plating on

selective media has been recommended for the isolation of these organisms and this

was the method employed in the survey in this thesis. However, this enrichment

technique has the disadvantage of encouraging the growth of species which are

present in low numbers in the faeces and therefore, are probably not the causative

agent of the diarrhoea As the main reason for collecting the strains was to examine

the mechanism of P-lactam resistance in these strains of Aeromonas spp. and not to

conduct a epidemiological study of the incidence of aeromonads in diarrhoeal
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specimens, it was decided to continue to employ the enrichment technique. The
strains were selected on Ryan's media and were identified with API20NE strips and

plating on blood agar

Three Aeromonas isolates were found in the 100 diarrhoeal samples collected from
the GPs' patients; two were from young children (1 A. hydrophila and 1 A. caviae)
and one was from a man who had recently returned from Brazil (A. caviae) This

supports previous observations that Aeromonas species are most commonly found in

diarrhoeal specimens from children (Pazzaglia el al. 1990a) and adults with traveller's
diarrhoea (Pitarangsi et al 1982). Two of the isolates were A. caviae which are

considered by many to be the least pathogenic species out of the motile aeromonads

(Figueroa et a! 1988), though some dispute this (Namdari and Bottone, 1990) and
therefore these strains may not have been the causative agent of the diarrhoea

However, as no other enteric pathogens were found in these diarrhoeal specimens, it
seems likely that Aeromonas spp were the aetiological agents of the diarrhoea Only

one isolate of A. hydrophila was found in the 100 enriched specimens from the City

Hospital and none were found without enrichment.

It is difficult to draw conclusions about the incidence of these pathogens in diarrhoeal

samples from such a limited number of specimens. However, as the samples from
which the three strains (R4007, R6407 and R8856) were collected, were reported to

contain no enteric pathogens, it can be concluded that samples are obviously being
mis-identified. The incidence of aeromonads in diarrhoeal specimens reported in larger

surveys would suggest that members of this genus are enteric pathogens (Table 3).
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9.3. ^-lactamases in A. salmonicida subsp. achromogenes

The initial aim of this thesis was to examine the P-lactamases in the fish pathogen

A. salmonicida subsp achromogenes. A. salmonicida are the causative agents of the
fish disease furunculosis, which has devasted the aquaculture industry for many years.

Fish farmers have been forced to rely on antibacterial chemotherapy to avoid huge
economic losses, however, resistance has developed rapidly. Aeromonas spp are

generally resistant to (3-lactam antibiotics but the exceptions to this rule are

A. salmonicida subsp salmonicida, A. salmonicida subsp smithia and A. (rota

Amoxycillin was licensed for use in the fish-farming industry in September 1990,
which was efficaceous against A. salmonicida subsp. salmonicida but was inadequate
in treating infections caused by A. salmonicida subsp. achromogenes, or any of the
motile species ofAeromonas which are commonly isolated from furuncules.

Seven strains of A. salmonicida subsp. achromogenes were isolated from diseased

salmon and were examined for their P-lactamases. All of the strains were resistant to

amoxycillin and carbenicillin and some were moderately resistant to cefoxitin and

cephaloridine, but all were sensitive to imipenem. Clavulanic acid restored their

activity to amoxycillin by acting as a P-lactamase inhibitor but also by demonstrating
its own antibiotic effect as was seen by the low MICs found with clavulanate on its

own.

Conjugation experiments were performed to determine whether the ampicillin-
resistance gene was located on a plasmid. Three plasmids were found in the strain
ASA111. Numerous methods were employed to mobilise the plasmids in
A. salmonicida subsp achromogenes and the two larger plasmids (108 and 65 kb)
were mobilised but the smaller plasmid (19 kb) was too small to mobilise. Ampicillin-
resistance was not transferred to the host strain suggesting that either the ampicillin
resistance gene is not located on either of the two larger plasmids or that the

ampicillin resistance gene is located on these plasmids but is not expressed in E.
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coli. In order to determine whether the latter was true the strains of var.

achromogenes were mated with the ampicillin-sensitive subspecies, A. salmonicida

subsp. salmonicida. However, the plasmids did not transfer to var. salmonicida,

possibly because they were not mobilised with R751. Induction studies (see below)

suggested that these enzymes were chromosomally-mediated and so the

transconjugations were not continued.

Initial investigation of these strains of A. salmonicida subspecies achromogenes had

suggested that they contained one inducible (3-lactamase (ASE-1), with a pi of

approximately 8.0, which hydrolysed ampicillin and nitrocephin (Barnes, 1992a).
When this induction was repeated, by the same procedure i.e. induction of the strains
with one quarter of the MIC of cefoxitin, two bands were visualised by nitrocephin
on an isoelectric focusing gel, one of pi 7.9 and the other of pi 6.0.

Spectrophotometric assays of the crude ^-lactamase preparation demonstrated

hydrolysis of imipenem, ampicillin, cephaloridine and nitrocephin.

Initial purification of these two enzymes was performed on a Mono-Q anion

exchange chromatography column equilibrated at pH 8.5 and employing nitrocephin
as the detector substrate. Assays of the fractions collected off the column with

various P-lactams indicated that the high pi enzyme was a penicillinase with

carbapenem-hydrolysing activity and the lower pi P-lactamase was a

cephalosporinase. Inhibitor studies were performed with nitrocephin as the reporter

substrate. These investigations indicated that the high pi enzyme was sensitive to

clavulanic acid and BRL42715 but was unaffected by the metal ion chelator, EDTA.
These results suggested that the carbapenem-hydrolysing enzyme was serine-based.
The cephalosporinase was more resistant to clavulanic acid and was inhibited by the

cephalosporinase inhibitor, aztreonam and by cloxacillin. This enzyme was also
inhibited by BRL42715 and was unaffected by EDTA suggesting that it is a serine-
based class C cephalosporinase (Jaurin and Grundstrom, 1981).
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These results were similar to those obtained by Shannon et al. (1986), Bakken et al.

(1988) and Iaconis and Sanders, (1990). However, there were several indicators that

the purification of the penicillin/carbapenem-hydrolysing activity was not complete.

Firstly the fact that the carbapenem-hydrolysing enzyme was not inhibited by EDTA,
whereas most carbapenemases are metallo-enzymes, the exception being class I

chromosomal P-lactamases which can hydrolyse carbapenems at a very low level

(Livermore, 1992). Also induction studies (see below) showed that the level of

penicillinase activity and carbapenemase activity were not induced to the same

extent, again suggesting that they are separate enzymes. Finally, the fraction

containing the high pi enzyme was assayed with ampicillin and imipenem in the

presence of ImM EDTA (results not shown) and it was found that only the

carbapenemase activity was inhibited.

The two high pi [^-lactamases had probably not separated because their isoelectric

points were probably quite similar and maybe also because a strong anion exchanger
was employed. Therefore to purify these two enzymes, a column equilibrated at a

higher pH could have been employed but this might also have denatured the proteins
so instead a weaker anion exchange column was prepared with DEAE-cellulose

equilibrated at pH 8.5. The fractions eluted from the column were also assayed with

imipenem as well as nitrocephin in order to detect the carbapenemase activity as it

appeared that this enzyme could not hydrolyse nitrocephin. This technique was

successful at purifying the three P-lactamases. Two peaks were observed, 100ml

apart, when nitrocephin was employed as the detector substrate and one peak was

found with imipenem, which did not coincide with either of the nitrocephin peaks.

The pi 7.9 p-lactamase, (ASA-2), was found to be an inducible penicillinase, though
it did not appear to follow first order kinetics when ampicillin was the substrate. It

was sensitive to P-lactamase inhibitors and was not affected by cloxacillin,

aztreonam, EDTA or zinc. This sensitivity to clavulanic acid reaffirms that this

compound acts as a P-lactamase inhibitor in aeromonads, as well as inhibiting the

penicillin binding proteins of this species. This enzyme has the characterisitics of an
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Ambler class A enzyme (Ambler, 1980) and, by virtue of its pi, is possibly SHV-

derived (Kliebe et al. 1985).

The pi 6.0 enzyme, (ASA-3), hydrolysed cephaloridine and nitrocephin. This

cephalosporinase was resistant to cDvulanic acid, sulbactam and tazobactam but was

sensitive to BRL42715, cloxacillin and aztreonam. This sensitivity to BRL42715 and

its resistance to EDTA and zinc, suggest that it is also serine-based and probably a

class C p-lactamase. The fact that neither of these enzymes hydrolysed carbapenems,

whereas the crude P-lactamase preparation did, suggested that there must be a third

enzyme present which could not be detected by conventional methods.

The carbapenemase (ASA-1) was discovered in the first fractions which were eluted
from the column once the salt gradient had been applied. This suggests that it has a

higher pi than the ASA-2 enzyme and so cannot bind as strongly to the matrix.

Attempts to confirm its pi by overlaying an isoelectric focusing gel with starch,

iodine and imipenem by the acidometric method have been unsuccessful (Jorgensen
et al. 1977). ASA-1 was purely a carbapenemase and appeared to be a

metallo-enzyme since it was sensitive to EDTA and resistant to the P-lactamase
inhibitors including BRL42715 though to a lesser extent. No end point was reached
for clavulanic acid because concentrations above ImM were affecting the absorption
of imipenem at 299nm. It was, however, extremely sensitive to zinc so it could be a

subclass of the usual class B p-lactamases. Walsh also noticed that the metallo-

enzyme in A. sobria did not require very high concentrations of zinc (Walsh, 1995).

Previous workers have examined the P-lactamases of A. hydrophila and have

reported vastly different ID50 values to clavulanic acid with different substrates

(Iaconis and Sanders, 1990). They noticed that the A-2 p-lactamase extracted from

A. hydrophila was as sensitive to clavulanic acid with penicillin G or nitrocephin as

the substrate but that it was much less susceptible to the inhibitor when imipenem
was used. They concluded that either the enzyme had a far greater affinity for

imipenem than clavulanic acid or that the inhibitor binds near the active site blocking
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the access of penicillin G and nitrocephin but not imipenem. In light of the results
discussed above, these anomalous results could be attributed to the presence of a

second enzyme that was not detectable by nitrocephin. It was considered to be likely

that other A hydrophila, may also have a metallo-P-lactamase that cannot be detected

by nitrocephin and therefore the motile strains of Aeromonas were examined to

determine whether this was the case.

9.4. P-lactamases in motile Aeromonas spp.

The MICs of the strains collected from the diarrhoeal specimens were similar to the

those of A. salmomcida subsp achromogenes i.e. the majority of the strains were

resistant to ampicillin and carbenicillin but their activity was restored by clavulanic

acid; they were moderately resistant to first and second generation cephalosporins but
were sensitive to third generation cephalosporins and imipenem.

Examination of the crude p-lactamase preparations of the clinical isolates on an

isoelectric focusing gel stained with nitrocephin revealed that the majority of the
strains possessed two nitrocephin-hydrolysing enzymes which were not inhibited by
EDTA. One of the strains ofA. hydrophila (G19) was chosen for further examination.
Purification was achieved by utilising two ion exchange columns, a Mono-Q anion

exchange column equilibrated at pH 8.5 to purify the low pi P-lactamase and a Mono-

S cation exchange column, equilibrated at pH 6.5, to purify the two high pi enzymes.

After running the extract through a cation exchange column, three peaks were

observed. The early fractions contained proteins that had not bound to the column and

these hydrolysed both nitrocephin and imipenem. The fourth fraction after the start of
the salt gradient (0.035M NaCl) showed a peak in nitrocephin-hydrolysing activity
and also demonstrated some carbapenemase activity but further purification
demonstrated that the latter was a result of contamination. This P-lactamase was
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shown to be a penicillinase with a pi of 8.0, which was called APE. The

carbapenemase activity (ACP) peaked in the seventh and eight fractions after the start

of the salt gradient (0.13M NaCl). Again these fractions demonstrated some

nitrocephin-hydrolysing activity initially but this was also found to be a result of

contamination after the p-lactamase had been purified further. The fraction with

maximal P-lactamase activity which was collected from the anion exchange column

contained the P-lactamase with a pi of 6.0 which was found to be a cephalosporinase

(ACE). Substrate and inhibitor profiles of these three enzymes were very similar to
those found with the three enzymes purified from ASA111.

Thus A. hydrophila has three different P-lactamases as has been noted by (Segatore
et al. 1993), although they reported that the carbapenemase (cphA) exhibited

penicillinase and cephalosporinase activity including slow hydrolysis of nitrocephin.

However, as it has been shown in this thesis, the cephalosporinase activity may have
been a result of incomplete purification of the carbapenemase.

Attempts to amplify the gene encoding ASA-1 and ACP by the polymerase chain
reaction with primers from the sequence of cphA have failed, suggesting that neither

ASA-1 nor ACP were homologous with cphA. The N-terminal sequence of the

carbapenemase in A. sobria (Imi-S) was determined to be identical to the N-terminal

sequence of cphA but these two enzymes have different pis and show some

variations in their substrate profiles and so probably diverge at the C-terminus

(Walsh, 1995), which might also be the case for the metallo-enzymes found in strains
ASA111 and G19. However, attempts to hybridise one of the primers with the strain

containing cphA failed suggesting that the published sequence for cphA is not correct
or that there was an error made in the synthesis of the oligonucleotides. Walsh,

(1995) also prepared primers from the cphA sequence and utilised the PCR product to
screen the gene bank from which he had cloned ampS and cepS. The probe

hybridised with some of the transformants but non of the recombinant plasmids

carried the imiS gene. The PCR product was later shown to be based on one of the

primers, suggesting that the sequence of the other primer was incorrect.
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Colony hybridisations have recently been performed on various species of the motile
Aeromonas spp. utilising a cphA probe (Rossolini et al. 1995). The majority of the
strains tested with this probe were cpM-positive; however, the probe may not have
been very specific as it was large (2kb) and contained flanking sequences which may

have hybridised with the strains.

9,5. Cloning the p-lactamases in Aeromonas spp.

Attempts to clone these three (3-lactamases were unsuccessful probably because of
the lack of induction of these enzymes when they are cloned into E. coli (Walsh,

1995). Therefore, unless a high copy number vector is employed the resistant

phenotype is difficult to retrieve. Whilst attempting to clone these enzymes, the two

serine-based enzymes were cloned by two other groups (Rasmussen et al. 1994;

Walsh et al. 1995). Both groups achieved this by a similar method. The
transformants were initially selected on the basis of the resistance marker of the

plasmid and then either the pooled transformants were selected on ampicillin or the

plasmids were transformed into a new host and then selected on ampicillin or

cephalothin. The group which selected on ampicillin only found that the strain of A.
sobria contained a cephalosporinase (asbAl) and oxacillinase (asbBl) (Rasmussen et

al. 1994). This strain of A. sobria had previously been reported to possess

carbapenemase activity (Iaconis and Sanders, 1990). Rasmussen et al. (1994)

proposed that the carbapenemase detected in the original strain had been lost during

storage, which again re-affirms my proposition that there are three (3-lactamases

present in many Aeromonas spp. Similarly, a cephalosporinase (CepS) and

penicillinase (AmpS) were cloned from A. sobria into E. coli, but the carbapenemase
which had been detected in the original strain could not be cloned. No obvious

upstream promoter could be identified for ampS and cepS which could indicate that
the genes are sequentially transcribed (Walsh et al. 1995). These two genes may have
been acquired from another genus and, therefore, may be capable of being transcribed
from an E. coli promotor, but the carbapenemase in Aeromonas spp. appears to be a
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highly unique enzyme and cannot be compared to any of the metallo-(3-lactamases
which have been isolated from other genera and therefore its transcription may be
more stringently controlled.

Alksne and Rasmussen, (1995), reported that the expression of the cloned

oxacillinase was controlled by the ere regulon (catabolite regulator operon) and that a

mutation in this operon was required for the expression of this enzyme. Therefore,

the addition of glucose increased the expression of the oxacillinase. The regulatory

gene creC contains a Ser-X-X-Lys sequence which is the same as the (3-lactam

binding sequence found in (3-lactamases and penicillin binding proteins. It may be
that the ere regulon is normally involved in the regulation of cell wall synthesis
and/or integrity.

9.6. p-lactamases in A. salmonicida subsp. salmonicida

All of the strains that have been examined so far are ampicillin-resistant whereas

A. salmonicida subsp. salmonicida is sensitive to |3-lactam antibiotics. Therefore, this

ampicillin-sensitive subspecies was examined to determine whether the same pattern

of [3-lactamases is found in this subspecies.

Prior to induction with ampicillin, strain ASS52 possessed a nitrocephin-hydrolysing

(3-lactamase which focused at pi 5.4. After induction, this cephalosporinase was

difficult to detect with nitrocephin but the carbapenemase activity of the strain had
increased substantially. It therefore appears that induction of the carbapenemase

represses the production of the cephalosporinase.

The carbapenemase was partially purified by loading a crude cell-free extract of the
induced strain onto a Sephadex G75 gel filtration column. Similarly, the

cephalosporinase was partially purified by loading the crude extract from the
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uninduced strain onto the same column. The carbapenemase activity was detected
with imipenem and the cephalosporinase activity was detected with nitrocephin.

Substrate and inhibitor profdes indicated that the carbapenemase belonged to the

class B metallo-(3-lactamases, and like the other Aeromonas carbapenemases
described so far it only requires very low levels of zinc. Unlike the carbapenemase
found in A. salmonicida subsp. achromogenes, it demonstrated a low level of

hydrolysis of penicillins. The lack of a separate penicillinase, as is found in
A. salmonicida subsp. achromogenes (this thesis), A. hydrophila (this thesis) and
A. sobria (Walsh et al. 1995) probably accounts for the lack of resistance of this

subspecies to p-lactam antibiotics. The cephalosporinase demonstrated similar
substrate and inhibitor profiles to those which had been examined in the ampicillin-

resistant strains of Aeromonas spp. and therefore is probably another class C P~
lactamase (Jaurin and Grundstrom, 1981).

Only one ampicillin-sensitive member of the motile species of Aeromonas has been
identified (Carnahan et al. 1991a). Four strains of this species, A. trota, did not

hybridise with the cphA probe and so this species does not appear to possess the

cphA carbapenemase. A. trota did not demonstrate any detectable carbapenemase

activity either (Rossolini et al. 1995), so it appears to be quite distinct from all of the
other members ofAeromonas spp.

9.7. Induction Studies

A. salmonicida subsp. achromogenes ASA111 was induced with various p-lactams
and the activities of the three enzymes were measured. These studies revealed that

the carbapenemase, penicillinase and cephalosporinase activites which were observed
in the crude P-lactamase preparation were all inducible but not stably derepressed.
The uninduced strain possessed a low level of penicillinase activity, a slightly higher
level of cephalosporinase activity and quite a high level of carbapenemase activity.
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After induction with cefoxitin, the levels of penicillin- and carbapenem-hydrolysing

activity rose to a similar level which was slightly higher than the cephalosporin-

hydrolysing activity. When the inducer was removed, the levels of the enzymes

returned to their basal levels. When imipenem was added as the inducer, the

carbapenemase was induced the greatest extent but not to the level found when

ampicillin was the inducer. Penicillinase activity was induced to a moderate level but

the cephalosporinase activity was minimally induced. When the inducer was

removed, the carbapenemase and penicillinase returned to their basal levels but the
level of the cephalosporinase increased. This may be an artefact but, in light of the
results found with induction of A. salmonicida subsp. salmonicida, it may be that the

carbapenemase and cephalosporinase are co-regulated.

In conclusion, ampicillin produced the highest level of induction, followed by
cefoxitin and then imipenem; therefore ampicillin probably has the highest affinity
for the repressor. Penicillinase activity was induced to a much greater extent than

carbapenemase activity which in turn was induced much more than cephalosporinase

activity. All of the enzymes returned to near their basal levels after the inducer was
removed.

The uninduced strain probably has basal levels of these enzymes to assist in cell wall

synthesis but why it has such high levels of the carbapenemase in the uninduced state

remains to be determined. As the three enzymes are induced simultaneously they are

probably co-ordinately controlled, but there may be more than one transcriptional

regulator which responds to the same inducing ligand. A different situation was

observed in A. salmonicida subsp. salmonicida. The cephalosporinase activity which
was present in the uninduced strain was down-regulated on induction with ampicillin,
as the level of the carbapenemase increased. Therefore, A. salmonicida subsp.

salmonicida may have evolved to control the expression of these two enzymes, either
at the transcriptional or translational level, in order to conserve energy in the cell.
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Walsh cloned and sequenced the penicillinase (AmpS) and cephalosporinase (CepS)
found in a strain of A. sobria and found that even though the three enzymes appeared

to be co-ordinately controlled, he could not find any homology between the operator

regions where the regulator might bind (Walsh, 1995). However, (Rasmussen et al.

1994), found some homology between the asb gene promotors suggesting that
induction of these two enzymes may be controlled by a common regulatory protein,

such as an AmpR-like protein. They did suggest that other regulatory components

were not shared between the two genes.

9.8. The Near Universality of the Carbapenemase in Aeromonas spp.

Therefore, it appears that the presence of a carbapenemase is nearly universal in
Aeromonas spp. even in the ampicillin-sensitive subspecies salmonicida. However,
the presence of this carbapenemase does not usually confer resistance on the strains
unless a high inoculum of bacteria is employed in the sensitivity test (Segatore et al.

1993). It is uncertain why Aeromonas spp. are not resistant to carbapenems despite
the presence of these inducible carbapenemases, which appear to be maintained at

quite a high basal level in the absence of the inducer. The small zwitterionic nature of

imipenem allows this compound to traverse rapidly the outer membrane of Gram-

negatives (Kahan et al. 1983). In addition to this rapid penetration it also inhibits one

of the less common penicillin-binding proteins (PBP2) and so smaller amounts of the

carbapenem are required to inhibit this protein (Kahan et al. 1983). Carbapenem-
resistance can arise either from the production of a carbapenem-hydrolysing

[3-lactamase, (Eley and Greenwood, 1986) or from a combination of an outer

membrane mutation and the production of a chromosomal (3-lactamase (Tzouvelekis
et al. 1992; Livermore, 1992). It is possible that Aeromonas spp. can become
resistant to carbapenems if they decrease their permeability to carbapenems or if a

stably-derepressed mutant is selected on exposure to sub-MIC doses of carbapenems,
which was demonstrated in section 5.5. Cross-resistance to several groups of
antibacterials has already been demonstrated in A. salmonicida as a result of
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mutations in the outer membrane proteins (Wood et al. 1986; Griffiths and Lynch,

1989; Barnes et al. 1990a).

In 1992, seven of the nine isolates of Aeromonas spp. listed in Table 19 possessed

carbapenem-hydrolysing activity. However, in 1995, only four of the nine isolates

possessed this carbapenemase activity suggesting that the gene encoding the

carbapenemase has been lost or repressed as a result of subculturing or storage on

medium without antibiotics or that a mutation has occured in the regulatory gene

which has prevented expression of the carbapenemase. Therefore, the gene encoding
the carbapenemase is most probably under different regulatory control from the genes

encoding the penicillinase and cephalosporinase. It may also be possible that the gene

encoding the carbapenemase is situated on a transposon and as the majority of these
strains possessed plasmids, the gene may have been transposed onto one of the

plasmids and subsequently lost from the cell.

We must also bring in to question why the ampicillin-resistant members of the genus

have three (3-lactamases with such narrow substrate profiles. It would appear that

they possess these P-lactamases to protect themselves from environmental

(3-lactams, but it would have been more economical to the cell to produce one

enzyme with a broad substrate range. It may be that they play a role in cell wall

synthesis and that each enzyme functions at a certain stage of the process, particularly
as such high levels of the carbapenemase were observed in the uninduced strain,

which again would be uneconomical unless this enzyme plays a role in normal
cellular function. However, this enzyme is the one which is most readily "lost"

during storage and subculturing. The loss of this enzyme activity may either be a

result of the gene being situated on a transposon, or a result of regulation at the

transcriptional or translational level.

It is also curious that the majority of Aeromonas spp. are resistant to ampicillin but
that A. salmonicida subsp. salmonicida is sensitive to ampicillin when its near

relative achromogenes, is resistant to this drug. A. salmonicida subsp. achromogenes
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may be more closely related phylogenetically to the motile Aeromonas spp. than

A. salmonicida subsp. salmonicida, as it possesses a similar resistance profile to

(3-lactam antibiotics, which is mediated by the same three enzymes and like the

motile aeromonads, A. salmonicida subsp. achromogenes is not pigmented.
Aeromonas spp. have the advantage of possessing plasmids of incompatibility group

U which is a broad host range plasmid which is insensitive to the PDR1 class of the

pilus phage (Bradley et al. 1982). Therefore, this genus can readily collect and

transfer genes and so it would be expected that if a separate penicillinase was

beneficial to the species, then it would have acquired the gene. However, the

carbapenemase in var. salmonicida demonstrated some penicillinase activity unlike
the carbapenemases in the species which contained a separate penicillinase and so it

may be that var. salmonicida are evolving to produce a broader spectrum

carbapenemase which can confer ampicilllin-resistance.

9.9. Quinolone resistance in Aeromonas spp.

Treatment of the poikilotherm, A. salmonicida with oxolinic acid has consequently

resulted in reports of quinolone-resistance which have resulted from Ser83—>Ile
mutations in the QRDR of the gyrA gene (Oppegaard and Sprum, 1994). Despite the

emergence of quinolone-resistance in the poikilothermic Aeromonas sp., many

reports have advocated the employment of 4-quinolones to treat mesophilic
Aeromonas-associated infections in humans (Reinhardt and George, 1985; San

Joaquin et al. 1986; Kuijper et al. 1989a; Braga et al. 1990; Koehler and Ashdown,

1993). However, this study has revealed that quinolone-resistance also exists within

the mesophilic aeromonads.

The majority of the strains of the motile aeromonads were sensitive to nalidixic acid,
ofloxacin and ciprofloxacin, but a blood culture isolated from the Royal Infirmary

Edinburgh, in 1988, demonstrated much higher MICs to these drugs (MIC of

147



nalidixic acid 128 mg/1; MIC of ofloxacin 0.256 mg/1; MIC of ciprofloxacin 0.064

mg/1).

The homology of gyrA sequences allowed me to employ the primers from the
A. salmonicida gyrA gene (Oppegaard and Sprum, 1994) to amplify a 346bp region

of the QRDR of the clinical isolate of a quinolone-resistant A. hydrophila (9B273)

and some laboratory mutants which were selected with sub-MIC doses of nalidixic

acid and ciprofloxacin.

The sequences of the wild-type (G19) and mutant QRDR (9B273) were very similar
to the non-motile species A. salmonicida subsp. salmonicida at the nucleotide and
amino acid level. Most of the variations which were found in the A. hydrophila

sequence occurred at the third codon and showed the same codon usage as E. coli.

Examination of 9B273 by DNA sequencing and restriction with 5.srDI revealed a G

—>T mutation in the second nucleotide of amino acid 83, which resulted in serine

being substituted with isoleucine. This mutation caused a 16-fold increase in the MIC
of ciprofloxacin and ofloxacin and a 32-fold increase in the MIC of nalidixic acid
when compared to the NCTC strain.

This Ser-83—>Ile mutation was also found in oxolinic acid-resistant A. salmonicida

(Oppegaard and Sprum, 1994). It has been demonstrated that the loss of the serine
residue at position 83 results in reduced binding of the quinolone to the gyrase/DNA

complex probably as a result of the loss of the serine's hydroxyl group (Willmott and

Maxwell, 1993), though this has recently been disputed (Yonezawa et al. 1995). The

presence of three hydrophilic amino acids in the QRDR suggests that hydrogen bond
interactions occur between the quinolone and the gyrase/DNA complex, via this

hydroxyl group (Willmott and Maxwell, 1993). This is supported by the fact that the
most common mutations found in quinolone-resistant bacteria occur at the codons for
these three hydrophilic amino acids (Ser-83, Asp-87 and Gln-106) (Table 1). The

binding of the quinolone may also be affected by the introduction of an amino acid at
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this position which will sterically hinder the access of the drug. Isoleucine has a

bulky side chain which may prevent the piperazine ring of the fluoroquinolones from

gaining access to the gyrase/DNA complex. It seems most probable that the clinical
isolate of A. hydrophila exhibits decreased susceptibilities to quinolones as a result of
a combination of the loss of a hydroxyl group (i.e. loss of the serine residue) and the

gain of a bulky side chain in the isoleucine residue.

The laboratory mutants which were selected with nalidixic acid possessed a Ser-83 to

Arg substitution. R8856nal and CI9897 had only one base change in this codon

(AGC—>AGA and AGT—>AGA respectively). R8856nal and C19897nal
demonstrated a 32-fold increase in their MIC of nalidixic acid. R8856nal was 32-

times more resistant to ofloxacin and 8-times more resistant to ciprofloxacin and

C19897nal was 8-times more resistant to ofloxacin and 16-times more resistant to

ciprofloxacin. G19nal, however, had base changes at the first and third positions of

this codon (AGT—>CGC). These mutations resulted in a 16-fold increase in the MIC

of nalidixic acid. G19nal also showed a 16-fold increase in resistance to ofloxacin

and a 32-fold increase in the MIC of ciprofloxacin. It is probable that the first change
occured in the last base of the codon which would produce AGC and therefore would
still code for serine. Therefore, a second mutation would have been selected for

(AGC—>CGC), to change the amino acid at this position. This Ser83—>Arg mutation
has not been reported previously. Arginine has a long basic side chain, the end of
which is very basic because its positive charge is stabilised by resonance. Therefore,
once again, it is probably a combination of the loss of the serine residue and gain of
this basic amino acid which is contributing towards the resistance to the quinolones.
Yonezawa et al. (1995) found that substitution with a hydrophobic residue at Ser-83
resulted in a quinolone-resistant phenotype.

The mutants which were selected with ciprofloxacin had Ser83—>Thr (AGT—»ACG

in G19cip and AGC—>ACG in R8856cip) substitutions and as well as changes at

Asp87. It is apparent that there has been a cross-over at the second and third bases of
codon 83 of R8856cip and probably also in G19cip, but prior to the cross-over in the
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latter there was probably a T—>C transition, which did not produce a change in the

amino acid at this position. A serine to threonine mutation at position 83 has not been

found previously but it has been suggested that C. jejuni (Wang et al. 1993) and K.

pneumoniae (Dimri and Das, 1990) are innately less sensitive to quinolones as a

result of possessing a threonine residue at the position equivalent to 83 in E. coli

(Wolfson and Hooper, 1989). However, only examination of strains from a pre-

nalidixic acid era can confirm that this is an innate mechanism as the Campylobacter

and Klebsiella strains examined may have been mutants which were selected by

exposure to nalidixic acid. Threonine possesses a hydroxyl group and only has a

methyl side chain so it is not certain how this substitution contributes to decreased

sensitivity to quinolones.

G19cip possessed an asparagine residue at position 87 (GAC—>AAC) and R8856cip
had a glycine residue as a result of a substitution in the second base of codon 87

(GAC—>GGC). G19cip had a greatly increased MIC of ciprofloxacin as a result of

these mutations (512-fold) and a substantial increase in the MIC of ofloxacin (64-

fold), whereas the MIC of nalidixic acid was only increased 16-fold. R8856cip only

had a 16-fold increase in its MICs of nalidixic acid and ofloxacin and a 32-fold

increase in its MIC of ciprofloxacin. Therefore it appears that the asparagine residue
at position 87 is important in increasing the level of resistance to ciprofloxacin and
also produces a considerable increase in resistance to ofloxacin. This Asp—>Asn
mutation has also been found in E. coli (Yoshida et al. 1990a), N. gonorrhoeae

(Deguchi et al. 1995), H. pylori (Moore et al. 1995), S. typhimurium (Reyna et al.

1995) and Ps. aeruginosa (Kureishi et al. 1994) and the Asp—>Gly mutation has been

reported in E. coli (Heisig et al. 1993), H. pylori (Moore et al. 1995), and M.

smegmatis (Revel et al. 1994). Both of these substitutions produced either medium or

high level resistance in these species. It may be that the hydrophilic and acidic amino

acid, aspartic acid, is involved with quinolone binding and that the quinolone cannot

bind at this position when an uncharged amino acid such as asparagine or a non-polar
residue such as glycine is at this position.
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All of the changes which have been mapped so far in the gyrA genes of quinolone-
resistant strains have occured between amino acids 67 and 106 However, a serine to

asparagine mutation was noticed at residue 116 in G19nal, G19cip, R8856, R8856nal
and R8856cip This residue is close to Tyrl22 which is the residue involved in

forming a phosphodiester bond with the nicked DNA (Horowitz and Wang, 1987),

therefore this serine residue may play a role in the binding of quinolones. The wild-

type strain R8856 also possesses this asparagine residue but this may contribute to its

slightly raised MICs when compared with G19 Site-directed mutagenesis could
confirm the role of this residue.

The laboratory mutants which were selected with ciprofloxacin demonstrated higher
MICs to this quinolone than to ofloxacin and nalidixic acid The clinical history of the

patient from whom 9B273 was isolated is not available, but as this strain has similar
MICs to the strains which were selected with nalidixic acid, it is likely that exposure
to nalidixic acid has selected for this clinical mutant.

In this study, the first reported clinical isolate of A. hydrophila which is resistant to

quinolones was examined. Resistance was found to result from a mutation in the gyrA

gene, though it has recently been found in S. aureus, that a mutation occurs in the

gene encoding Topoisomerase IV, prior to the mutation being selected in the gyrA

gene (Ng et a/. 1995).

9.10. Concluding Remarks

The discovery of three (3-lactamases in an enviromental pathogen such as

A. salmonicida subsp. achromogenes is a cause for concern by itself, but the fact that

one of these enzymes is a carbapenemase poses an even greater threat. Since the

aquaculture industry has never used carbapenems to treat the fish, it appears that
either the use of amoxycillin may have selected for these carbapenemases or that
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naturally occurring penicillins and cephalosporins have forced the bacteria to produce

multiple p-lactamases.

The genetic origin of these p-lactamases appears to be chromosomally mediated.

However, strain ASA111 did contain three plasmids, two of which were mobile,

although neither carried the amoxycillin resistance gene. The "loss" of the

carbapenemase in certain strains may be a result of transposition onto one of these

plasmids.

Since salmon is often either poorly cooked or cold-smoked, there is an opportunity
for the Aeromonas salmonicida to be ingested, hence introducing a reservoir of

carbapenemase genes into the human intestine which could possibly transfer to a

human pathogen, in particular the motile aeromonads. The carbapenemase does not

confer resistance on the Aeromonas species, but it may do so if it is expressed

differently in another genus or if a derepressed mutant was selected. Therefore, it is

important for the aquaculture industry to continue to look for preventative measures

such as a vaccine rather than relying on antibiotics as a cure for furunculosis.

Three [3-lactamases were also found in the motile Aeromonas spp. which indicates
that there has either been genetic transfer between the non-motile and the motile
strains or that the production of these three enzymes is an innate resistance
mechanism. All of the non-motile strains possessed multiple plasmids, but only 66 %

possessed plasmids in the motile strains (results not shown). The fact that the

ampicillin-resitance gene was not transferable and that the enzymes were inducible

probably indicates that the resistance mechanism is not plasmid-mediated. However,
if this mechanism is innate within the genus, it does not explain why A. salmonicida

subsp. salmonicida and probably A. trota only have two (3-lactamases.

This thesis has shown that many strains of aeromonas possess these three (3-
lactamases and yet many researchers have only detected two [3-lactamases in this

genus (Shannon et al. 1986; Bakken et al. 1988; Iaconis and Sanders, 1990). We
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must question therefore, whether the detection of carbapenemases in other genera has
been grossly under-estimated, firstly by only looking for carbapenemases in bacteria

resistant to imipenem and secondly by assuming that all carbapenemases can be

detected with nitrocephin.

Therefore one can speculate that many environmental strains may have the potential
to code for a carbapenemase even though they have probably never been exposed to a

carbapenem or possibly to any other antibiotic apart from naturally occurring

penicillins and cephalosporins. This thesis and Iaconis and Sanders (1990), have

shown that imipenem-resistant mutants of A. hydrophila and A. sobria can be

selected with sub-MIC levels of a ^-lactam drug, so it is conceivable that other
strains of Aeromonas spp. will become resistant to imipenem if the appropriate
selective pressure is applied. Consequently, it is important for clinicians to realise the

potential threat that these hidden carbapenemases could pose to patients being treated
with imipenem for infection due to Aeromonas spp.

These pathogens are armed with numerous virulence mechanisms and as the majority

of the genus are ampicillin-resistant, they may be selected for by this commonly

prescribed drug. Therefore, the everyday employment of ampicillin in General
Practice has the potential hazard of selecting for a carbapenemase-harbouring

pathogen which can become resistant to quinolones.

Drug resistance is not a major problem amongst the clinical species of Aeromonas
because they have not been over-exploited in the same way as in the aquaculture

industry, though this thesis has reported the first incidence of quinolone-resistance in
A. hydrophila. It is highly probable that the same scenario would occur in clinical
isolates ofAeromonas spp. if a careful prescribing policy is not adhered to.
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