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Abstract

The emergence o f antibiotic-resistant bacteria has become a major threat to public
health. The increased use o f antibiotics has selected for the dissemination o f
antibiotic resistance genes between organisms from different species and different
genera. There is a large body o f evidence that the indigenous microbiota can act as a
reservoir o f antibiotic-resistant bacteria. However little is known about the molecular
basis for this in bacteria from the oral cavity. Therefore the aim o f this work was to
determine the prevalence o f antibiotic-resistant bacteria and antibiotic resistance
genes in the cultivable oral microbiota. Saliva and plaque samples were taken from
each o f 60 healthy adults who had not taken any antibiotics during the previous three
months. Each sample was plated onto antibiotic-containing media to quantitate and
identify antibiotic-resistant strains. All o f the individuals harboured bacteria resistant
to erythromycin, gentamicin, vancomycin and tetracycline. Only 4 individuals (7%)
did not have any cultivable bacteria resistant to amoxycillin. Oral bacteria resistant to
gentamicin were the most commonly isolated (constituting 23% o f total cultivable
oral bacteria) followed by erythromycin (18% o f the total viable count), vancomycin
(16% o f the total viable count), tetracycline (10% o f the total viable count) and
amoxycillin (4% o f the total viable count). M ultiply-resistant bacteria were found
with 55% o f tetracycline-resistant isolates being resistant also to erythromycin and
6% resistant also to both amoxycillin and erythromycin. The most prevalent genes
encoding tetracycline and erythromycin resistance were tet(M), tet(W), tet(O), and
m e f and erm(B) respectively. In some cases, tet(M) and ermB were contained within
a Tn/545-like conjugative transposon and could be co-tranferred to Enterococcus
faecalis. Finally the nature o f the genetic support for one o f the tet(W) genes, was
determined and found to be flanked by two transposases belonging to two different
families o f insertion sequences (IS30 and IS256). This element was highly unstable
in E. coli. This study showed that antibiotic-resistant bacteria and antibiotic
resistance genes are present in the oral microbiota and that oral bacteria are likely to
play an important role in the evolution and dissemination o f antibiotic resistance
genes.
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Chapter 1

Introduction

1.1 The evolution o f bacteria and infectious diseases

Bacteria existed long before the evolution o f humans (208); they were, and still are,
responsible for various infectious diseases such as tuberculosis, plague, cholera;
some o f which were shown to be common in prehistoric humans (316). However the
mechanism o f pathogenicity o f bacteria became apparent only with the discovery o f
this microworld, and it led to the discovery o f antibiotics to treat these infections.
From then on a new fascinating world was revealed; bacteria were shown to inhabit
different environments and be able to transfer information between one another so as
to facilitate their adaptation and survival (240). However one o f the consequences o f
this adaptation was the emergence o f antibiotic-resistant bacteria, which have now
become a major threat to public health (122).

1.1.1 The relationship between humans and bacteria

1.1.1.1 History
The History o f antimicrobial chemotherapy
•

2000 B.C. - Here, eat this root

•

1000 A.D. - That root is heathen. Here, sa y this prayer.

•

1850 A.D. - That p ra yer is superstition. Here, drink this potion.

•

1920 A.D. - That potion is snake oil. Here, sw allow this pill.

•

1945 A.D. - That p ill is ineffective. Here, take this penicillin.

•

1955 A.D. - Oops....bugs mutated. Here, take this tetracycline.

•

1960-1999 - 39 more "oops"...Here, take this more pow erfu l antibiotic.

•

2000 A.D. - The bugs have won! Here, eat this root.

— Anonymous from the WHO report.
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Over time a pattern emerged between the evolution o f bacteria and the evolution o f
civilisation. In the early days humans were living as nomads rather than in large
groups, which limited the spread o f disease. No domestic animals were kept,
curtailing any spread o f diseases by reducing the contact between humans and
animals. But then humans started living in societies, in villages raising animals and
crops for food. People and animals often shared the same dwelling, and as a result o f
this close proximity infectious diseases emerged (137). The appearance o f epidemics
is a good indicator o f the ready adaptation o f bacteria to new environments.
Movement o f people into larger settlements or military invasion encouraged these
epidemics, affecting only local people, to spread, sometimes into pandemics
affecting the whole population or a number o f countries (Table 1.1).
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Table 1-1: Bacterial infections and humans
Period

Infection

History

Infectious
agent

430 BC-

The plague

Yersinia pestis

Spread across Egypt, Rome, Syria,
China and Europe killing millions o f

1542

people and sometimes marked a
turning point in the history o f a
population.
1492

Tuberculosis and

Mycobacterium

These already endemic european

gonorrhoea

tuberculosis

diseases spread to the Caribbean with

and Neisseria

Columbus leading to the infection of

gonorrhoeae

millions o f local people who had no
immunity to them.

Early

Dysentery

trading

Enteric

Caused devastating epidemics with

pathogens

African and European infections. It

period

was then introduced by the Spanish

and the 16th

into Central and South America.

century
As trade

Chronic

Mycobacterium

Introduced by European sailors to the

journeys

infections such

tuberculosis

Pacific Islands.

lengthened

as tuberculosis

Present time

Lyme disease,

Borrelia

Even during the past few decades,

chlamydia,

burgdorfer,

there has been a resurgence o f

gonorrhoea,

Chlamydia

epidemics (38, 107, 227).

tuberculosis,

trachomatis,

food-borne
diseases
Adapted from Kiple KF (137).
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1.1.1.2 Discovery o f the microworld
«

The first description o f bacteria was made by van Leeuwenhoek who observed them
through a microscope at the end o f the 17th century (290). Then in 1857 Louis
Pasteur noted that some microorganisms (defined as organisms that are so small that
they are invisible to the naked eye) could be responsible for fermentation and
putrefaction leading him to invent pasteurization in 1863, a process by which
fermentation and thus contamination is prevented by sterilising a medium
(http://www.pasteur.fr/exteme.html). Ten years later Robert Koch discovered the
cause o f anthrax in horses by isolating anthrax bacilli and showing their abiliy to
cause diseases and their capacity to form spores (186). He deduced that specific
organisms could produce specific diseases; he went on to develop techniques to
culture bacteria in the laboratory that resulted in a Nobel Prize in 1905 (186). At the
end o f the 19 century, Vuillemin noticed that fungi could destroy bacteria; this was
further investigated by Alexander Fleming, who reported in 1929 the antibacterial
action o f a fungus, Penicillium notatum (89). However it was only in 1940 that the
role o f penicillin G was recognised and used to treat various bacterial infections (41).
The age o f antibiotics had begun; some bacteria were found to be resistant to
penicillin (1) and so the search for new antibiotics started and it continues to this day.

1.1.1.3 Increase in antibiotics and antibiotic-resistant bacteria

Anti-infective agents have been used for thousands o f years to treat infectious
diseases; sulfur and mercury were used to treat scabies and syphilis respectively
(286). However the search for satisfactory antibacterial therapy was unsuccessful
until the early 20

tVi

century when sulphonamides were discovered. In 1927, the

German scientist Gerhard Domagk discovered sulphonamides (Table 1.2) and
received the Nobel Prize for his work in 1939 (286). He used sulphonamide, then
known as protonsil red, to relieve his daughter o f a persistent streptococcal infection
(75). Further studies identified the sulphonamide group as the active ingredient;
sulfanilamide derivatives proved effective against pneumonia, meningitis, blood
poisoning and gonorrhoea (286). This was followed by the discovery o f penicillin in
•

th

the mid 20 century (1). This discovery triggered a health care revolution, and from
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this flowered an entire family o f penicillin-based antibiotics (178). Selman Waksman
isolated the first aminoglycoside antibiotic in

1944 from an Actinomyces,

Streptomyces griseus (63), and Benjamin Duggar discovered the first tetracycline
class o f antibiotics in 1949 by isolating chlortetracycline and oxytetracycline from
Streptomyces aureofaciens and Streptomyces rimosus respectively (45). Macrolide
antibiotics were discovered by McGuire and colleagues in 1952 in Streptomyces
erythreus (247). Among other important antibiotics discovered was the glycopeptide
vancomycin in 1956, the product o f Streptomyces orientalis (149). After a flurry o f
discoveries between 1930 and 1970, the past 40 years have witnessed fewer
discoveries (325). Although antibiotic resistance has been a problem since the 1940s,
new antibiotics have allowed physicians to keep ahead o f resistant strains. However
we are now experiencing a reduced availability o f new antibiotics to curtail
infections caused by resistant organisms.

The introduction o f a new antibiotic was often followed by the development o f
resistance in bacteria (Table 1.2). The first penicillin-resistant Escherichia coli
appeared in the

1940s (1) and were soon followed by penicillin-resistant

Staphylococcus aureus, and in 1967 penicillin-resistant Streptococcus pneumoniae
and Neisseria gonorrhoeae (Table 1.2). Streptomycin-resistant enterococci appeared
in 1967 in Japan (63). Erythromycin was used in 1952 as the first macrolide
antibiotic and within a year erythromycin-resistance appeared in Staphylococcus spp.
in the US, Europe and Japan (247). Prior to the mid-1950s, the majority o f bacteria
were susceptible to tetracycline (123), the first tetracycline-resistant bacterium,
Shigella dysenteriae, was isolated in 1953, followed by a dramatic increase in
tetracycline-resistance in pathogenic as well as commensal bacteria (45). This direct
correlation over time between use o f antibiotics and the increased proportion o f
resistant to non-resistant strains indicated that bacteria were evolving in response to
the selective pressure due to increased use o f antibiotics.

18

Table 1.2: Emergence o f resistance to newly-discovered antibiotics
Antibiotic

First resistant strain

Year

Reference

discovered
Sulphonamide

1927

1946,

62

Streptococcus spp.
Penicillin

1929

early 1940s,

(but used

E. coli, S. aureus,

commercially

1967,

in 1940)

S. pneumoniae, N.

1

106

gonorrhoeae
Aminoglycoside

1944

1967,

63

Enterococcus spp.
Chloramphenicol

1947

1950,

55

Salmonella typhi
Tetracycline

1949

1953,

45

Shigella sp.
Macrolide

1952

1952-53,

247

Staphylococcus spp.
Vancomycin

1956

1987,

149

Enterococcus spp.
...

19

1.1.2

Antibiotic-resistant bacteria: they are everywhere!

The wide use o f antimicrobial agents in human medicine and agriculture (Table 1.3),
has led to the emergence o f infections caused by bacteria that have become resistant
to most available drugs so that antibiotic-resistant bacteria have become a major
threat to public health (122).

Table 1.3: Use o f antibiotics
Where antibiotics are
used

Types of use

Questionable use

Human use (50% )a

20% Hospital

20-50% U nnecessaryb

80% Community
Agricultural use (50% )a 20% Therapeutic
80% Prophylactic/growth
promotion

40-80% Highly
questionable

Table taken from Wise et al. (328).
a 18 million kilograms o f antibiotics are used in the US each year (309).
b Prophylactic use o f antibiotics before surgery, empiric use (without knowing the
aetiological agent), paediatric use for viral infections are some o f the factors that
have led to an overuse and misuse o f antimicrobial agents in humans (121).

1.1.2.1 In the hospitals

Hospitals offer a prime opportunity for the development and transfer o f antibiotic
resistance, because o f heavy exposure to antimicrobial agents, patients prone to
infections and a high population density (296). Consequently they now have to face
the emergence o f nosocomial infections caused by multidrug-resistant Gram-positive
and Gram-negative bacteria.
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1.1.2.1.1

MRSA (methicillin-resistant Staphylococcus aureus)

MRS A is a major cause o f hospital-acquired infections worldwide (161). These
resistant organisms cause bacteraemia, pneumonia and surgical wound infections;
they can develop resistance very readily both by mutation and by DNA transfer. The
problem started with the appearance o f penicillin-resistant Staphylococcus aureus
soon after the introduction o f the antibiotics in the 1940s (Table 1.2); by the 1950s,
half o f the strains were penicillin-resistant worldwide through the production o f Plactamases, and by the 1980s the figure went up to 90% (161). One response to this
has been the development o f new p-lactamase-resistant penicillins, such as oxacillin
and methicillin. Unfortunately methicillin-resistant Staphylococcus aureus emerged
in the 1970s and increased in frequency as hospital pathogens during the 1980s and
1990s in many countries (229). Resistance to methicillin is due to the production o f
altered penicillin binding proteins (PBPs) with low affinity for all p-lactam
antibiotics (161). These altered PBPs are encoded by the mec gene, carried by large
mobile genetic elements inserted into the host DNA and termed staphylococcal
cassettes chromosome mec (SCCmec), these cassettes consist o f the mec gene
complex (the mec A gene and its regulators) and the ccr gene complex which encodes
site specific recombinases responsible for the mobility o f SCC mec (135). Most
MRSA strains are resistant to most other antibiotics leaving the glycopeptide
antibiotics as the last choice to treat such infections (295). Recently, treatment
failures caused by some strains with decreased susceptibility to vancomycin were
reported in Japan (117), USA (118) and UK (331). The mechanisms o f resistance are
thought to be due to elevated mutation frequencies allowing the strain to develop
resistance by stepwise selection in the presence o f increasing concentrations o f
vancomycin (261). However, recently one vanA gene was identified in a strain from
the US. This gene is plasmid-mediated and is thought to have been transferred from
another nosocomial pathogen, a vancomycin- resistant enterococcus VRE (295).

1.1.2.1.2 VRE (vancomycin-resistant enterococci)

A similar problem with nosocomial infections has been the emergence o f VRE (26).
Enterococci are normal inhabitants o f the gastrointestinal tract. However they have
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become a major nosocomial pathogen in the last decade (26). Enterococci are
intrinsically resistant to several commonly used antibiotics and they are able to
acquire resistance to all currently available antibiotics either by mutation or by
transfer o f mobile genetic elements (26, 239). The first VRE was reported in the UK
and France in 1987 (149) and by 1993 14% o f patients with enterococcus infections
in intensive care units had vancomycin-resistant strains, the prevalence o f VRE in
Europe has been increasing ever since (40, 332). The spread has been even greater in
the last decade in US hospitals where the figures reached 25% in 2000 (26). The
emergence o f VRE is thought to have been caused by excessive antibiotic usage and
also by cross-contamination in hospitals (27). VanA is the most common mediator o f
resistance to vancomycin in enterococci in Europe and America (26). The gene is
located on a transposon, Tnl546, in a cluster o f 4 other van genes (vanR, vanS,
vanH, vanX) necessary for glycopeptide resistance (332). This cluster o f genes is
induced by the presence o f the antimicrobial agent which leads to the production o f
modified target sites with low affinity for glycopeptide antibiotics (332). Recently
there has been some controversy about the transmission o f VRE from animals to
humans (129, 306, 318) as will be discussed later (see chapter 1.1.2.3.1).

1.1.2.1.3

Nosocomial infections due to Gram-negative bacteria

The distribution of antimicrobial resistant pathogens causing nosocomial infections
varies with time and among hospitals. However, a common fact observed worldwide
is the continuing increase in the prevalence o f resistance (Fig 1.1). Multiple
antibiotic resistance to useful classes of antibiotics has gradually increased among a
number o f Gram-negative hospital pathogens creating a wide range o f nosocomial
infections including bacteraemia, pneumonia, urinary tract and surgical wound
infections (109, 229). The increase is particularly marked for third generation
cephalosporin-resistant Enterobacteriacae, imipenem- and ciprofloxacin-resistant
Pseudomonas aeruginosa and Acinetobacter baumanii because it is worldwide and
can compromise the treatment of infections caused by any o f these organisms (Fig
1 . 1).
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Figure 1.1: Increase in selected antimicrobial resistant pathogens associated with
nosocomial infections in ICU patients in the US from 1995 to 2002
100

—

VRE

MRSA

Methicillin/CNS

3rd Ceph/E. coli

3rd Ceph/K. pneumoniae

Imipenem/P. aeruginosa

Quinolone/P. aeruginosa

3rd Ceph/P. aeruginosa

3rd Ceph/Enterobacter spp.

These data were adapted from the results obtained in different studies in the US from
1995 to 2002 (94, 95, 200, 201, 202).
ICU = Intensive care unit, VRE = vancomycin resistant enterococci, CNS =
coagulase negative staphylococci, 3rd ceph = resistance to third generation of
cephalosporins (cefriataxone, cefotaxime or ceftazidime), quinolone = resistance to
either ciprofloxacin or ofloxacin. Resistant rates (%) for each organism from ICU
patients from 1995-2002.
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In the industrialised world, as many as 60% o f hospital-acquired infections are
caused by VRE and MRSA. These organisms have now started spreading to the
community (325). We are heading towards a situation in which infections might
become virtually untreatable.

1.1.2.2 In the community

As in the hospital, community-acquired infections are becoming a threat to public
health because o f an increase in multidrug-resistance (106). Although the community
is not bombarded with high levels o f antibiotics to select for resistant strains,
community-acquired infections by resistant organisms have increased in recent
decades because organisms can be spread from hospitals, or farms, and also can
emerge within the community in response to the selective pressure o f antimicrobial
use or can be transmitted between communities (106).

1.1.2.2.1

Community acquired respiratory pathogens

One o f the pathogens that has a large impact on morbidity and mortality in the
community is Streptococcus pneumoniae (106). This organism is acquired by the
respiratory route causing diseases such as pneumonia and meningitis. Penicillin is the
antibiotic o f choice for treatment; however it is substituted by erythromycin when
patients are allergic to penicillin. There have been concerns about the increased
prevalence o f penicillin- and erythromycin-resistant S. pneumoniae as well as
multidrug resistant strains. The prevalence o f penicillin-resistant S. pneumoniae
(PRP) is variable in different countries but high prevalence rates have been reported
in Spain (84, 224), France (224) and United States, 33.5% (297). Many o f these PRP
are

also

resistant

to

other

antimicrobial

agents,

including

tetracycline,

chloramphenicol and trimethoprim-sulfamethoxazole (73, 297). S. pneumoniae
became resistant to penicillin due to the acquisition o f mosaic genes (by
transformation) that encode for altered PBPs (64, 232). An increased consumption o f
macrolides was paralleled by an increase in resistance to erythromycin through the
acquisition o f methylase (erm(B)) or efflux (mej) genes (83, 98, 234). The prevalence
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and the mechanism o f resistance to macrolides vary geographically and are likely to
be due to differential antibiotic consumption (218).

The emergence o f resistance in two other important respiratory pathogens, Group A
streptococci (S. pyogenes) and Neisseria meningitidis has also been observed. The
drug o f choice for both pathogens is penicillin (106). Whereas S. pyogenes is still
susceptible to this drug, high rate resistance to erythromycin has been reported; it is
due to the acquisition o f a methylase or efflux genes as in S. pneumoniae (83, 317).
Strains o f N. meningitidis with decreased susceptibility to penicillin have been
described worldwide. In Canada, the incidence reached 18% in 1995 (24), 43.6% in
Spain (90); however in some other countries it is still very low with a prevalence o f
4.3% in the Netherlands (303). Both P-lactamases and modified PBPs were identified
in this species (219). These facts underline the importance o f monitoring the
susceptibility o f these pathogens to different antimicrobials before they become
resistant to most o f the antibiotics available.

1.1.2.2.2

Bacterial gastroenteritis

As for VRE, resistance mechanisms in Salmonella spp. and Campylobacter jejuni,
the most frequent cause o f bacterial gastroenteritis, are thought to have been acquired
in animals and then transmitted into humans (305). Fluoroquinolone is used as the
drug o f choice in empirical treatment, and the use o f this drug in the farming industry
has contributed to the selection of resistant Campylobacter and salmonella (80, 299).
Resistance to this antibiotic has been rising since the late 1990s due to a point
mutation which alters the binding site o f the antimicrobial agent (166), the incidence
has now reached 50% for Campylobacter spp. in UK (221). Fluoroquinolone
resistance in Salmonella spp. has increased only in the recent years (170
). However the situation is worrying in salmonella with the increase worldwide o f
strains resistant to different classes o f antibiotics (104, 298, 335). Erythromycin is
the first line antibiotic used to treat infections caused by Campylobacter, and
resistance to this antibiotic has been observed (47); although the incidence is still
low, the increase in resistance narrows the choice o f antibiotics for treatment.
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The extensive use o f antimicrobial agents both in the hospital environment and in the
community has led to the emergence o f antibiotic-resistant bacterial infections.
Emergence o f resistance limits the therapeutic options available to physicians in the
treatment o f infections caused by such pathogens. Therefore, careful monitoring o f
these pathogens and their susceptibilities as well as appropriate and prudent use o f
antibiotics is required to constrain and prevent the emergence o f resistance.

1.1.2.3 In the agricultural environment

Antimicrobials are also used in food animals to treat or prevent diseases and also to
promote growth (132). The most commonly used antimicrobial drugs in animals
reared for food are from six major classes: aminoglycosides, p-lactams, tetracyclines,
macrolides, sulphonamides and quinolones (132). In 1969, the Swann Committee o f
the United Kingdom gave a warning about the cross-resistance exerted by the same
antibiotics used in animals and humans (287). Although it is difficult to establish a
direct link between antibiotic resistance in humans and in animals, as noted above,
some studies have shown that antibiotic use in agriculture can act as a driving force
for the development o f antibiotic resistance in certain pathogenic bacterial species
(129, 130, 288, 305,318).

1.1.2.3.1

In animals

The acquisition o f the same mechanism o f resistance in animal and human bacteria is
evidence o f genetic exchange between organisms from these two different
environments although exchange via an intermediate organism can also take place.
Enterococci are a dominant bacterial group in the intestinal microbiota o f humans
and animals and VRE have emerged as an important human pathogen due to
selection pressure exerted by the use o f vancomycin in hospitals (27). However in
Europe a glycopeptide, avoparcin, has been used as a growth promoter in animal
feed, and its use was shown to create a reservoir o f VRE in animals (13). Avoparcin
resistance is mediated by the vanA gene located on a transposon, T n l5 4 6 (332).
These genetic elements are indistinguishable from the ones found in human isolates
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(130). vanA was also isolated from sewage (320), meat products (316, 320), and from
turkeys and farmers on farms where avoparcin was used as an antimicrobial growth
promoter (281).

The fact that pulse-field gel electrophoresis (PFGE) o f ciprofloxacin-resistant E. coli
from poultry and poultry farmers and broiler and broiler farmers had identical
patterns is evidence that identical clones were present in humans and in poultry
(304).

Recently the genomes o f MRSA isolates from food animals compared by random
amplified polymorphic DNA (RAPD) were found to be closely related to those o f
human MRSA in Korea (124) and thus might be a possible source o f infections to
humans via contaminated food products.

The observation o f the same clones o f Salmonella newport serotype MDR-AmpC,
which is multidrug resistant, in dairy cattle, in animals and humans (336) further
demonstrates that animal pathogens could be a source o f infections in humans.

There is good evidence that the use o f antimicrobial agents in animals for the
treatment or prevention o f infections or for growth promotion has encouraged the
establishment o f a reservoir o f antibiotic-resistant bacteria and antibiotic resistance
genes in animals that can be transferred to humans directly or indirectly as described
in Figure 1.2.
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Figure 1.2: Transfer o f resistant determinants between different reservoirs
Antibiotic
use lor
thorapy and

feed

M eat

products

Selective pressures
0

Man reservoirs

From Witte (329).
As discussed in chapter 1.1.2, the use o f antibiotics has created reservoirs o f
antibiotic-resistant bacteria and antibiotic resistance genes in each environment
where antimicrobials are used; this figure underlines the transfer o f antibioticresistant organisms between these different environments.

1.1.2.3.2

In plants

An estimated 0.1% o f the total antimicrobials used in the United States are used in
plant

agriculture

(309).

Streptomycin,

an

aminoglycoside

antibiotic,

and

oxytetracycline, a tetracycline antibiotic, are the main antibiotics used to prevent
bacteria-induced rotting of commercially valuable fruits (263). Because of its high
efficacy and low toxicity, streptomycin has been the antibiotic o f choice; however its
repeated use for fire blight control in pears and apples has led to the establishment o f
streptomycin-resistant Erwinia amylovora populations, the causative agent o f the fire
blight disease. The resistance also spread to other phytopathogenic bacteria and is
due to either a mutation in the ribosomal binding site or due the presence o f a T nitype

transposon,

Tn5393,

containing

linked

strA-strB

genes

that

encode

streptomycin-inactivating phosphotransferases (176). Tn5393 is located on a
plasmid, pEa8.7 that is closely related or identical to the broad-host range plasmid
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RFS1010, which is commonly found in a variety o f clinically important bacteria o f
hupian and animal origin (44, 213). The concerns are that even though streptomycin
has stopped being used for some decades, the prevalence o f streptomycin-resistant
Erwinia amylovora is still very high (176, 213, 263).

Oxytetracycline is used as the second antibiotic o f choice when resistance to
streptomycin has emerged; resistance to this antibiotic has not been reported in
phytopathogenic bacteria, although it has been found in plant surface-associated
bacteria (263). Resistance has emerged through the acquisition o f genes encoding an
efflux mechanism such as tet(A), tet(B), tet(C), tet(G); most o f them were located on
transposons identical, or similar, to transposons already described in tetracyclineresistant bacteria o f environmental, animal or human origin. For instance Tn 10
containing tet(B) was also found in Shigella dysenteriae (263), causative agent o f
gastroenteritis in humans and T n/ 720, a variant o f Tn 1721, containing tet(A) was
also found in Salmonella enterica, also causative agent o f gastroenteritis in humans
(220). In some cases, tetracycline resistance was linked to streptomycin resistance
determinants and so the use o f oxytetracycline in plant agriculture would select for
tetracycline and streptomycin resistance (263).

Many different factors have contributed to the emergence o f antibiotic-resistant
bacteria as seen above. The presence o f homologous resistance determinants in
bacteria associated with plants, soil, animals and humans is likely to be due to gene
exchange between organisms from these different environments, therefore different
habitats can serve as a reservoir for antibiotic resistance genes, which can then be
transmitted to other environments (Fig. 1.2).

1.2

Origins o f the rise o f antibiotic-resistant bacteria

1.2.1 Point o f view o f the bacterium

Bacteria are part o f us; human beings are made up o f 1014 cells, only 10% o f these
are mammalian cells, the remainder are the microbes which constitute the indigenous
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microbiota (155). Bacteria have a short generation time and so are able to adapt
efficiently to a change in the environment, which means they can become more or
less resistant in response to selection pressures exerted by the presence or absence o f
an antibiotic in their environment.

1.2.1.1 Bacteria challenged by antimicrobial agents

1.2.1.1.1

Increase in the proportion o f antibiotic-resistant bacteria

When an antibiotic is administered, the entire microbiota is exposed to the
compound; it first affects the susceptible bacteria, by either preventing them from
growing any further or by killing them, thus giving additional resources and more
opportunity for the resistant bacteria to proliferate in this new environment (155).
The administration o f tetracycline to an oral biofilm in vitro was shown to increase
the overall resistant population and decrease the susceptible one (230). The second
effect caused by the consumption o f an antibiotic is an increase in antibiotic
resistance gene exchange between bacteria. One study on the effect o f tetracycline on
Bacteroides spp. showed that exposure o f the bacteria to a low, subinhibitory
concentration o f the drug upregulates the expression o f the gene transfer apparatus o f
the conjugative transposon CTnDOT (280, 323); also tetracycline was shown to
increase the transfer frequency o f Tn916 in a culture o f Bacillus subtilis (39). Thus
antimicrobial agents create a selective pressure on the bacterial population favouring
the growth o f resistant bacteria and encouraging the bacteria to acquire new
mechanisms o f resistance.

1.2.1.1.2

Origin o f the antibiotic resistance genes

Plasmids isolated during the pre-antibiotic era were common but carried very few
antibiotic resistance genes; out o f 433 enterobacterial strains studied, including those
belonging to the genera Proteus, Salmonella, Escherichia, Klebsiella, from the
period o f 1917-1952, only one Proteus strain was shown to be resistant to
tetracycline, one Klebsiella strain was resistant to ampicillin and no other antibiotic
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resistance was found (123). Recently the urinary pathogens Escherichia coli,
Klebsiella pneumoniae and Proteus mirabilis were studied (864, 71 and 62 isolates
respectively) in the UK for their resistance to different antimicrobials and it was
found that 25.6% o f E. coli, 18.3% of K. pneumoniae and 100% o f P. mirabilis were
resistant to tetracycline and resistance to amoxycillin, ampicillin and trimethoprim
were found in all species (82), suggesting that they have acquired resistance genes
following the increased use o f antibiotics. The origin o f these resistance genes is not
well understood. There is some evidence that most o f them originated from the
antibiotic-producing organisms as a way to protect themselves against the activity o f
the antibiotics they produce (64). The best example is the striking similarity o f the
genes conferring vancomycin resistance (vanA, vanB, vanH, vanX) in enterococci
and the related clusters in glycopeptide antibiotic producers (171, 172). In some
cases it has been shown that antibiotic resistance genes might have evolved from
housekeeping genes (64). The aminoglycoside modifying enzymes, aminoglycoside
acetyltransferases and aminoglycoside phosphotransferases, have significant primary
sequence similarities to the housekeeping genes acetyltransferases and kinases
respectively found in streptomycetes (63), now these two antibiotic resistance genes
can be found in a wide variety of species (248).

1.2.1.1.3

Cross-resistance

One major problem is the co-selection for multiply-resistant organisms (25, 248).
The antimicrobial agents have selected for the assembly and evolution o f complex
genetic vectors encoding, expressing, linking and spreading different resistance
genes. It is not uncommon to isolate one bacterium resistant to more than one
antibiotic eg MRSA, VRE, multidrug-resistant Salmonella, penicillin-resistant
Streptococcus pneumoniae (325) and it is easy to understand how, considering the
array o f genetic elements able to carry and transfer antibiotic resistance genes and the
presence of gene cassettes able to accumulate different resistance genes and to
subsequently transfer them to transposons and plasmids (see chapter 1.2.2.2). The
linkage o f antibiotic resistance genes on the same element is o f concern; the use o f
any o f the antibiotics can select for multidrug-resistant isolates and aid the survival
o f resistance genes even in the absence o f the drug to which they encode resistance.
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Moreover, biocides and antibiotics use some common mechanisms o f resistance such
as the QAC (quaternary ammonium compounds) efflux pumps (Table 1.4) and some
genes coding for resistance to biocides or disinfectants have also been linked with
antibiotic resistance genes; the quaternary ammonium compounds resistance gene
(iqacA/B) was linked to (3-lactam resistance genes on the same plasmid in foodrelated Staphylococcus spp. (270) therefore co-selection for multidrug-resistant
strains is also likely to take place in any environment where biocides are used (153,
177, 222). The use o f mercury in dental amalgams is likely to promote the
development and maintenance o f mercury- and antibiotic-resistant bacteria in the
oral cavity; there are some reports o f antibiotic-resistant bacteria also being resistant
to mercury (283) and mercury resistance has been associated with conjugative
plasmids or/and transposons in the environment (212).

1.2.1.2 Mechanisms of resistance

There are various ways for bacteria to protect themselves from the effect o f an
antibiotic: the production o f enzymes that inhibit the activity o f the agent, the active
efflux o f the drug from the cell, a decreased uptake o f the drug, the creation o f an
alternative metabolic pathway that bypasses the target action or the modification o f
the target site preventing the antibiotic from binding to it.

1.2.1.2.1 Intrinsic and acquired resistance

Acquired resistance is present only in certain isolates o f a species or genus.

A bacterium can be resistant to an antibiotic through an intrinsic or acquired
mechanism. Intrinsic resistance is present in all the members o f a given species or
genus. For example enterococci are intrinsically resistant to different antibiotics such
as penicillin because the (3-lactam antibiotics bind very weakly to enterococcal
penicillin-binding proteins involved in bacterial cell wall synthesis, to macrolides
because o f a modified ribosomal target and finally to aminoglycosides which cannot
efficiently cross the cell wall (69). Intrinsic resistance differs in Gram-negative and
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Gram-positive bacteria because o f their differing cell wall composition (225). In both
Gram-positive

and

Gram-negative

organisms,

the

envelope

consists

of a

peptidoglycan layer, a periplasmic space followed by the inner plasma membrane,
however in Gram-negative bacteria the peptidoglycan layer is surrounded by an extra
outer membrane that consists o f lipids, lipoproteins, lipopolysaccharides and porin
proteins. One important function of the outer membrane is to prevent or slow the
entry o f bile salts, antibiotics and other toxic substances. Aminoglycosides and
glycopeptides are high hydrophilic compounds which prevents them from crossing
the highly lipophilicity of the outer membrane o f most Gram-negative organisms
therefore they are inactive against most o f these organisms (63, 83).

1.2.1.2.2

Active efflux o f the drug

Efflux pumps, or energy-dependent export, evolved to protect bacteria from the toxic
substances resulting from their own metabolism (156). However, some o f these
pumps excrete antimicrobial agents out of the cells fortuitously, thus preventing the
intracellular accumulation necessary for antibiotics to exert their lethal activity and
conferring diminished susceptibility to these different compounds.

The efflux pumps can be divided into four superfamilies according to their amino
acid sequence morphologies (Table 1.4). Most o f these efflux pumps (MFS major
facilitator superfamily, SMR small multidrug resistance protein family and RND
resistance, nodulation, division) are proton motive force-dependent efflux systems;
that is, systems that use the chemical gradient o f hydrogen ions and/or the electrical
charge gradient across the membrane to drive drug efflux (150, 229). Whereas, ABC
transporters (ATP-binding cassette), which contain two ATP binding cassettes,
derive their energy from the hydrolysis of ATP (Fig 1.3). Although the mechanisms
o f antibiotic substrate specificity are difficult to establish, it is thought that
transporters recognise molecules with a polar, often slightly charged head, associated
with a hydrophobic domain (156, 217).

Efflux pumps can have an important role in intrinsic resistance o f Gram-negative
bacteria to different antibiotics. Among Gram-negative bacteria, three types o f
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multidrug efflux pumps have been reported (Table 1.4): MFS, SMR and RND, which
work in synergy with the membrane barrier, giving rise to increased resistance to a
wide range o f antibiotics. Efflux systems o f Gram-positive organisms belong either
to the MFS, SMR or ABC families (Table 1.4); they usually exhibit narrow substrate
specificities and confer resistance to weakly lipophilic agents or organic cations.
Elevated expression o f some o f these efflux proteins can be caused by a mutation in
the promoter region as is the case o f the NorA protein (133) or by a mutation in the
regulator o f the genes encoding the efflux pump, as is the case for the Mex pump
(338).

The

broad-substrate

range o f efflux

systems is

o f concern,

since

overexpression o f a pump will result in resistance to antibiotics o f more than one
class as well as to some dyes, detergents and disinfectants (Table 1.4). Moreover, it
underlines the risk o f commonly used biocides that could also select for crossresistant bacteria (92, 153).
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Table 1.4: Multi-drug resistance families and members
Determinant

Resistance

Microorganims

MDR

Proper

Membrane
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ties

topology

tion

•PM F

12-14 trans

prokaryotes

qac(A)/qac(B)

QAC

Staph, aureus

membrane

and
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Quinolone

Staph, aureus

helices

eukaryotes

pm r(A)

Quinolone

Strep pneumoniae
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Quinolone

B. subtilis

m ef

Macrolide

Strep, Neisseriae

mdr( 1)

MDR

L. monocytogenes

tet(K)/tet(L)

Tet

Gram-positive

tet(A)-tet(E)

Tet

Gram-negative

Phenotype

lies
MFS

• And
specific
translocases

SMR

PMF

4 trans

Gram-

smr

MDR

Staph, aureus

membrane

positive and

qac(E)

QAC

Broad host range

helices

Gram-

emr( E)

MDR

E. coli

(most likely

negative

organized in

species

trimers)
RND

ABC

PMF

12 trans

Gram-

acr

MDR

E. coli

membrane

negative

mex

MDR

P. aeruginosa

helices

species

mtr

MDR

N. gonorrhoeae

Specific

12 trans

prokaryotes

msr( A)

Macrolide

Staph, aureus

translo-

membrane

and

vg(A)/vg(B)

Strepto-

Staph spp.

cases

helices

eukaryotes

gramin A

Adapted from Kohler et al. (141), Lewis et al. (157), Paulsen et al. (217) and
VanBambeke et al. (302).
MFS = major facilitator superfamily, SMR = small multidrug resistance protein
family, RND = resistance, nodulation, division, ABC = ATP-binding cassette, MDR
= multidrug resistance, PMF = proton motive force, QAC = quaternary ammonium
compounds used as antiseptics, Tet = tetracycline, Strep = Streptococcus spp., Staph
= Staphylococcus.
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Figure 1.3: Structure o f bacterial efflux systems
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From Kohler et al. (141).
The bacterial efflux systems are composed o f a cytoplasmic pump protein that allows
the export of substrates from within the cell into the external medium. MFS, SMR
and RND derive their energy from the proton gradient force whereas ABC uses the
hydrolysis of ATP. RND is composed o f two additional proteins believed to form a
channel as represented in this figure.

Drug efflux appears to be a widespread mechanism o f resistance in Gram-positive
and Gram-negative bacteria including medically-important
staphylococci,

streptococci,

enterobacteria

and

opportunistic

species

such as

pathogens

like

Pseudomonas aeruginosa (Table 1.4). Its ability to export unrelated compounds, and
to increase bacterial resistance by overexpression o f the efflux systems, makes it an
important mechanism of resistance to antimicrobial agents and biocides.
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1.2.1.2.3

Resistance to classes o f antibiotics

1.2.1.2.3.1 P-lactam antibiotics

Some bacteria can become resistant to antimicrobial agents through the production o f
enzymes that inactivate the drug. The best examples known are the P-lactamases. Plactam antibiotics act by binding to penicillin binding proteins (PBPs), which are
enzymes involved in the terminal stages o f assembling the cell wall during growth
and division (178); they are bactericidal antibiotics and usually used against Gramnegative bacilli and Gram-positive cocci. P-lactamases act by hydrolysing the plactam ring in p-lactam molecules with the resulting loss o f antimicrobial activity.
They are produced by both Gram-positive and Gram-negative organisms and are the
products o f genes that can be found on plasmids, transposons, integrons or the
chromosomes (28).

The second most common mechanism o f resistance against P-lactam antibiotics after
the production o f inactivating enzymes is the change by mutations, or replacements
by transformation, o f parts o f the various PBP genes leading to a decreased affinity
for the antibiotic (28).

1.2.1.2.3.2 Aminoglycosides

This class o f antibiotics inhibits protein synthesis in Gram-positive and Gramnegative organisms. The mechanism o f resistance to aminoglycosides is through the
production o f enzymes which modify the antibiotic and usually lead to high-level
resistance. These enzymes are classified as adenyltransferases, acetyltransferases and
phosphotransferases; they add an adenine, acetyl or phosphate group respectively,
onto the aminoglycoside molecule, preventing them from binding to the ribosome
target site (63). Within each group there are increasing numbers o f different
enzymes, which differ in the aminoglycosides that they can use as substrate and the
position on the aminoglycoside where the modifying molecule is added. The genes
for the enzymes may be located in the chromosome, plasmids, transposons or
integrons (63).
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Aminoglycoside resistance can also occur by base modification in the ribosomal
R N 4 (rRNA), the binding site o f the antibiotic, by an RNA methylase and confer
high level o f resistance. However, this has not yet been identified in clinical isolates
(63).

1.2.1.2.3.3 Macrolides

The macrolides are bacteriostatic; they bind to the bacterial ribosome and
consequently inhibit protein synthesis. Erythromycin, one o f the macrolides, is
effective against Gram-positive cocci and is often used as a substitute for penicillin
against streptococcal and pneumococcal infections (138).

The most common mechanism o f resistance to macrolides (M) is target modification
that leads to the alteration o f a site in 23 S rRNA common to the binding o f
macrolides as well as the unrelated lincosamide (L) and streptogramin B (S)
antibiotics and thus conferring cross-resistance to MLS antibiotics (247). This type
o f resistance is conferred by the presence o f rRNA methylases (encoded by erm
genes) that modify a single adenine residue at position 2058 in the 23 S rRNA and
prevent MLS antibiotics from binding to the 50S ribosomal subunit. There are
around 20 different erm genes coding for rRNA methylases; they have been isolated
from a variety o f bacteria and are associated with conjugative or nonconjugative
transposons (Table 1.5) that tend to reside on the chromosome although some have
been found on plasmids (247).

Inactivating enzymes produced against macrolides are very rare although some have
been found in lactobacilli, staphylococci and E. coli (11, 247, 330). They are
plasmid-mediated erythromycin esterases typel

and typell

(ereA

and ereB

respectively) (11) or transposon-mediated macrolides 2 ’-phosphotransferase (mphA
and mphB) (204, 205) and they confer high levels o f resistance to 14-membered
macrolides which are erythromycin and clarithromycin (ereA, ereB, mphA, mphB)
and to 16-membered macrolides which are spiramycin, josam ycin and tylosin (mphA,
mphB) (Table 1.5).
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A third mechanism o f resistance to macrolides is through the production o f efflux
proteins that pump the antibiotics out o f the cell o f which there are two types. One
set o f proteins, coded by the m e f gene, has homology with the major facilitator
superfamily; they are found in Streptococcus spp. and oral Neisseria spp. and are
associated with conjugative elements found in the chromosome (247). The second set
o f proteins, coded by the msr gene, belongs to the ABC transporter family, but has
been isolated so far only from Staphylococcus spp. (Table 1.4).

A fourth mechanism o f resistance, a base substitution in the 23 S rRNA where
macrolides make several contacts with the ribosome, has emerged in clinical isolates
since the 1990s (247). The most common mutation is at position A2058; methylation
o f the rRNA at A2058 by erm methyltransferases is thought to confer resistance by a
similar mechanism. Mutation conferring resistance to macrolides can also appear in
the ribosomal proteins (L4, L22) (308, 319). These mutations lead to different
phenotypes (36, 308).

Intrinsic resistance to MLS antibiotics in Gram-negative bacilli is due to low
permeability o f the outer membrane to these hydrophobic compounds (148).
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Table 1.5: Distribution o f erythromycin resistance genes
Clasfc o f
macrolide
resistance
genea
Methylases

Inactivating
Enzymes

Efflux
pumps

Species where the gene
resides

Protein

Gene
name

Localisation

ErmA

erm( A)

ErmB
ErmC
ErmF

erm( B)
erm( C)
erm( F)

ErmQ
ErmT
EreA
EreB

erm(Q)
erm( T)
ere( A)
ere( B)

Actinobacter, Staph,
Strep, Peptostrep
Tn1545, plasmid Broad host-range
Broad host-range
Plasmid
Broad host-range
Tn4551,
plasmid, chr, Tn
Actinomyces, Strep
chr
Lactobacillus
Plasmid
Enterobacteriacae
pIPllOO
pIP1527
Enterobacteriacae

MphA
MphB
MphC
M efc

mph(A)
mph(B)
mph( C)
mefi A)

Tn
Plamid, Tn
ND
Tn1207.3
Tn2009

E. coli
E. coli
Staph
Enterococcus, Strep,
Staph, Neiss, Acineto

MsrA

msr{ A)

pS R l, pEP2104

Staph

Tn 554

Reference

247, 233
247
247
48, 324
247
247
247
247
205
203, 204
247
251
68
247

a The distinction o f the erm methylases is based on their amino acid sequence
variability (247)
•

two genes with <80% amino acid sequence identity provide enough
variability to permit distinct probes to be designed

•

if two genes have an amino acid sequence identity >=80%, they are assigned
to the same class and same letter designation

•

if two genes have an amino acid sequence identity <=79%, they are given a
different letter designation.

b erm(TR) is also designated erm(A) according to current nomenclature (247).
c mef{A) originally described in S. pyogenes (49) and m efiE), originally described in
S. pneumoniae (247), are 90% identical and were assigned the same mef{A) class o f
macrolides resistance determinants (247).
Chr = chromosome, Tn = Transposons, Staph = Staphylococcus, Strep =
Streptococcus, Neiss = Neisseria, Acineto = Acinetohacter, Peptostrep =
Peptostreptococcus, ND = not determined.
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1.2.1.2.3.4 Tetracyclines
«

Tetracyclines are bacteriostatic, inhibiting bacterial protein synthesis. They are
broad-spectrum antibiotics effective against a wide range o f Gram-positive and
Gram-negative bacteria (45). The production o f ribosomal proteins that bind and
protect the ribosomes from the action o f tetracycline is very common as a mechanism
o f resistance to this antibiotic in both Gram-positive and Gram-negative bacteria
(274). These ribosomal proteins have extensive homology to the elongation factor Glike proteins that are required for the correct binding o f aminoacyl-tRNA to the
ribosomal acceptor site in the presence o f guanosine triphosphate (GTP) (45, 139).
So far, nine classes o f genes encoding ribosome protection proteins (RPP) have been
described: tet(M ), tet(O), /e/B(P), tet(Q), tet(S), tet{W), tet(T), tet(32) and tet(36)
(Table 1.6). The most common o f which is tet(M) (45, 249). One o f the reasons for
the success o f these genes is the fact that they are commonly contained within
conjugative transposons, which have an extraordinarily broad host range (45, 236,
274).

Enzymatic inactivation o f tetracycline is encoded by two determinants similar in
their functions: Tet X and Tet 37. The tet(X ) gene was isolated from the anaerobic
intestinal bacteroides transposons (275) whereas tet(31) was cloned from the oral
metagenome (72). Both gene products chemically modify tetracycline in the presence
o f both oxygen and nicotinamide adenine dinucleotide phosphate (NADPH).
However, to date no surveys have been conducted to assess the distribution o f these
two genes.

A third mechanism o f resistance to tetracycline is through the production o f efflux
proteins (Table 1.6). They are encoded by different tetracycline resistance genes,
tet(A) to tet(I), including tet(39) found mostly in Gram-negative species and tet(K)
and tet(L) widely distributed among Gram-positive organisms. They all belong to the
same family o f the MFS (Table 1.4). The Gram-negative efflux genes are normally
associated with large plasmids, most o f which are conjugative, while the Grampositive efflux genes are generally found on smaller transmissible plasmids (45).
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A novel tet gene tet(34) has recently been described from a Vibrio sp. (206); the
•

•

•

94-

•

possible function o f this determinant is activation o f Mg -dependent purine
nucleotide synthesis, thus providing an excess o f guanosine triphosphate stimulating
the elongation factor proteins required for the binding o f aminoacyl-tRNA to the
ribosomal acceptor site. Consequently, an excess supply o f GTP might accelerate the
binding o f aminoacyl-tRNA and elongation factor, which would attenuate the
inhibition by tetracycline antibiotics (206).

Finally, tetracycline resistance can also arise through mutation at the ribosomal
binding site o f the antibiotic. These mutations have been found in two different
clinical species, Propionobacterium acnes (252) and Helicobacter pylori (99), and
were shown to have a different effect on bacterial fitness, depending on the type o f
mutation carried (99).

42

Table 1.6: Distribution o f tetracycline resistance genes
Class p f tet
resistance
gene
Ribosomal
protective
proteinsa

Inactivating
enzymes
Efflux
pum psa

Mg2+
dependent
resistance
Unknown
mechanism

R ef

Protein

Gene

Localisation

Species where the gene
resides

Tet M
T etO
Tet P
Tet Q
T etS

tet( M)
tet( 0 )
tetB( P)
tet(Q)
tet( S)

Plasmid, CTn
Plasmid, CTn
Plasmid
CTn
Plasmid, CTn, chr

T etT
Tet W

tet( T)
tet( W)

ND
CTn, associated
with mob proteins

Tet 32
Tet 36

tet( 32)
tet( 36)

ND
ND

Tet X
Tet 37
Tet A
Tet B
T etC
T etD
T etE
Tet F
Tet G
T etH
Tet I
Tet J
Tet K
T etL
Tet P
Tet V
Tet Y
T etZ
Tet 30
Tet 33
Tet 39
Tet 34

tet(X)
tet(31)
tet( A)
tet( B)
tet(C)
tet( D)
tet(E)
tet(F)
tet(G)
tet( H)
tet( I)
tet( J)
tet( K)
tet( L)
tetA( P)
tet(V)
tet( Y)
tet(Z)
tet( 30)
tet(33)
tet( 39)
^/(34)

Tn
ND
Plasmid
Plasmid, Tn, chr
Plasmid
Plasmid
Plasmid, chr
Plasmid
Plasmid
Plasmid, Tn
Plasmid
Unsequenced
ND
Plasmid
Plasmid, chr
Plasmid
ND
Plasmid
Plasmid
Tn
Plasmid
ND

Broad host-range
Broad host-range
Clostridium
Broad host-range
Listeria, Enterococcus,
Streptococcus
Streptococcus
Rumen bacteria, human
faeces bacteria, animal
pathogen
Clostridium
Cytophaga- FlavobacterBacteroides,
Proteobacteria
Bacteroides
ND
Gram-negative
Gram-negative
Gram-negative
Gram-negative
Gram-negative
Bacteroides
Vibrio, Pasteurella
Pasteurella
Providencia
Proteus
Gram-positive
Gram-positive
Clostridium
Mycobacterium
E. coli
Coryne bacterium
Agrobacterium
Corynebacterium
Acinetobacter
Vibrio

TetU ”

/g^(U)

Plasmid

Enterococcus

45
249
154
151
43
144
45
17,21,
264
180
322

275
72
45
45
45
45
45
45
45, 136
136
249
45
45
45
154
154
154
154
154
291
4
206

238

a The distinction o f the tet genes is based on their amino acid identity and <= 80% is
chosen as the dividing line (154).
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b The resistance mechanism o f this gene appears to be ribosomal protection however
the sequence o f the gene shows no homology to the elongation factor G-like proteins
(238).
tet = tetracycline, R ef = References, Chr = chromosome, Tn = Transposons, CTn =
Conjugative Transposons, ND = not determined.

1.2.1.2.3.5 Glycopeptides

Glycopeptides interfere with the synthesis o f the bacterial cell wall by binding to the
D-alanines on the precursors o f the peptidoglycan cross bridges preventing their
cross-linking and leading to cell lysis (235). Vancomycin was introduced clinically
in 1958 for the treatment o f infections due to Gram-positive bacteria (277). Use o f
this agent has increased dramatically in the last 20 years, in large part because it has
become the antibiotic o f last resort for infections due to some organisms (e.g.
MRSA) as resistance to the other antibiotics has become more common. The only
known acquired mechanism o f resistance to glycopeptides in Gram-positive
organisms is through the modification o f the drug target (91). Resistance has
developed through the acquisition o f genes (vanA, vanB, vanD, vanE) that produce a
ligase resulting in the modification o f the peptidoglycan side chain with less affinity
to glycopeptides (91). These genes confer different levels o f resistance and were
described in different microorganisms (100, 223, 295). The most common o f those is
vanA which is encoded by T nl546 , resulting in high level o f resistance in
Enterococcus spp. (69).

Gram-negative organisms are intrinsically resistant to vancomycin since the
peptidoglgycan inside the outer cell membrane cannot be reached by the
glycopeptide molecule (91). Natural resistance exists in Gram-positive organisms
such as Lactobacillus spp. due to a lower affinity to glycopeptide antibiotics (22).
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1.2.2 Mechanisms o f disseminating antibiotic resistance genes

1.2.2.1 Discovery o f bacterial gene exchange

Until the discovery o f transformation in the early 1940's, it was assumed that bacteria
lacked any means o f exchanging genetic material. Within a few years, two additional
means o f genetic exchange by bacteria, conjugation and transduction, were
discovered. All three o f these mechanisms result in the transfer o f DNA from a donor
to a recipient bacterium (240). The extent o f horizontal gene transfer (HGT) was
further demonstrated by the characterisation o f nucleic acids in bacterial genomes
(146). Sequencing and comparisons o f genomes from different species revealed
regions with atypical base compositions or codon usage patterns, which have been
described as ‘alien genes’ and is evidence o f a HGT between bacteria (146).
Bacterial genomes are extremely dynamic and mosaic in nature, HGT are often
involved in the rapid adaptation o f bacteria to novel environments and thus are likely
to play a major role in the acquisition o f antibiotic resistance.

1.2.2.2 Mechanisms o f HGT

1.2.2.2.1

Transformation

Transformation is a process by which bacteria can take up naked DNA from the
environment. Many bacteria are naturally transformable; they can take up DNA
during a specialised physiological state termed competence, the development o f
competence depends on different factors according to the species (272). More than
40 naturally transformable species have been identified (163).

Different steps are involved for successful transformation to take place. First o f all,
free bacterial DNA in the environment is required and it is usually provided by the
lysis o f bacterial cells. The DNA must persist in the environment and be protected
from the action o f free nucleases. Some studies showed that adsorbed DNA on
surfaces such as minerals, sand and clay particles is less susceptible to the action o f
DNAse, however the mechanisms o f protection are unknown (251).
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Extracellular DNA can be taken up efficiently only by competent bacteria; in most
bactefia competence is inducible, but in N. gonorrhoeae, and probably Acinetobacter
spp., it is constitutive (272). In transiently competent bacteria, competence develops
when the cell is in the correct physiological condition (76), but it also depends on the
expression of genes whose proteins provide the necessary functions to induce
competence (50, 272). These proteins are produced from the com genes in B. subtilis,
and they also have analogues in other species (77, 78).

In B. subtilis and S. pneumoniae, the binding o f DNA onto the cell surface is non
covalent, it takes place through the presence o f binding proteins encoded by the com
genes (226) whereas the interaction between DNA and a competent cell in N.
gonorrhoeae and H. influenzae occurs through the presence o f short specific DNAuptake sequences (DUS) in the donor DNA which is why N. gonorrhoeae and H.
influenzae preferentially take up double-stranded DNA only from the same or closely
related species (20, 272).

In most species, after binding to the cell surface o f competent cells, the DNA
undergoes double-strand cleavage. While one strand o f the bound DNA is degraded
to acid soluble products, the other strand becomes resistant to DNAse and is
transported across the cytoplasmic membrane (163). The uptake is dependent on
monovalent and divalent cations in most species and is similar in Gram-positive and
Gram-negative organisms. One marked difference in the uptake system o f H.
influenzae and N. gonorrhoeae is that the donor DNA is taken up as a double strand
into vesicles called transformasomes which are located onto the cell surface. Thus
the DNA contained in the transformasome is protected against exogenous DNAse.
However, once in the cytoplasm the DNA becomes single stranded (163).

Integration of the donor DNA into the recipient chromosome is via a homologous
recombination that is dependent on the activity o f the RecA protein: single stranded
molecules interact with complementary sequences in the recipient chromosome to
yield heteroduplex DNA, while the old strand with the same sequence is displaced
and subsequently degraded. This recombination appears to be identical in Grampositive and Gram-negative bacteria (163). Also bacteria can be transformed by
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plasmids, which then replicate and do not need homologous recombination to
becoijie established (163).

HGT by transformation has been demonstrated in different bacteria in a variety o f
natural ecosystems (Table 1.7) and also in the laboratory among different bacteria
(163), showing that it is an important factor in the evolution o f bacteria, including the
acquisition o f antibiotic resistance.

47

Table 1.7: Transformation in natural environments
Bacterial host

Environmental

Reference

Genetic marker

Situation
P. stutzeri

Marine water

Chromosomal RifR

65

Plasmid multimers

65

Chromosomal trp

65

Plasmid

65

microcosm
Pseudomonas sp.

Marine Water and
sediment
microcosm

A. calcoaceticus

Ground water and
soil extract

A. calcoaceticus

Ground and aquifer
water

A. calcoaceticus

River epilithon

Chromosomal his

65

A. calcoaceticus

Soil microcosm

Chromosomal DNA +

65

KmR, GmR cassette
E. coli

River and spring

Plasmid

65

Chromosmal his and

65

water
P. stutzeri

Soil microcosm

plasmid
A. tumefaciens

Soil microcosm

Plasmid

Soil microcosm

Chromosomal

70

P. fluorescens
Acinetobacter sp.

+

KmR

198

cassette
S. gordonii

Human saliva

Plasmid

181

Acinetobacter sp.

Soil and

Plasmid KmR

71

rhizospheres
Table adapted from Davison et al. (65).
RifR = rifampicin resistance, trp = tryptophan, his = histidine, KmR = kanamycin
resistance, GmR = gentamicin resistance.
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1.2.2.2.2

Transduction

Transduction involves the transfer o f DNA from one bacterium by a bacteriophage (a
virus that infects bacteria). There is a wide variety o f bacteriophages (250), some
contain single- or double-stranded RNA or DNA, but only double-stranded DNA
(dsDNA) containing phages can mediate transduction and thus will be the focus o f
this section. Tailed phages are the most efficient transducing vectors (115). Their
structure reveals a densely compacted phage DNA, encased in a protective protein
shell protecting the DNA from degrading enzymes. The phage tail and its associated
fibres (Fig 1.4) assure both the specific recognition o f the appropriate host cell and
the guided injection o f the phage DNA into the bacterial cell (152).

Phages can be divided into two general classes, the lytic (or virulent) and temperate
(or lysogenic) (34). In both cases there must be interaction between specific phage
proteins and receptors on the host cell. This interaction triggers a process that allows
infection o f the viral DNA or dsDNA into the cytoplasm o f the host bacterium. The
dsDNA enters the target cell as a linear form, however the ends o f the DNA are
single stranded and cohesive (they are complementary to one another) therefore the
phage DNA is able to circularise by means o f the cohesive ends (258). In the case o f
a lytic phage, the phage DNA directs the biosynthesis o f viral parts using the host
cell’s machinery (protein coat, chromosome); the phages mature as the parts are
assembled causing the cell to lyse and release approximately 102 to 103 progeny (Fig
1.5). In lysogeny, the phage DNA remains latent in the host until it breaks out in a
lytic cycle; the lysogenic phages possess the same ability as the lytic phages,
however they have the ability to integrate into the host chromosome, usually by a
site-specific recombination event which results in an integrated phage termed the
prophage. When the prophage becomes activated it excises from the chromosome
and enters the lytic cycle (Fig 1.5). Some prophages are maintained as plasmids
within the host cell (103).
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Figure 1.4: Electron micrographs showing the structure o f dsDNA phages (T4 phage
at the%
top and X phage at the bottom)

OI*SR.Dud«

From http://www.asm.Org/division/m/foto/T4Mic.html

From http://www.asm.org/division/rn/foto/UrLamMic.html

50

Figure 1.5: The life cycle of dsDNA phages
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How could transduction be involved in the evolution o f bacteria? During the lytic
process the phage DNA encodes a nuclease, which causes fragmentation o f the
bacterial DNA, therefore the host’s DNA may be packaged in place o f the phage’s. If
this transducing phage attaches to a susceptible bacterial cell, the exogenous bacterial
DNA may be inserted into the susceptible bacterium and be integrated into its
chromosome. This process is called generalised transduction and because the phage
does not contain a complete phage genome, the transducing particles are defective,
no progeny phages are produced and no cell lysis takes place, therefore a horizontal
gene transfer event has occurred (240).

51

In the second type o f transduction, specialised transduction, a lysogenic phage is
integrated into the bacterial genome so that when the prophage excises it can take
some adjacent bacterial DNA with it, which is packaged into a new phage head.
When this transducing phage infects another cell, phage and bacterial DNA integrate
into the new recipient chromosome forming a recombinant cell. The transducing
particles may be effective or defective in producing new transducing particles
following infection, depending on which viral genes are replaced with bacterial
DNA. As seen previously, both temperate and virulent phages can perform
generalised transduction; however specialised transducing phages are solely
temperate bacteriophages which integrate within the host chromosome and are
capable o f transferring only specific chromosomal genes located close to the phage
integration site (240).

The global phage population is estimated to be in the order o f 1031 individuals (115).
Using a mathematical model the rate o f transduction in a marine environment was
estimated at about 1.3 x 1014 events per year (131). The recent study o f bacterial
genomes reveals that they contain a large number o f intact or defective prophages;
phages can constitute up to 16% o f the bacterial genome (35). Therefore it is
tempting to say that prophages must have played and must play a major role in
bacterial evolution (35, 37) including the acquisition o f antibiotic resistance genes,
although examples are scarce (see chapter 1.3.2.1.3).

1.2.2.2.3

Conjugation

Bacterial conjugation is defined as the direct transfer o f DNA from the cytoplasm o f
a donor bacterium to the cytoplasm o f a recipient cell and it is mediated by
specialised genetic elements; it is thought to be the primary route o f broad host range
DNA transfer between different genera o f bacteria (65). This process is normally
specified by plasmids and conjugative transposons.
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1.2.2.2.3.1 Plasmids

Plasmids are circular dsDNAs that replicate independently from the host
chromosome and carry genes that sometimes benefit the host. They have their own
origin o f replication (oriV) and can range in number from one to many per cell (108).
Some plasmids have the ability to move from one cell to another by conjugation.
Conjugation involves the transfer of the plasmid as single-stranded DNA. A wellstudied conjugative plasmid is F from E. coli; as well as or/T, it also contains a series
o f tra genes, which are essential for plasmid transfer (183), some o f which encode a
sex pilus that makes contact with a potential recipient cell that does not have an F
plasmid. The pilus then contracts and pulls the cells together so that DNA transfer
can take place (Fig 1.6). The particularity o f the pilus system is its close resemblance
to the type IV secretion system (108); this type o f secretion family includes
conjugation machines and ancestrally related systems that deliver effector molecules
to eukaryotic cells (46).

The transfer of plasmid DNA starts at the oriT. The tra genes do not only encode the
proteins necessary for the synthesis and assembly o f the sex pili, but they are also
involved in the relaxosome formation and, subsequently, DNA replication (87). The
relaxosome is the pre-transfer complex at the oriT; there is cleavage at the oriT by a
‘nicking’ enzyme, accessory proteins bind to the oriT region allowing DNA transfer
to start, a DNA helicase unwinds the dsDNA and liberates the ssDNA that is
subsequently transfered to the recipient cell (87). Both strands are replicated,
resulting in a copy o f the plasmid in both the donor and the recipient cell (Fig 1.6).
Conjugative transfer between Gram-positive cells is not as well understood, although
functional oriT sequences have been identified within the streptococcal and
staphylococcal conjugative plasmids pIP501 and pG O l respectively (52, 313),
suggesting that conjugative systems in both Gram-positive and Gram-negative
bacteria share a common transfer mechanism (108).

Non-self conjugative plasmids can be mobilised in trans by both conjugative
plasmids and conjugative transposons. The basic requirement for mobilisation is the
presence o f an oriT and frequently a mob gene, which encodes a protein which
specifically nicks the oriT site and is required to help form the relaxosome prior to
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transfer (58). Other transfer functions are provided by the mobilising element. Non
self conjugative plasmids can also be mobilised in cis via the formation of a cointegrate with a conjugative element (255).

Fig 1.6: Plasmid conjugation from F+ cell to F- cell
RECIPIENT

DONOR
ORIT

a)

DONOR

y

ItROMOSOMl.

RECIPIENT

b)

DONOR

DONOR

RECIPIENT

DONOR

d)

From Firth et al. (87).
a) Cell-to-cell contact mediated by F-pili.
b) Mobilisation and transfer o f a single stranded DNA to the recipient cell.
c) The double stranded DNA is nicked and one strand is transferred into the recipient
cell.
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d) The cells separate and both donor and recipient have a complete F plasmid and
can conjugate with other F- recipient cells.

1.2.2.2.3.2 Transposons

Transposons are pieces o f DNA which can copy and insert themselves at nonhomologous regions o f the genome. Unlike plasmids, transposons do not have the
necessary machinery for autonomous replication and so depend on the replicationproficient vector molecule in which they integrate (plasmid or chromosomal DNA)
for their replication. There are two types o f transposition: replicative and nonreplicative. The non-replicative transposition is a ‘cut-and-paste’ mechanism with the
help o f a transposase. First the transposase makes a double-stranded cut in the donor
DNA at the ends o f the transposon and makes a staggered cut in the recipient DNA.
Each end o f the donor DNA is then joined to the overhanging end o f the recipient
DNA. DNA polymerase fills in the short overhanging sequences. Replicative
transposition occurs via a strand transfer reaction involving the nicked transposon
and a target to generate a strand transfer intermediate. Replication o f this
intermediate resuts in duplication o f the transposon and a co-integrate structure
resolved by the resolvase enzyme. Non-conjugative transposition always creates a
short direct repeat o f the target sequence that flanks the transposon (53).

1.2.2.2.3.2.1 Insertion sequences (IS)

Insertion sequences are the simplest o f the transposable elements; they are small and
genetically compact (Fig 1.10). IS elements generally encode no functions other than
those involved in their mobility, they consist o f a recombinationally active DNA
sequence which defines the ends o f the element together with a transposase, which
recognises and processes the ends (169). Any region o f chromosomal DNA which
becomes flanked by copies o f the same IS can potentially become a compound
transposon (Table 1.8) (236). These transposons consist o f IS sequences and genes
that encode antibiotic resistance or catabolic activities. Most o f these mobile
elements carry only one or two resistance loci (169).
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Figure 1.7: Insertion sequence
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sequence

sequence

a- The central region o f an IS element encodes a transposase and is flanked by
inverted repeats (IR) elements that can vary in size between IS elements,
b- When a gene is flanked by two IS it is called a composite transposon.

1.2.2.2.3.2.2 Conjugative transposons

Some transposons are able to transfer only intracellularly, these are known as nonconjugative transposons whereas others are capable o f transferring intracellularly and
intercellularly, they are known as conjugative transposons. Conjugative transposons
are common in Gram-positive and Gram-negative bacteria; some o f them have a
broad host-range (255).

These elements are plasmid-like in that they have a covalently closed circular
transfer intermediate and are transferred by conjugation (Fig 1.7) but unlike plasmids
the circular intermediate of a conjugative transposon does not replicate. Site specific
recombinases encoded by these elements promote their excision and integration
(183).
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Fig 1.8: Example o f conjugative transposon and the mechanism o f transfer
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From Salyers et al. (255).
This is an example o f intercellular transposition o f a conjugative transposon.
a) The conjugative transposon excises from the donor chromosome to form a circular
intermediate.
b) A cleavage takes place at the oriT and a single strand DNA is transferred to the
recipient cell by a mechanism similar to plasmid transfer (see chapter 1.2.2.2.3.1).
c) Replication from ssDNA to dsDNA in both the donor and recipient cells.
d) Integration o f the dsDNA into the host chromosome.
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The closely related conjugative transposons T nP/d and Tnl5 4 5 have been found in a
wid$ host range (51) including oral bacteria (143, 249). Tn1545 is larger than Tn916
and carries kanamycin and erythromycin resistance genes in addition to the
tetracycline resistance gene tet{M), but its ends and most o f its interior are virtually
identical to the corresponding regions o f Tn916 (Fig 1.8). The excision-integration o f
Tn916 is shown in Figure 1.9. Excision and integration require the integrase protein
Int (a tyrosine recombinase) and the excisionase Xis (188). To excise the transposon,
staggered nicks are generated by Int on each strand at 5 or 6 bp from the end o f the
element, these stretches o f DNA are called coupling sequences (253). These coupling
sequences often contain a heteroduplex however they are joined covalently to
produce a circular intermediate (Fig 1.9). Prior to transfer to the new recipient cell,
the double stranded circular form is nicked (at the oriT) and a single strand is
transferred (255). Second strand synthesis occurs in the donor and recipient, the
resulting double stranded molecule then integrates into the recipient and donor
genomes. Other conjugative transposons were found to have different integration
and/or excision

systems;

the bacteroides conjugative transposons

CTnDOT

containing tet(Q) use an integrase and a topoisomerase Exc instead o f an excisionase
Xis, Tn53P7, closely related to TnP7d, uses a serine recombinase TndX for its
integration and excision (188).

Excision and transfer o f TnP7d, Tn53P7 and CTnDOT are regulated by tetracycline
that leads to an increased expression o f the transfer genes and thus an increased
excision o f the CTn (188, 323). Therefore antibiotics not only select for resistant
strains but can also stimulate transfer o f resistance genes.

Unlike plasmids that are grouped into incompatibility groups according to their
inability to stably coexist in a single host cell, conjugative transposons are sociable
elements; they can coexist with each other in the same genome and they can
physically associate with each other and with other genetic elements (Table 1.8)
(300).
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Figure 1.9: Comparison o f Tn916 and T nl545 family o f conjugative transposons
»

a) Diagram o f Tn916 (18 kb)
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b) Diagram o f Tn 1545 (25.3 kb)
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a) The top diagram represents Tn9/d. The open reading frames o f Tn97d are
represented by red and blue arrows showing the probable direction o f transcription
and are named as described in the work o f Flannagan et al. (88). The bottom line is
the scale in kilobases.
b) The green arrows represent the two extra antibiotic resistance genes (aphA3 and
erm(B)) present in Tn 1545 according to Caillaud et al. (33) and the red and blue
arrows represent the identical ends common in both T n 9 /d and Tn 1545, the arrows
show the probable direction o f transcription. The dashed black line represents the
unknown sequence o f Tnl545.
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Figure 1.10: Excision and integration o f Tn916
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From Salyers e/ al. (255).
The transposon is represented by the thick line. The coupling sequences are
represented by XXX/YYY or QQQ/RRR to indicate that initially they are
complementary but QQQ does not pair with YYY. Staggered cuts, represented by the
black arrows, occur 5 to 6 nucleotides from the ends o f the element leading to the
formation o f single-standed overhangs (coupling sequences), which are joined
covalently to produce the circular transposition intermediate. Staggered cuts open up
the circular intermediate and its target site. Ligation produces a heteroduplex.
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Table 1.8: Examples o f transposons containing one or more functional module
Transposon a

Size (Kb)

Functional modules

Antibiotic resistance

R ef

genes present
Tnl545

25.3

TnP7 6

tet( M)

51

erm(B), aphA-3
Tn3872

Tn3701

Tn5253

21.6

>50

65.5

Tn916

tet( M)

Tn917

erm( B)

Tn 916

tet( M)

Tn3703

erm( B)

Tn5251

tet( M)

Tn5252

caf

174

147

12

T n l207.3

52

T n l207.1

meJ{A)

259

T n2 0 0 ?

23.5

Tn916

tet( M)

68

mefiE)
TnJ38J

65

2 x lS1216b

236

Tn5381 + 2 x IS7276b

tet( M)

Tn5384 + 2 x IS256b

A a c-6 ’-aph2, erm(B),
mer

a Most o f the transposons listed are also conjugative except Tn2009 that was shown
to be transferred only by transformation (68).
b The transposon is flanked by two copies o f an insertion element.
cat = chloramphenicol resistance gene, aphA-3 = kanamycin resistance gene, Aac-6
aph2 = aminoglycoside resistance gene, mer = mercuric chloride resistance gene.
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1.2.2.2.3.2.3 Mobilisable transposons

Like the conjugative plasmids, conjugative transposons can mobilise a coresident
plasmid by providing the mating bridge through which the plasmid DNA transfers.
Moreover, conjugative plasmids and conjugative transposons can also trigger the
excision and circulation of unlinked integrated elements called mobilisable
transposons (159, 255). So far, mobilisable transposons have been found only in
Bacteroides (NBU, non-replicating Bacteroides units and Tm/555) and Clostridium
species (Tn4451, Tn4453) (2). Mobilisable transposons are much smaller than
conjugative transposons and contain genes required for excision, mobilisation and
integration; however, they rely on transfer proteins supplied by coresident
conjugative elements in order to transfer intercellulary, and on regulatory proteins
that stimulate excision. Mobilisable transposons can become part o f other mobile
elements (324); they can also carry anbtibiotic resistance genes (2, 159).

1.2.2.2.3.3 Integrons

Integrons are composed o f three key elements necessary for the procurement o f
exogenous genes: a gene coding an integrase (inti), a recombination site (attl) and a
strong promoter (Fig 1.11). Integrons are able to capture genes from the environment
and incorporate them by using site-specific recombination. The structural genes
inside the integrons are assembled as cassettes, these gene cassettes are the smallest
mobile elements known and include only one open reading frame (ORF) and a
recombination site or attC site that is recognised by the integron-encoded integrase
(inti) (54, 215). These gene cassettes can exist as free circular molecules, unable to
replicate, or as part o f an integron (231). Most o f these gene cassettes do not contain
a promoter, therefore their expression is dependent on integration in the correct
orientation into an integron that supplies an upstream promoter adjacent to the attl
site (54). The arrangement o f the cassettes can be altered by excision o f individual
cassettes in the integrons or reassortment or new cassettes can be inserted (54). Over
60 cassettes have been identified (197), and most o f them contain an antibiotic
resistance gene, making these mobile elements a very efficient way o f capturing and
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disseminating antibiotic resistance genes and a very efficient mechanism by which
plasmids and transposons acquire multiple antibiotic resistance determinants (231).

Figure 1.11: Structure o f an integron

gene cassette
P

r
— C

aMC

/—

Mtf

—
o«fl

'
X

rs
>— I o»Q

X >

attl
Two cassette array

Adapted from Nield et al. (197).
Structure o f an integron showing the positions o f the integrase (inti), the
recombination site (attl), the promoter (P) with the black arrow showing the direction
o f the promoter. This integron possesses two cassettes open reading frame 1 and 2
(orfl and orfl) with their own recombination site (attC).

Multidrug resistance in bacteria has been spreading alarmingly in the last decades
(see chapter 1.2.1.1.3) and it is easy to understand why, considering the ways these
genetic elements (IS, integron, CTn and plasmids) can acquire antibiotic resistance
genes and spread them to a variety o f different bacteria (254). Because these
elements can also recombine with each other to generate mosaic mobile genetic
elements (Table 1.8), their classification and nomenclature is becoming blurred,
therefore they are often described as functional modules (32, 212, 300).
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1.3

Antibiotic resistance in the oral cavity
«

The oral microbiota consists of over 700 species (326), although this figure is
continually being revised upwards as molecular methods are being used to explore
the diversity o f the microbial communities inhabiting the complex ecosystem (216,
310). The majority are commensal bacteria while a minority are opportunistic
pathogens that can cause systemic diseases when they are outside their normal
environments (66, 162, 268, 292, 326). There is considerable evidence that the oral
microbiota acts as a reservoir for antibiotic resistance genes and can pass these on to
pathogenic bacteria (see chapter 1.3.2.2.2).

1.3.1 The oral microbiota

1.3.1.1 Oral bacteria organised in biofilms

The presence o f nutrients, epithelial debris and secretions make the mouth a
favourable habitat for a great variety o f bacteria. Bacteria have colonised not only the
teeth but the whole oral cavity including the tongue, the gingivae and between the
gingivae and the teeth (321). Although the oral cavity provides some unique habitats
for bacterial colonisation (teeth, mucosal surfaces, gingival crevices), the mouth has
a resident microbiota which consists o f many different species and genera. The oral
streptococci comprise a large proportion o f the resident microbiota and are isolated
from all sites; they are classified in four groups (mutans, salivarius, oralis and
milleri) and are commonly known as viridans streptococci. The oral microbiota also
consists o f Staphylococcus spp. that may be present transciently; Actinomyces spp.
that are commonly found in dental plaques; Neisseria spp., low number are found
from most oral sites; Veillonella spp., mostly located on the tongue surface and in
dental plaque; Haemophilus spp., commonly found in saliva, dental plaque, and on
epithelial surfaces, while Eikenella, Porphyromona, Prevotella and Fusobacterium
spp. are commonly found in subgingival plaques (14).

Most o f the bacteria in the oral cavity live in biofilms; they form complex dynamic
communities on the surface o f the teeth called dental plaque and are responsible for
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inducing caries and periodontal diseases (3). Bacteria organised in biofilms have
been shown to be 10-1000 times less susceptible to the effect o f antimicrobial agents
than their planktonic counterparts (312, 337). Multiple mechanisms are thought to be
involved in this reduced susceptibility to antibiotics including the exopolymer matrix
enclosing the biofilms, which can act as an ion-exchange matrix and impede charged
antimicrobial agents (57, 168, 312, 337).

Since oral bacteria live in close proximity they are likely to exchange genes more
readily. A donor containing a plasmid was introduced in both natural and laboratorybased biofilms and the experiment showed an initial rapid spread o f the plasmid in
the heterogenous bacterial communities (160, 184). Therefore the transient passing
o f cells carrying conjugative plasmids represents a potential source o f spread o f
resistance genes to the indigenous oral microbiota. Furthermore, the recovery of
Tn97 6-like elements in biofilms taken from the oral cavity (143, 249) and the
transfer o f Tn916-like elements in microcosm dental plaques between different oral
streptococci (243) support the idea that oral bacteria are responsible for harbouring
and disseminating mobile elements.

1.3.1.2 Antibiotic-resistant bacteria

The oral cavity is also exposed to the environment, so that the ingestion o f food,
water, a close contact with the surroundings and the consumption o f medicines can
all have an effect on the composition o f the microbiota. A recent study has shown
that in a model oral biofilm, the consumption o f one antibiotic, tetracycline, had an
effect on the whole microbiota; firstly altering its composition since the sensitive
population decreased and was replaced with more resistant bacteria, and secondly by
selecting not only for tetracycline-resistant bacteria but also bacteria resistant to other
unrelated agents (230).

Oral bacteria have also been shown to carry a wide range o f antibiotic resistance
genes (248) and some o f these are contained within conjugative DNA elements (245,
247, 249). Therefore there is clear evidence that oral bacteria are likely to play an
important role in the development o f resistance to antibiotics.
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1.3.2 Evidence for gene transfer in oral and model biofilms

1.3.2.1 Gene transfer mechanism in oral bacteria

As described previously, bacteria can acquire antibiotic resistance genes by three
different mechanisms: transformation, transduction and conjugation. There is
evidence that all three take place in the oral microbiota.

1.3.2.1.1 Transformation

Members o f the bacterial genera Haemophilus, Neisseria and Streptococcus are
naturally competent for DNA uptake from their environment (163). The fact that
most o f the bacteria live in biofilms in the oral cavity is likely to facilitate this
mechanism o f exchange. Biofilm-grown Streptococcus mutans were transformed at a
rate o f 10- to 600-fold higher than planktonic S. mutans, and the dead cells in the
biofilm were able to act as donors o f a chromosomally encoded antibiotic- resistant
determinant (158). Moreover, experimental evidence showed that S. gordonii could
take up free extracellular DNA from saliva in vitro (181, 182). Genetic exchange
between oral bacteria from two different genera, Streptococcus gordonii and
Treponema denticola, in broth and artificial biofilms has been shown to take place by
transformation (314).

1.3.2.1.2 Transfer o f mobile elements

Transfer o f transposons has been demonstrated in a microcosm dental plaque
between different streptococcal species (243). TnP7 6-like elements are commonly
found in the oral microbiota (19, 143, 249) and have been shown to transfer
tetracycline resistance in a model oral biofilm. Transfer o f elements located on
mobilisable plasmids can also take place in a biofilm (184); rapid plasmid transfer
occurred immediately after the introduction o f a donor in a biofilm o f E. coli (160).
Although this last study was not performed in a model oral biofilm it underlines the
potential role o f transient cells, such as in the oral cavity, carrying conjugative
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plasmids as a source o f spread o f resistance genes. Transfer o f conjugative
transposons between non-oral bacteria and oral commensals has been demonstrated
in a mixed species oral biofilm. Tn5397, a conjugative transposon originally isolated
from Clostridium difficile and conferring tetracycline resistance via te/(M), contained
in a B. subtilis strain could be transferred within 6 h o f inoculation o f the donor to the
oral commensal S. acidominimus (244). Thus, conjugative transposons can be
transferred between bacteria from different environments.

1.3.2.1.3 Transduction

Examples o f transfer by transduction are scarce; transduction has been shown to be
responsible for the transfer of a chromosomal tetracycline resistance gene between
strains o f S. aureus in biofilm and liquid culture (301). However there has been no
evidence o f transduction in oral biofilms, and only few bacteriophages have been
isolated from the oral cavity (119).

1.3.2.2 Implications o f the presence o f a pool o f resistance genes in the oral cavity

1.3.2.2.1

Viridans streptococci and systemic diseases

Viridans group streptococci (VGS) are part o f the indigenous microbiota of the upper
respiratory tract o f healthy humans. However, they have been associated with
infective endocarditis, which most often results from the invasion o f the bloodstream
from the oral cavity as a result o f poor dentition or extensive dental manipulation
(66, 162). The emergence o f strains intermediately resistant or highly resistant to
penicillin, aminoglycosides, tetracycline and macrolides has been described
worldwide (74, 218, 294) and is o f concern since it not only limits the available
options for the therapy o f serious infections, but also increases the reservoir o f
antibiotic resistance genes that could be passed on to more pathogenic bacteria.
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1.3.2.2.2

Gene exchange between commensal oral bacteria and pathogenic bacteria

Viridans group streptococci serve as a reservoir for many antibiotic resistance genes
(19, 31, 120) and they have the potential to transfer their resistance genes to more
pathogenic bacteria. The increased use o f macrolides is thought to have led to the
emergence of erythromycin resistance in S. pneumoniae and S. pyogenes (60, 83, 98,
173, 266), two important pathogens that share the same habitat as the VGS, that is
the upper respiratory tract. Increased resistance o f VGS to macrolides has also been
observed and the genes conferring this were commonly found in VGS, S.
pneumoniae and S. pyogenes. Particularly the m e f gene, which encodes an efflux
protein, was transferred from VGS to Enterococcus faecalis (165) and between
Streptococcus spp. (259). One m e f gene from an oral Streptococcus sp. had 100%
identity at the DNA and amino acid levels with the m e f gene found in S. pneumoniae
(164); this is proof o f gene exchange of this gene between these two species, either
directly or via an intermediate organism. Peptostreptococcus spp., members o f the
pharyngeal, dental and gingival microbiota, have been found to harbour the ermTR
gene (233), subsequently named ermA (247), which is also the most common
methylase gene found in S. pyogenes strains (83). The methylase gene was
transferred between these two species suggesting that this gene may circulate among
both aerobic and anaerobic cocci o f the oropharyngeal microbiota (233).

There is good evidence that the altered PBPs in pneumococci, leading to a decreased
affinity for almost all p-lactam antibiotics, have emerged from the replacement o f
their normal PBP genes with those from penicillin-resistant oral streptococci such as
S. mitis and S. oralis by transformation (232, 276). Recently fluoroquinolone
resistance determinants were transferred in vitro between VGS and S. pneumoniae by
transformation (128) as well as from clinical isolates o f VGS to S. pneumoniae (105)
and the mosaic structure o f the genes conferring fluoroquinolone resistance in S.
pneumoniae were shown to originate from VGS (15). Equally, penicillin resistance in
the pathogenic strains o f N. meningitidis and N. gonorrhoeae are thought to derive
from the oral commensal species, N. flavescens and N. cinerea by transformation
(276). Therefore, the indigenous oral microbiota appears to play an important role in
the development o f resistance to antibiotics and in the transfer o f these genes to more
pathogenic bacteria.
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1.3.2.2.3 Evidence o f antibiotic resistance gene transfer from transient organisms

In one study, the nucleotide sequence for the tet(Q) gene from a Prevotella
intermedia strain, an oral pathogen, was compared to the sequences obtained for
tet(Q) from Bacteroides thetaiotaomicron, a human intestinal organism, and for
tet(Q) from Prevotella ruminocola, a rumen bacterium from cattle. Very high
similarities (>=97%) were obtained among all three tet(Q) genes (311), indicating
that natural horizontal transfer of tetracycline resistance has occurred between
bacteria from the rumen o f animals and bacteria from the human oral and intestinal
environment, or that these genes may have transferred via an intermediate host.

There is overwhelming evidence that oral bacteria are a reservoir for different
antibiotic resistance genes and that there is transfer o f genetic material between
different environments including the oral microbiota.

The euphoria produced by the discovery o f antibiotics, and thus the belief that
bacterial infections would become a thing o f the past, quickly vanished with the
emergence o f antibiotic resistance both in hospital and in community settings. To
make matters worse, bacterial pathogens have become increasingly resistant to a
variety o f antibiotics. The driving force behind the emergence o f antibiotic resistance
in bacteria is the ease with which bacteria can acquire resistance genes, even from
distantly related genera combined with the selection pressure provided by the use o f
antibiotics. Commensal bacteria (including those present in the oral cavity) are
thought to play an important part as a reservoir for antibiotic resistance genes.

69

Aims o f the study
«

1) To determine the prevalence in the oral cavity o f bacteria resistant to the
following antibiotics: tetracycline, amoxycillin, erythromycin, gentamicin
and vancomycin. The first three o f these are the most frequently used
antibiotics in dentistry (86) and in clinical practice in general, while concerns
have been raised recently about the emergence o f resistance to the last two
antibiotics in pathogenic strains for which no other antibiotics are available.

2) To determine the nature, and prevalence, o f tetracycline and erythromycin
resistance genes contained in antibiotic-resistant bacteria.

3) To determine if the tetracycline and erythromycin resistance genes found are
transferable and to investigate the genetic elements responsible for transfer.

Therefore this project will provide details o f the prevalence o f antibiotic resistance in
the indigenous oral microbiota o f humans as well as provide a better understanding
o f the mechanisms o f resistance.
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C hapter 2

M aterials and M ethods

2.1 Bacterial strains and plasmids

Bacterial strains and plasmids used in this study are listed in Appendix 1.

2.2 Sampling and processing of samples

2.2.1

Subjects

Three batches o f 20 healthy adults aged 16-45 years referred to the Orthodontic
Department at the Eastman Dental Hospital were invited to participate in the study.
The patients had not received antibiotics within the last three months and represented
a cross-section o f people from different ethnic groups, gender and age.

2.2.2

Sample collection and processing

For each patient, a saliva sample was obtained by expectoration into a sterile
container. Plaque samples were collected using a calcium alginate swab (Technical
Service Consultants, Heywood, UK) and subgingival plaque samples were collected
from four different sites with sterile paper points; both samples were pooled into 4
ml o f Calgon Ringer's solution (Oxoid, Basingtoke, UK) in a sterile bijou containing
five sterile 2 mm diameter glass beads (BDH Chemicals, Poole, UK). The samples
were vortexed for 30 s to dissolve the calcium alginate and mixed with the saliva
sample for each individual. A 10-fold serial dilution o f the sample was then prepared
in tryptone soya broth (Oxoid) and spread onto both antibiotic-containing and
antibiotic-free agar plates (to determine the total number o f cultivable bacteria in the
specimen) in duplicate (petri dishes from Sarstedt). Iso-sensitest agar (Oxoid)
supplemented with 5% defibrinated horse blood (E&O Laboratories, Bonnybridge,
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UK) was used and amoxycillin (Sigma-Aldrich, Poole, UK), erythromycin (SigmaAldrich), gentamicin (Sigma-Aldrich), tetracycline (Sigma-Aldrich), vancomycin
(Sigma-Aldrich) at a breakpoint concentration o f 1, 1, 4, 8, 8 pg/ml respectively,
based on the recommendations o f the NCCLS (192). Stock solutions o f each
antibiotic were prepared monthly at a 1000-fold greater concentration than that used
for selection. Gentamicin and vancomycin were reconstituted in distilled water,
erythromycin in 95% ethanol, tetracycline in 50% ethanol/50% distilled water.
Amoxycillin was reconstituted in 0.01 M potassium phosphate buffer, pH 7. All
antibiotic stock solutions were filter- sterilised and stored at - 20°C.

Staphylococcus aureus NCTC 6571 was used as the quality control organism.

One set o f plates was incubated in an anaerobic chamber (MACS 1000, Don Whitley
Scientific, Shipley, UK) for 7 days at 37°C and a duplicate set was incubated in air
supplemented with 5% C02/air for 2 days at 37°C.

2.2.3

Enumeration and storage

After incubation, the resistant isolates were enumerated according to their
morphology and one representative colony o f each colony type was subcultured and
incubated under both aerobic and anaerobic conditions to ascertain its atmospheric
requirements. All obligate aerobes were then subcultured and stored in Microbank™
(Pro-Lab Diagnostics) and kept at -70°C. Colonies with different morphologies on
the anaerobic plates were also counted separately; these were then subcultured and
stored at -70°C (Microbank).

2.2.4 Identification o f antibiotic-resistant bacteria

Preliminary identification o f the isolates was carried out on the basis o f atmospheric
growth requirements, Gram-stain (from Pro-Lab Diagnostics UK), catalase (using
Hydrogen Peroxide from Sigma) and oxidase (N, N, N ’, N ’-Tetramethyl-PPhenylenediamine from Sigma) reactions. Additionally, a number o f strains were
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further characterised, and in most cases identified to the species level, using partial
16S ribosomal RNA (rRNA) gene sequencing (145). The 16S rRNA was amplified
using the primers 27F (5’ AGAGTTTGATCMTGGCTCAG-3’) and 1492R (5’TACGGYTACCTTGTTACGA CTT-3’) (Genosys, Sigma, UK) (145). Subsequent
partial DNA sequencing o f the 16S rRNA gene was carried out using a single primer
357F (5’-CTCCTACGGGAGGCAGCAG-3’) and an ABI310 Genetic Analyser (PE
Biosystems, Warrington, UK).

2.2.5 Antibiotic susceptibility testing

The MIC o f each isolate for amoxycillin (Sigma-Aldrich, Poole, UK), erythromycin
(Sigma-Aldrich), gentamicin (Sigma-Aldrich), tetracycline (Sigma-Aldrich) and
vancomycin (Sigma-Aldrich) was determined by an agar dilution assay on isosensitest agar plates (Oxoid) supplemented with 5% defibrinated horse blood. The
inoculum was standardised using a 0.5 Macfarland standard in accordance with
NCCLS recommendations (192) and inoculated onto the agar using a multi-point
inoculator (Mast Diagnostics, Bootle, UK) and were read after 24 h incubation at
37°C aerobically or 48 h incubation at 37°C anaerobically according to the
atmosphere requirement o f the isolate. The highest dilution o f antibiotic that
inhibited visible growth was taken to be the MIC. Staphylococcus aureus NCTC
6571 and Iso-sensitest broth (Oxoid) were included on the plates as controls.

2.2.6 Statistical Analysis

The outcome measure to be analysed statistically was the proportion in each o f the
three patient groups o f resistant isolates in the oral microbiota for each antibiotic.
The analysis was carried out using the Kruskal-Wallis test using SPSS software
(SPSS Inc. (2000). SPSS 10.0 Syntax Reference Guide. Chicago, IL). Any
differences in the proportion o f resistant bacteria for each antibiotic between each
patient group were assessed using the chi-square analysis. A P value <0.05 was
considered significant.
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2.3 Extraction o f genomic DNA

DNA from Gram-positive and Gram-negative bacteria was extracted according to the
Gram-positive bacteria protocol from the Puregene Kit (Flowgen, Gentra System). A
pure culture o f each organism was grown overnight at 37°C on a selective blood agar
plate. The colonies were suspended in 1 ml o f sterile distilled water in an eppendorf
tube (Sarstedt) using a swab (BDH). The cells were pelleted by centrifugation at
15,800 g in a bench top microcentrifuge (Jouan A 14) for 1 min and resuspended in
300 pi o f Cell Suspension Solution provided by the kit. A volume o f 1.5 pi o f Lytic
Enzyme Solution (4,000 U/ml) was added; the samples were inverted 25 times and
incubated at 37°C for 30 minutes (Grant incubator) to digest cell walls. After
centrifugation o f the samples for 1 min at 14,000 rpm (g force o f 15,800) the
supernatant was removed and the cells were suspended in 300 pi o f Cell Lysis
Solution provided by the kit (Puregene) and gently pipetted up and down to lyse the
cells. The samples were heated at 80°C for 5 minutes to complete cell lysis. A
volume o f 1.5 pi o f RNAse A Solution (4 mg/ml) was added to the cell lysate, the
samples were mixed by inverting the tubes 25 times and then incubated at 37°C for 1
h to denature the RNA. After cooling the samples to room temperature, 100 pi o f
Protein Precipitation Solution (Puregene) was added to the cell lysate and incubated
on ice for 30-60 minutes. The samples were centrifuged for 3 minutes at 14,000 rpm
(g force o f 15,800) and the supernatant containing the DNA was poured into a clean
1.5 ml eppendorf tube containing 100% Isopropanol (Sigma). The samples were
inverted gently 50 times and centrifuged for 1 minute at 14,000 rpm (g force o f
15,800). After removing the supernatant, the DNA pellet was washed with 300 pi
70% Ethanol (100% AnalaR BDH, diluted with sterile distilled water) and
centrifuged for 1 minute at 14,000 rpm (g force o f 15,800). The tubes were drained
and allowed to air dry for 30 minutes. The DNA pellet was redissolved overnight in a
suitable volume (100 pi) o f DNA Hydration Solution (Puregen) or sterile water.

Some samples yielded too low a DNA-concentration and so the DNA extraction
procedure was modified. After overnight incubation on a selective blood agar plate, a
loopful o f pure colonies was suspended into a universal (Sarstedt) containing 5 mis
o f brain heart infusion broth or BHI (Oxoid) and incubated on a shaker (Sanyo,
orbital incubator) overnight at 37°C. The cells were centrifuged for 6 min at 5,000
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rpm (Eppendorf, 5804R, g force of 4500) and the pellet was suspended in 300 pi o f
C qII Suspension Solution (Puregen) transferred in an eppendorf tube and 30 mg/ml
of lysozyme solution (Sigma) was added. The samples were incubated at 37°C for 1
h centrifuged for 1 min at 14,000 rpm (g force o f 15,800) and the pellets were
resuspended in 300 pi o f Cell Lysis Solution (Puregene); then the same procedure as
before was followed.

2.4 Basic/16S rRNA PCR protocol

Genomic DNA was extracted and purified as noted earlier. The subregion o f the 16S
rRNA gene amplified was 1465-bp sequences between primers 27F and 1492R. In a
total reaction volume of 50 pi, 0.1 volume of buffer (Bioline) was mixed with 3 pi of
M gCb (50 mM from Bioline), 1 pi o f dNTPs mixture (100 mM from Bioline), 2 pi
o f each primer (25 pmole), 2 pi o f template (to a final concentration o f 0.1 to 1 pg),
31.8 pi o f sterile distilled water and 0.16 pi o f Taq polymerase (Bioline). PCR were
performed for 29 cycles o f 60 s at 94°C, 60 s at 54°C, and 90 s at 72°C, with a final
extension at 72°C for 5 min (Primus PCR machine).

2.5 Agarose gel electrophoresis

The genomic DNA, plasmid samples, PCR products were analysed by agarose
(Amresco, Solo, Ohio, USA) gel electrophoresis (256). The gels were made up with
1 x TAE (Appendix 2) according to the volume needed. The mixture was heated in a
microwave (Sharp Compact) and after cooling, 0.5 pg/ml o f Ethidium Bromide
(Sigma) was added and the agarose was poured into the appropriate tank.

Samples were mixed with 0.5 Volume o f Blue/Orange Loading dye, 6X (Promega)
and loaded into the gel. HypperLadderll (Bioline) was used as a marker unless
specified and 5 pi was loaded in parallel with the samples. The gels were run at an
appropriate voltage for an appropriate length o f time depending on the size o f the
DNA to be visualised.
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The gel was exposed to UV light to visualise the DNA (Alpha Innotech Corporation,
distributed through Flowgen, Ashby de la Zouch, UK) and a picture o f each gel was
taken (Alpha Imager™ 1220 Documentation and Analysis System) saved and
printed.

2.6 Purification o f PCR samples

Prior to sequencing, the PCR products were purified from the other components in
the reaction such as excess primers, nucleotides, DNA polymerase, oil and salts
using the GenElute™ PCR Clean-Up Kit (Sigma). Each sample (50 pi) was mixed
with 5 volume o f Binding Solution (250 pi), transferred into a miniprep column and
centrifuged for 1 min at 14,000 rpm (g force o f 15,800). The flow-through was
discarded and 500 pi o f diluted Wash Solution (12 ml o f Wash Solution diluted with
48 ml o f Ethanol 100%) was added, the sample was centrifuged for 1 min at 14,000
rpm (g force o f 15,800). The flow-through was discarded and the sample was
centrifuged again for 2 min. The column was transferred to a fresh eppendorf tube,
50 pi o f Elution Buffer was applied to the centre o f the column and each tube was
incubated at room temperature for 1 min. To elute the DNA, the column was
centrifuged for 1 min. The sample was run on a gel to confirm the presence o f DNA
before sequencing.

2.7 DNA sequencing

The sequencing o f PCR products was carried out according to the PE Biosystems
(Warrington, UK) instructions with the following modifications. In a total volume o f
7 pi, 5 pmol o f primers was mixed with 2 pi o f 1:4 diluted ABI BigDye Terminator
Ready Reaction Mix, and 1 to 4 pi of DNA sample. The samples were then run on
the following program; rapid thermal ramp to 95°C, held for 10 sec, rapid thermal
ramp to 50°C, held for 5 sec, rapid thermal ramp to 60°C, held for 4min. These four
steps are repeated for 99 cycles followed by a rapid thermal ramp to 4°C and held
until the samples were ready to purify.
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2.7.1

Purification o f sequencing products

To the PCR tubes was added 15 pi of H 2 O, 2 pi o f 3M NaAcetate (Sigma) and 50 pi
-20°C 100% ethanol (100% AnalaR BDH) and then incubated on ice for 20 min. The
samples were spun at 14 K (g force of 15,800) for 25 min, the supernatant was
discarded and the pellet washed and centrifuged with 250 pi -20°C 70% ethanol for
another 15 min at 14 K (g force o f 15,800). The supernatant was removed and the
sample was dried at 95°C for a few seconds and resuspended in 20 pi o f template
suppresser reaction buffer (Applied Biosystems). The samples were then loaded on
the ABI PRISM® 373 DNA Sequencer according to the manufacturer’s instructions
and the results were retrieved from the database and saved onto discs for further
analysis.

2.7.2

Analysis o f sequencing products

The sequence data obtained where compared to those in public sequence repositories
(GenBank) using the basic local alignment search tool (BLAST) (6).

2.8 Filter-mating

Donor and recipient were grown separately on Iso-sensitest agar plates (Oxoid)
containing relevant antibiotics at 37°C overnight. Each isolate was suspended in 5 ml
o f Brain Heart Infusion broth (Oxoid) to a density o f approximately 109 cells per ml
(3 McFarland units). Donor and recipient bacteria in the ratio o f 1:5 (donor to
recipient) were mixed. The bacterial suspension was then spread on 0.45 pm
nitrocellulose filters (Fisher, Scientific, London, UK) and incubated at 37°C for 24 h.
After incubation, the mixture was resuspended in 2 ml o f BHI broth; the filters were
removed and placed in a sterile universal containing the broth and vortexed for 10 s.
100 pi o f the mixture was spread on antibiotic-supplemented plates. These were
incubated for up to 48 h at 37°C. Transconjugants were tested for the presence of
specific antibiotic resistance genes by PCR and hybridisation as well as by partial
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16S rRNA gene sequencing to rule out the presence o f a donor mutant. The transfer
frequency o f each mating was calculated as the rate per donor CFU.
2.9 Southern blotting

Southern blotting was performed using the kit from Amersham Pharmacia Biotech
UK Ltd, Buckinghamshire, England.

2.9.1

Restriction enzyme digests

All the samples were digested from genomic DNA with H indlll (Promega) at 37°C
for 2 h. For the digestion reaction 14 pi o f DNA (at a concentration in between 10 to
50 pg/ml) was mixed with 2 pi o f Buffer, 2 pi o f enzyme (10 U/pl) and 2 pi of
distilled H 2 O for a total volume o f 20 pi. The whole sample was loaded into a 100 ml
1% agarose gel (as described in chapter 2.5) and run overnight at 20 mV. Lambda
DNA BstE II Digest (New England Biolabs) was used as the marker.

2.9.2

Processing the Gel

After running, the gel was placed in a suitable container covered with fresh
depurination solution (Appendix 2) and agitated until the bromophenol blue dye
turned completely yellow. The depurination solution was discarded and the gel was
rinsed with distilled water. The gel was then covered with denaturation solution
(Appendix 2) and agitated for 25 min after the bromophenol blue dye had turned
back to the original blue color. The gel was rinsed again with distilled water and
covered with neutralization solution (Appendix 2) and agitated for 30 min.

2.9.3

Capillary Blotting

The capillary blotting consisted o f a pyrex dish filled with 20 x SSC (Appendix 2),
one sheet o f W hatman 3MM saturated with 20 x SSC and covering a supporting
platform. The gel was placed on the 3MM paper, taking care to avoid trapping air
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bubbles and surrounded with cling film to prevent the SSC being absorbed directly
by the paper towels. A sheet o f Hybond N+ nylon membrane was cut to the exact
•

size o f the gel and placed on top o f the gel making sure not to trap any air bubbles.
Three sheets o f absorbent filter paper (Merck, Lutterworth, UK) cut to the size o f the
gel and soaked in 10 x SSC (20 x SSC diluted 1 in 2 in distilled water) were placed
on top o f the membrane, again avoiding trapping air bubbles. A 5-7 cm stack o f
absorbent paper towels were placed on top o f the filter paper. This was left overnight
at room temperature.

2.9.4

Processing the blot

The blotting stack was dismantled and the membrane and gel removed together. The
membrane was peeled o ff from the gel and placed on a fresh piece o f filter paper
DNA side up. The DNA side was marked with a pencil. The membrane was placed
in 6 x SSC (20 x SSC diluted 1 in 3 in distilled water) and rinsed for 1 min with
gentle agitation to remove any agarose. The membrane was then placed on another
fresh piece o f paper and the DNA fixed by UV cross-linking in a UV Stratalinker
1800 (Stratagen Europe, Amsterdam, Netherlands) according to the manufacturer’s
instructions.

2.9.5 ECL Direct Nucleic Acid Labeling and Detection System

2.9.5.1 Labeling o f DNA probes

The DNA to be labelled was diluted to a concentration o f 10 ng/pl using sterile
distilled water. The DNA (100 ng in 10 pi) was denatured by boiling in a water bath
for 5 min followed immediately by 5 min incubation on ice. The contents o f the tube
were then briefly spun to collect them in the bottom o f the tube. An equivalent
volume (10 pi) o f DNA labeling reagent (Amersham Pharmacia Biotech) was added
to the cooled DNA and mixed gently but thoroughly. This was followed by addition
o f the gluteraldehyde solution (Amersham Pharmacia Biotech) to the same volume as
the DNA labeling reagent (10 pi) and mixed thoroughly. The contents o f the tube
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were again spun. The tube was incubated for 10 min at 37°C and, if not used
immediately was held on ice for 10-15 min.
2.9.5.2 Hybridisation and stringency washes

The hybridisation buffer was prepared as followed; solid NaCl was added to the
required volume o f hybridisation buffer (50 ml) to a final concentration o f 0.5 M.
Blocking reagent was then added to a final concentration o f 5% (w/v) and
immediately mixed until the blocking reagent was present as a fine suspension.
Further mixing with stirring for 1 h at room temperature was followed by incubation
at 42°C for 0.5-1.0 h with occasional mixing. If the buffer was not being used
immediately it could be stored at -20°C for 3 months.

2.9.5.3 Pre-hybridisation using tubes

The hybridisation buffer was preheated to 42°C. The blot was placed in a suitable
container with 5 x SSC (20 x SSC diluted 1 in 4 in distilled water). The blots were
loosely rolled into a tube and placed inside the hybridisation tube. The 5 x SSC was
poured off and the appropriate amount o f hybridisation buffer added (0.0625 - 0.125
ml/cm2), the blot was pre-hybridised for 2 h at 42°C in a Biometra (Luton, UK) OV3
rotisserie oven and then the labelled probe was added to the buffer, taking care not to
place it directly on the membrane. Hybridisation was carried out overnight in the
rotisserie oven at 42°C. The appropriate volume o f primary wash buffer containing
urea (Appendix 2) was warmed to 42°C. The hybridisation buffer in the tube was
discarded and 50-100 ml o f 5 x SSC added. The tube was replaced in the rotisserie
oven and incubated for 20 min at 42°C. The primary wash buffer was discarded and
replaced with an equal volume o f fresh primary wash buffer. This was replaced into
the rotisserie oven and incubated for 10 min at 42°C. This wash was repeated for a
second time. The blot was then removed from the hybridisation tube and placed in a
suitable container. This was covered with an excess o f secondary wash buffer 2 x
SSC (20 x SSC diluted 1 in 10 in distilled water) and incubated at room temperature
with gentle agitation on a rotary shaker for 5 min.
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2.9.5.4 Signal generation and detection
«

An equal volume o f ECL reagent 1 and ECL reagent 2 (Amersham) were mixed in a
20 ml universal tube. The amount mixed was just enough to cover the blot. The
excess secondary wash buffer was drained from the blot and the blot was placed
DNA side up onto a clean piece o f cling film (Saran Wrap). The detection reagents
were poured onto the blot immediately and incubated at room temperature for 1 min
with gentle agitation. The excess detection reagents were drained from the blot and it
was wrapped in cling film (Saran Wrap). Air bubbles were smoothed out and the blot
was placed in a film cassette DNA side up. Autoradiography film (Hyperfilm,
Amersham) was placed over the blot. The film cassette was closed and the film
exposed for 1 to 3 min. The film was removed under safe light conditions and
developed.

2.10 Cloning

2.10.1 Plasmid extraction

pUC18 was used as the plasmid o f choice for cloning because o f its high-copy
number. Prior to extraction one colony containing pUC18 was inoculated in 5 ml o f
LB (Appendix 2) containing 50 pg/ml o f ampicillin, and incubated 37°C with
shaking overnight at 225 rev/min (Stuart Scientific Orbital Shaker SOI). Bacteria
were recovered by centrifugation at 5000 rpm (g force o f 4500) for 5 min and the
plasmid was extracted using the miniprep kit (Qiagen) according to the
manufacturer’s instructions.

2.10.2 Plasmid digestion and dephosphorylation

pUC18 was digested with the most suitable restriction enzyme in a total volume o f
100 pi. The subsequent dephosphorylation was done at 37°C for one hour by adding
1 unit (U) o f alkaline phosphatase (Promega) at time 0 and 30 min. The mixture was
inactivated with the addition o f 2 pi o f 0.5M EDTA (Appendix 2), incubated at 60°C
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for 20 min. The sample was purified using GenElute™ PCR Clean-Up Kit (Sigma)
and the final mixture was resuspended in 30 pi o f elution buffer (10 mM Tris HC1 pH
«

8.5) provided by the kit.

2.10.3 Gel extraction

This was performed using the QIAquick Gel Extraction kit (Qiagen Ltd, West
Sussex, UK) following the manufacturer’s instructions.

2.10.4 Ligation

Both the insert (gel extraction product) and the vector (dephosphorylated pUC18)
were mixed together in a total volume o f 100 pi including 9 U o f T4 DNA ligase
(Promega) and 10 pi o f T4 DNA ligase buffer lOx (Promega). The sample was
incubated overnight at 15°C and then at 60°C for 20 min to inactivate the reaction.

2.10.5 Transformation

50 pi o f the ligation mixture was mixed with 200 pi o f chemically competent cells
(DH5a from Invitrogen). The sample was incubated on ice for 1 hr, heated at 42°C
for 1 min. Then the cells were grown in 1 ml o f SOC medium (Appendix 2) at 37°C
for 90 min with constant shaking. The mixture was plated onto selective LB plates
(Appendix 2) containing 50 pg/ml o f ampicilllin and 5 pg/ml o f tetracycline, and
they were incubated for 18 h at 37°C.

2.11 Oligonucleotide Synthesis

The synthesis o f all oligonucleotides was carried out by Genosys Biotechnologies
(Europe) Ltd (Pampisford, UK). Sequences o f all primers used throughout this study
are shown in Appendix 3.
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C h a p te r 3
P re v a le n c e o f a n tib io tic -r e sista n t cu ltiv a b le oral b a cteria in h ealth y
a d u lts

3.1 A bstract

Oral bacteria, as well as causing caries and periodontal diseases, are also responsible
for a num ber o f life-threatening diseases (endocarditis, brain abscess and lung
infection) for w hich antibiotics are required (66, 162, 268, 292). A lthough concern
has been expressed about the rise in the prevalence o f antibiotic-resistant bacteria,
there is little inform ation concerning their prevalence in the oral cavity. The aim o f
this chapter was to determ ine the prevalence o f antibiotic-resistant oral bacteria in
healthy adults. Saliva and plaque sam ples w ere obtained from 60 healthy adults (in
three batches o f 20 sam ples) who had not taken antibiotics during the previous three
months. Each sam ple was plated onto m edia containing the follow ing antibiotics:
am oxycillin, erythrom ycin, gentam icin, tetracycline, vancom ycin, and then incubated
anaerobically and in 5% CCVair. R esistant isolates were enum erated and identified.
All o f the individuals were found to harbour bacteria resistant to erythrom ycin,
gentam icin, tetracycline and vancom ycin. Only 4 individuals did not have any
cultivable bacteria resistant to am oxycillin. Oral bacteria resistant to gentam icin were
the most com m only isolated followed by erythrom ycin, vancom ycin, tetracycline and
am oxycillin.

3.2 Results

Out o f the 60 sam ples screened all o f the individuals w ere found to harbour bacteria
resistant to erythrom ycin, gentam icin, tetracycline, vancom ycin and 4 individuals
only (6.7% ) did not have any cultivable bacteria resistant to am oxycillin.
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From the 3 groups o f patients studied, oral bacteria resistant to gentamicin were the
most commonly isolated (a mean o f 23.2% o f the total viable count) followed by
erythromycin (a mean o f 18.4% o f the total oral count), vancomycin (a mean o f
16.1% of the total viable count), tetracycline (a mean o f 9.9% of the total viable
count) and amoxycillin (a mean o f 4.1% o f the total viable count) (Fig 3.1).

Figure 3-1: Proportion o f antibiotic-resistant isolates expressed as a percentage of the
total viable count

B a tc h 1

% 15

B a tc h 2
□ B a tc h 3

Am = amoxycillin, Ery = erythromycin, Gen = gentamicin, Tet = tetracycline, Van =
vancomycin.

To establish whether the prevalence o f antibiotic-resistant oral bacteria varied
between the different groups, the 3 batches were compared using the Kruskal Wallis
test. The difference in the proportion o f resistant bacteria for each antibiotic and each
batch was considered significant when the P value < 0.05. There was no significant
difference found for the proportion o f any o f the antibiotic-resistant isolates between
the three batches (Table 3.1).
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Table 3-1: Comparison o f the three batches o f samples obtained from the three
patient groups using the Kruskal-W allis test
Antibiotic
Amoxycillin
Erythromycin
Gentamicin
Tetracycline
Vancomycin

P value0
0.54
0.74
0.36
0.64
0.37

aP value < 0.05 was considered significant

M ost o f the

gentamicin-resistant

bacteria

isolated

belonged

to

the

genus

Streptococcus on the basis o f their morphology, Gram-stain, catalase and oxidase
reactions; out o f a total o f 288 gentamicin-resistant isolates 93% were streptococci.
Streptococcus spp. are known to be intrinsically resistant to low level o f gentamicin
(< 500 pg/ml) (167) and in this study the MIC for these species varied between 4 and
32 pg/ml (M IC 90 32 pg/ml) therefore the mechanism o f resistance o f the oral
streptococci to gentamicin was intrinsic rather than acquired. Most o f the Gramnegative isolates resistant to gentamicin were anaerobes, which are intrinsically
resistant to this antibiotic (214). Therefore all o f the gentamicin-resistant isolates in
this study exhibited an intrinsic resistance to this antibiotic rather than acquired and
thus were not investigated any further.

Most o f the vancomycin-resistant isolates were Gram-negative bacteria (Fig 3.2) that
are known to be intrinsically resistant to this antibiotic and all o f the vancomycin
resistant Gram-positive species were identified as Lactobacillus spp. by 16S rRNA
sequencing, which are also known to be intrinsically resistant to vancomycin (91).
Therefore from the 60 samples screened no bacteria containing acquired resistance to
vancomycin were isolated.
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Figure 3-2: Proportion (of the total viable count) o f Gram-positive and Gram•negative resistant isolates for each batch and for each antibiotic
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Amoxycillin-resistant bacteria were isolated from 56 out o f the 60 samples (93.3%).
The median percentage was 4.1%, this ranged from 0% to 34.3%. A total o f 224
amoxycillin-resistant bacteria were isolated, the MIC o f amoxycillin of these isolates
ranged from 1 pg/ml to 64 pg/ml. The majority (81.8%) o f these amoxycillinresistant isolates were also found to be resistant to erythromycin, 17.6% displayed
resistance to tetracycline and 17% were resistant to both tetracycline and
erythromycin (Table 3.2).
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Table 3-2: MIC range, MICsoand M IC 90 values for amoxycillin-, tetracycline- and
^erythromycin-resistant bacteria isolated from the three groups o f patients
Antimicrobial
agent

Isolates

Amoxycillin

total resistant
bacteria

Tetracycline

Erythromycin

M edian
Value
(%)
4.1

MIC
range
(pg/ml)
1-64

M IC 50
(pg/ml)

MIC 90
(pg/ml)

1

4

streptococci
only
anaerobes
only
total resistant
bacteria

0.53

1-32

2

4

Multi-drug
resistance
81.8% ery-rst
17.6% tet-rst
54.3% ery-rst
% tet-rst
25.5% tet-rst

20

0.92

1-32

4

16

9.9

4-128

16

32

total resistant
bacteria

18.4

1-512

16

32

Gram-positive
only

6.3

1-128

8

128

5.6% am-rst
54.5% ery-rst

3% am-rst
34.8% tet-rst

ery-rst = erythromycin-resistant, tet-rst = tetracycline-resistant, am-rst = amoxycillinresistant.

Out o f the 60 samples screened, all o f the individuals were found to harbour
tetracycline-resistant bacteria. The median percentage was 9.9%, this ranged from
0.2% to 38.9%. A total o f 318 tetracycline-resistant bacteria were isolated, the MIC
o f tetracycline to these isolates ranged from 4 pg/ml to 128 pg/ml (Table 3.2).

The data for the erythromycin-resistant bacteria require careful interpretation because
many Gram-negative bacteria are intrinsically resistant to this antibiotic or they can
exhibit resistance through the presence o f an efflux pump mtr (multiple transferable
resistance) that is not specific to macrolides (187, 334). To gain a better idea o f the
occurrence o f erythromycin-resistant bacteria in the oral cavity, the mean average
was re-calculated with Gram-positive isolates only. From the 3 batches, a mean
average o f 6.3% o f the total viable count was found to be resistant to erythromycin.
Out o f 129 erythromycin-resistant Gram-positive isolates, 3.1% (4 isolates) were also
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resistant to amoxycillin and 34.8% (46 isolates) were resistant to tetracycline (Table
3.2).

3.3 Discussion

6

The total anaerobic count from the 60 samples ranged from 1 . 8 x 1 0 to 4.1 x 10

8

colony forming units (cfu) per ml o f pooled saliva and plaque samples (mean = 7.4 x
107 cfu) and these results are similar to previous studies; two o f which looked at the
total viable count in the denture plaque o f healthy adults (327), while two studies
looked at the total viable count in subgingival plaque samples obtained from
periodontal disease patients (113, 143).

In this study, the prevalence o f different antibiotic-resistant bacteria in the oral cavity
o f a healthy adults organised in 3 batches o f 20 samples each was compared. There
was no significant difference between the batches when considering the proportion o f
gentamicin-, vancomycin-, amoxycillin-, erythromycin- and tetracycline-resistant
oral bacteria. However, all o f the vancomycin-resistant isolates were intrinsically
resistant to this antibiotic and most o f the gentamicin-resistant isolates were
Streptococcus spp. with low level resistance (MIC 90 32 pg/ml). Streptococcus spp.
are known to be intrinsically resistant to low level o f gentamicin (<500 pg/ml).
Consequently, no bacteria with acquired resistance to vancomycin or gentamicin
were isolated in this study.

The oral microbiota is not static; it has been shown to change in composition over
time, in response to whether the individual has teeth or synthetic materials, with age,
hormone status, diet, health and environment (248). This study has shown that the
prevalence o f bacteria resistant to three antibiotics (amoxycillin, erythromycin and
tetracycline) was not significantly different within a healthy population o f different
origin and different background who had not taken any antibiotics for 3 months prior
to sampling. Therefore, the proportion o f antibiotic-resistant bacteria in the oral
cavity o f a healthy individual appears to be stable. However, the prevalence is likely
to change when an individual takes antibiotics, which have been shown to have an
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effect on the endogenous microbiota increasing both the number o f resistant isolates
.and the MIC o f the already resistant ones (59, 79, 120).

In the last few decades we have witnessed an increase in the resistance o f oral
viridans group streptococci to p-lactams (5, 16, 74, 126). In 1986 Koh et al. (140)
showed that in a healthy population o f 20 individuals amoxycillin-resistant
streptococci comprised a mean o f 0.85% o f the cultivable microbiota. In this study a
mean o f 0.53% o f streptococci were resistant to this antibiotic. Resistance o f
streptococci to p-lactams is still very low in the oral cavity o f healthy individuals and
the increase o f resistance has subsequently been reported only in clinical isolates or
in neutropenic cancer patients (5, 16, 74) and might be due to the consumption o f
antibiotics leading to an increase in the prevalence o f antibiotic-resistant bacteria (59,
79, 120). A strong association was observed between penicillin and erythromycin
resistance in different Streptococcus spp. (74, 234). In this study, 54% o f
amoxycillin-resistant streptococci were also resistant to erythromycin, but no linkage
has been identified yet between the genes conferring resistance to p-lactam
antibiotics and erythromycin.

Conversely, the mean percentage o f oral bacteria resistant to amoxycillin with
respect to the total oral count was quite high (4.1%) compared with that reported in
other studies (85, 150, 271). However, two o f these studies looked at the prevalence
o f p-lactamase-producing bacteria in the oral cavity o f children (with a mean value o f
2%) (271), and adults (mean value 1.07% o f the total anaerobic count) (150) and the
third study used a higher concentration o f amoxycillin (2 pg/ml) and found a mean
value o f 0.5% (85). Therefore, it is difficult to make a direct comparison. In this
project no investigation was made o f the mechanism o f resistance to amoxycillin or
the presence o f p-lactamase-producing bacteria. It is believed that one-third o f Plactam antibiotic-resistant bacteria in the oral cavity produce p-lactamases (116); if
the same applies to this study, it would mean that the mean percentage o f oral
bacteria resistant to amoxycillin through the production o f p-lactamase would be
around 1.4%, which is similar to that found in previous studies (150, 271).

All o f the 60 individuals harboured tetracycline-resistant bacteria in their oral
microbiota. The proportion o f microorganisms resistant to tetracycline was slightly
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lower than reported previously (143), although Lacroix et al. used a lower break
point value for tetracycline (4 pg/ml). On the other hand, the values were slightly
higher than those reported in the studies o f Hawley et al. (113) and Olsvik et al.
(209, 210, 211). However, two o f these studies used a higher concentration o f
tetracycline to screen for resistant oral bacteria 25 pg/ml (113) and 10 pg/ml (221),
whereas the other one used a lower concentration o f tetracycline (1 pg/ml) (210,
211). These results are difficult to compare since these authors did not use the
standard break point concentration o f tetracycline. The other main difference
between these studies is that, in the present study, the samples were taken from
healthy individual whereas previously the samples were obtained from patients with
periodontitis. Although the patients with periodontitis had not taken antibiotics 6
months prior to sampling, their condition and past history might have had an effect
on the mean values o f tetracycline-resistant bacteria; it is well known that antibiotic
consumption induces the emergence o f resistant microorganisms (209, 230), and
decreases the susceptibility to the antibiotic administered (59) and that the return to a
fully susceptible population is not guaranteed (81).

Great differences have been documented between different European countries in the
use o f systemic antibiotics (224), which was shown to have an impact on the level of
resistance in the subgingival microbiota o f adult patients with periodontitis (210,
211, 307) therefore this might also have an effect on the mean percentage o f the
resistant bacteria in the oral cavity found in different studies.

In most studies Streptococcus spp. appeared to be the most common o f the
tetracycline-resistant organisms isolated from the oral cavity; in the present study,
they represented 54% o f the tetracycline-resistant isolates. Many oral streptococci are
naturally competent (112); this may explain why they are more frequently
tetracycline-resistant than any other species. Tetracycline resistance has also been
commonly found on conjugative transposons in these species and these elements are
highly promiscuous (255).

As noted previously, Gram-negative bacteria (mostly Gram-negative bacilli) and
anaerobes are naturally resistant to macrolides (91) while Neisseria spp. and
Haemophilus spp. can be resistant to this antibiotic through the active efflux o f the
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drug by, mtr (334) and acrAB (257) pum ps respectively, which are not specific to
jnacrolides. M ost o f the Gram-negative bacteria isolated in this study were identified
as Neisseria spp. on the basis o f their atmospheric requirement, their Gram-stain
(Gram-negative diplococci) and the oxidase test (oxidase positive) and some o f them
had a higher MIC than those normally associated with the presence o f a mtr efflux
pump (110, 187) or a chromosomal mtr mutations (67, 194) indicating that these
organisms are likely to have acquired erythromycin resistance genes (246, 334).

The proportion o f streptococci resistant to macrolides has increased for the last two
decades and more particularly in S. pyogenes and S. pneum oniae, two pathogens of
the upper respiratory tract (60, 83, 98, 262, 317). Erythromycin-resistant Grampositive bacteria were the second most common resistant bacteria found in the oral
cavity (with a mean average o f 6.3% o f the total viable count) and 34.8% o f the
erythromycin-resistant Gram-positive bacteria were also resistant to tetracycline.
These oral bacteria can act as a reservoir for erythromycin resistance genes and they
can transfer their erythromycin and tetracycline resistance genes to other more
pathogenic bacteria such as S. pyogenes and S. pneum oniae (9, 218). In fact, there
has been an increase in antimicrobial resistance in viridans streptococci in the last
decade and particularly to p-lactam antibiotics, tetracyclines and macrolides (74,
294). In the next chapters, the results o f studies on the mechanisms o f resistance to
tetracycline and erythromycin in the oral microbiota will be presented.
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C h ap ter 4

Prevalence of Tetracycline Resistance Genes in Oral Bacteria

4.1 Abstract

Tetracycline is a broad-spectrum antibiotic used in humans, animals and aquaculture;
therefore many bacteria from different ecosystems are exposed to this antibiotic. In
order to determine the genetic basis for resistance to tetracycline in oral bacteria,
saliva and dental plaque samples were obtained from two batches o f 20 healthy
adults who had not taken antibiotics during the previous three months. The samples
were screened for the presence o f bacteria resistant to tetracycline and the
tetracycline resistance genes in these isolates were identified using multiplex PCR
and DNA sequencing. In this group o f 40 individuals a mean o f 9.2% o f the
cultivable microbiota was resistant to 8 pg/ml o f tetracycline. Most o f the isolates
carried tetracycline resistance genes encoding a ribosomal protection protein (RPP).
The most common tetracycline resistance genes identified were tet{M), tet{W), tet(O)
and tet(Q).

4.2 Introduction

Tetracycline is a broad-spectrum antibiotic, which is used in the treatment o f
bacterial infections in humans and animals, as well as for protozoal infections in
humans; it is also used as a growth promoter in animals and in aquaculture and as an
immunosuppressor in humans (45, 248). It is commonly used in dental practice as a
prophylactic agent and for the treatment o f oral infections (86). Low level of
tetracycline is prescribed to patients with localized juvenile periodontitis since it
inhibits the collagenase activity o f neutrophils and thus tissue breakdown (115) The
wide use o f tetracycline has had the effect o f exposing commensal as well as
pathogenic bacteria from different ecosystems to the drug resulting in a major
increase in tetracycline-resistant bacteria since this antibiotic was first used in the
1950s (45). Tetracycline acts by binding to the bacterial 30S ribosomal subunit

92

preventing any further protein synthesis (248). Resistance is commonly mediated by
efflux o f the drug or ribosomal protection; however, there are also two examples o f a
gene encoding a tetracycline inactivation system (72, 275). So far nine classes o f
genes encoding RPP have been described (Table 1.6), the most common o f which is
tet(M) (45, 248) that is commonly contained within conjugative transposons, which
have an extraordinarily broad host range (45, 237, 274). The tet(Q) gene is also
common and contained within a conjugative transposon (151), and there is also some
evidence that tet{W) and tet(32) are contained within conjugative chromosomal
elements although these are not yet well characterised (21, 180, 264).

Eighteen genes encoding tetracycline efflux pumps have also been described (Table
1.6). They are found in both Gram-positive and Gram-negative species. The efflux
genes from Gram-negative organisms are widely distributed and are associated with
large plasmids, most o f which are conjugative (45). Efflux genes (tet(K) and tet(L))
from Gram-positive organisms are usually found on small transmissible plasmids
(18). A novel tet gene tet(34) has recently been described from a Vibrio sp. (206)
(see chapter 1.2.1.2.3.4).

In the oral cavity, tet(M) has been found in many different bacterial genera (143),
tet(O) and tet(Q) were isolated in Gram-positive and Gram-negative oral species
respectively (210, 211) and several efflux genes were isolated from Gram-negative
oral species (248). However, the prevalence o f the newly-discovered tetracycline
resistance genes in the oral cavity has not been investigated. Furthermore, the
presence o f the different tetracycline resistance genes in healthy adults has not been
investigated. Therefore, the aim o f this work was to investigate the prevalence o f
tetracycline resistance genes in the oral microbiota, which contains many different
genera and species o f bacteria thereby providing ample opportunity for genetic
exchange (111, 189). Oral bacteria also have the opportunity to come into contact
with bacteria from other body sites (189). In this study, members o f the tetracyclineresistant oral microbiota were screened for the presence o f 12 different tetracycline
resistance genes. It was found, for the first time, that tet(W )9 like tet{M), is common
in oral bacteria and that tet{O), tet(Q), tet(A) and tet(S) are present in some oral
species.
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4.3 Materials and Methods

M ultiplex PCR conditions. Bacterial DNA template was prepared using Puregene
(Flowgen, Gentra System). The PCR reaction mixture (total 50 pi) included 2 pi
template DNA in a final concentration o f 0.1 to 1 pg, 1 x PCR buffer, 2.5 U DNA
Taq polymerase (Bioline), 300 pM o f each o f the deoxynucleotides dATP, dCTP,
dGTP, and dTTP and dP^O. The primers and M gCh concentrations were optimised
for each multiplexed prim er group according to the method described by Ng et a l
(206). Group I contained primers for tet(K) (1.25 pM ), tetQsA) (0.5 pM), tet(O) (1.25
pM ) and ter(S) (0.5 pM ) each (3.0 mM MgC12). Group II contained primers for
tet(B) (0.25 pM ), tet(C) (0.25 pM ) and tet(D) (0.2 pM ) each (4.0 mM MgCh).
Individual PCR reactions were performed for tet(A), tet(Q), tet(W), tet(L) and tet(T);
primers and PCR conditions for tet(W) and tet(T) were as described by Aminov et a l
(7) (Table 4.1). Concerning tet(A), tet(Q), tet(L), primers and PCR conditions were
as described by Ng et a l (195) (Table 4.1).
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Table 4.1: Description o f the primers used to detect each o f the tetracycline
resistance genes
tet

Amplicon

Annealing

PCR

genes

size (bp)

temperature

conditions
(Ref)

Group 1

tet{ B)

659

55°C

7

Multiplex PCR

tet(D)

787

55°C

7

tet(C)

418

55°C

7

Group 2

tet(K)

169

55°C

195

Multiplex PCR

tet{ M)

406

55°C

195

tet( O)

515

55°C

195

tet{ S)

667

55°C

195

Individual PCR

tet(A)

210

55°C

195

Individual PCR

tet{ L)

267

55°C

195

Individual PCR

let(Q)

904

55°C

195

Individual PCR

tet(T)

169

46°C

7

Individual PCR

tet(W )

168

64°C

7

A multiplex PCR was used for Group 1 and 2 and an individual PCR for tet(A),
tet{L), tet(Q \ tet(T) and tet(W).

Some o f the PCR results were confirmed, where required, by DNA sequencing (see
chapter 2.7).

4.4 Results

In the first Batch o f 20 samples, a mean o f 11% o f the cultivable microbiota was
resistant to 8 pg/ml o f tetracycline, compared with a mean o f 7.8% in Batch 2 (Table
4.2). The difference in mean proportions between the two groups was not statistically
significant (P > 0.05). From the 20 samples processed, a representative number of
105 tetracycline-resistant bacteria were isolated for further study from Batch 1 and
104 isolates from Batch 2. Most o f the isolates carried tetracycline resistance genes
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encoding a RPP. The most common tetracycline resistance genes identified were
tet(M), tet(W), tet(O) and tet(Q) (they represented 79%, 21%, 10.5% and 9.5%
respectively o f all the isolates) in Batch 1, whereas in Batch 2, tet(M), tet(O), tet(W)
were the most common tetracycline resistance genes isolated (they constituted 78%,
9.6% and 9.3% respectively o f all the isolates). No tet(Q) gene was identified from
Batch 2. Tetracycline resistance genes encoding an efflux protein were found in only
5.7% of all the tetracycline-resistant isolates from the two batches (Table 4.2).
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Table 4.2: Distribution o f the tetracycline resistance genes among cultivable oral
bacteria
Tetracycline-resistance genes

Batch 1 and 2
(n=209)

% o f flora resistant to tetracycline

9.2% (0.34-38.9%)a

SD

9.5

% o f isolates containing tet{M)

78% (164 isolates)

% o f tetracycline-resistant

77% (0-100% )a

microbiota containing tet(M )
SD b

26.1

% o f isolates containing tet(W)

15.3% (32 isolates)

% o f tetracycline-resistant

9.8% (0-93% )a

microbiota containing tet{W)
SD b

19.6

% o f isolates containing tet(O)

10% (20 isolates)

% o f tetracycline-resistant

9.8% (0-100% )a

microbiota containing tet(0 )
SD b

19.6

% o f isolates containing tet(Q)

5% (11 isolates)

% o f tetracycline-resistant

4% (0-50% )a

microbiota containing tet(Q)
SD b

10.9

% o f isolates containing tet(A)

2% (4 isolates)

% o f isolates containing tet(K)

1.4% (3 isolates)

% o f isolates containing tet(L)

1.4% (3 isolates)

% o f isolates containing tet(S)

1% (2 isolates)

% o f isolates containing tet(B)

1% (2 isolates)

a The percentages in brackets represent the range o f values found in the 40 samples
studied.
b The standard deviation (SD) gives an indication on how spread the data are.
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The difference in mean proportions, between the two batches, o f the three most
common tetracycline resistance genes identified (tet(M), tet(W) and tet(O), excluding
tet(Q), which was only found in Batch 1) were compared using the Kruskal Wallis
test. The difference in the mean proportion o f the tetracycline resistance genes for
each batch was considered significant when the P value was <0.05. No significant
differences were found in the prevalence o f the three tetracycline resistance genes in
the oral cavity in the two batches (Table 4.3) therefore Batch 3 was not further
investigated. The data from Batch 1 and 2 were combined and analysed together.

Table 4.3: Comparison o f the mean proportions, between the two patient groups, of
the three most common tetracycline resistance genes identified using the KruskalWallis test
Tetracycline-

P value"

resistance gene
tet(M)

0.27

tet(W)

0.62

tet{ O)

0.46

a The difference in the mean proportion o f the tetracycline resistance genes for each
patient group was considered significant when the P value was < 0.05

tet(M) was the most common tetracycline resistance gene isolated (Table 4.2); it was
isolated from 39 samples. In this group o f 40 individuals, between 0% and 100%
(mean = 77 %, SD = 26.1) o f tetracycline-resistant bacteria harboured the tet(M)
gene. 15% (n=25) o f isolates carrying tet(M) had one or two other tetracycline
resistance genes. However, this did not have any effect on the MIC o f tetracycline
since the isolates with one tetracycline resistance gene and the isolates with at least
two had the same MIC50 and MIC90, which were 16 pg/ml and 32 pg/ml respectively.

tet(W) was the second most common tetracycline resistance gene identified. Between
0.0% and 93% (mean = 9.8 %, SD = 19.6) o f tetracycline-resistant bacteria
harboured the gene (Table 4.2). The isolates carrying this gene were identified by
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16S

rRNA

gene

sequencing

as

Veillonella,

Prevotella,

Streptococcus,

Staphylococcus, Rothia, Lactobacillus or Neisseria spp. (Table 4.4). Out o f all the
isolates containing tet(W), 34% (11 isolates out o f 34) contained one or two other
tetracycline resistance genes tet(M) (in 9 isolates), tet(0) (one isolate) and tet(L) (one
isolate) (Table 4.4).

Table 4.4: Tetracycline resistance genes detected for the first time in oral species
Genus

tet genes detected for

Number o f times

Other tet genes found

the first time in a

it was found in

in the same isolate

particular genus

each genus

(and number of
isolates with at least
two tet genes)a

Rothia

tet{ W)

8

tet{M) (1)

Actinomyces

tet{ W)

6

tet(M) (1)
tet(L ) (l)

Streptococcus

tet( W)

6

tet(M) (2)

Neisseria

tet( W)

5

tet(M) (1)
tet( 0 )(1 )

Lactobacillus

tet{ W)

3

-

Veillonella

tet{ W)

2

tet(M) + tet(S) (1)
te/(M) (1)

Bacillus

tet( W)

1

-

Staphylococcus

tet( W)

1

-

Veillonella

tet{ S)

2

/er(M) + tet(A) (1)
/e/(M) + /e^(W) (1)

Neisseria

tet(0)

1

te/(W) (1)

Neisseria

tet(Q)

1

tet(M) (1)

Veillonella

tet(A)

1

/e^(M) + tet(S) (1)

a The last column gives an overview o f the isolates containing more than one
tetracycline resistance gene. For instance, in the first row, out o f 8 Rothia spp.
containing tet{W), one isolate also carried tet(M)
tet = tetracycline
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The tet(O) and tet(Q) genes were detected for the first time in Neisseria spp.

4.5 Discussion

Resistance to tetracycline through the carriage o f tet{M) was found to be widespread
among the 40 healthy individuals studied (77% o f the tetracycline-resistant
microbiota contained te/(M)) who had not taken any antibiotics in the previous 3
months. Tet M has been considered to be the most widespread tetracycline
determinant in different environments and has been found in a variety o f Grampositive and Gram-negative bacteria (248). The wide distribution o f tet(M) probably
reflects the fact that it is contained within broad host range conjugative transposons
which have previously been found to be common in oral bacteria (19, 51, 237, 243).

This is the first report o f the isolation of the tet(W) gene in bacteria colonising the
human oral cavity. It was the second most common tetracycline resistance gene in
the cultivable bacteria (Table 4.2). tet{W) was found for the first time in Veillonella,
Prevotella, Streptococcus, Staphylococcus, Rothia, Actinomyces, Lactobacillus and
Neisseria spp. (Table 4.4). This gene was originally identified in the bovine rumen
anaerobe Butyrivibrio Jibrisolvens and subsequently in human faecal anaerobes, pigs
and recently in a facultative anaerobe Arcanobacterium pyogenes (17, 21, 264). In B.
Jibrisolvens tet(W) is contained within a large conjugative transposon, TnB1230 (17)
which is capable o f

high frequency conjugative transfer among B. flbrisolvens

species. In A. pyogenes tet(W) was associated with a mob gene, not found in
TnB1230, and was capable o f conjugative transfer at low frequency (21), indicating
that there are at least two different genetic elements responsible for the spread o f this
resistance gene.

Recently a new organisation o f tet(W) gene was revealed in Megasphaera elsdenii, a
commensal anaerobic swine strain; the tetracycline resistance determinant o f this
strain consisted o f mosaic genes formed by recombination o f tet{O) and tet(W) class
genes (279), this mosaic organisation was subsequently found in different strains
isolated from the faeces o f organically raised swine (278). Characterisation o f the
genetic elements carrying tet(W) in the oral cavity will be described in Chapter 7.
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The tet{O) gene was the third most common tetracycline resistance gene isolated in
this study (Table 4.2). This gene has been found in different species (45) but in the
oral/respiratory

tract

it

has

been

isolated

only

in

Gram-positive

species

{Lactobacillus, Enterococcus, Staphylococcus and Streptococcus) (248). In this
study, tet{O) was found for the first time in one Neisseria sp. (Table 4.4). The tet{O)
gene was initially identified on R plasmids harboured by the Gram-negative
Campylobacter coli (196) and was subsequently found on the chromosome of
Streptococcus spp. where it is associated with conjugative elements (101). Because
o f a G+C content (40%) higher than that o f Campylobacter coli chromosomal and
plasmid DNAs (31 to 33% respectively) (339), and because this tetracycline
resistance gene exhibits high sequence identity with tet{M) from Streptococcus sp.
(273) it is thought that tet{O), like tet(M), originated in a Gram-positive bacterium.

tet(Q) has been reported to be common in Gram-negative oral bacteria that are
associated with periodontal tissue destruction (142, 211). However, the current study
has shown for the first time that tet(Q) is present in a commensal Neisseria sp. (Table
4.4). Previous work has shown that the tet(Q) gene is frequently associated with
conjugative transposons in the Bacteroides group (151, 199, 269). These elements
were found to have a broad host range and may be responsible for the wide
dissemination o f the tet(Q) gene in oral bacteria; this has not been investigated in this
project but would be an obvious area o f research for the future.

Out o f the 209 tetracycline-resistant isolates, the tet(S) gene was found only in two
different Gram-negative anaerobes {Veillonella sp.) from two different samples
(Table 4.4), it is the first time that tet{S) has been isolated in this genus. tet{S) was
first detected in Listeria monocytogenes BM4210 where it is carried by selftransferable plasmids (43). It has also been found on the chromosome o f
Enterococcus faecalis where it is associated with a 40-kb fragment that can be
mobilised from chromosome to chromosome only in the presence o f the conjugative
plasmid pIP825 (42, 93). Recently, tet{S) was shown to be contained within a
functional Tn9/b-like element, in the same relative position as tet{M) (144).
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tet(A), tet(S) and tet(W) were isolated from Veillonella spp. for the first time (Table
4.4). Previously the only tetracycline resistance genes isolated from this organism
were tet(L), tet(M) and tet(Q) (45). This shows that Veillonella spp. may be an
important reservoir o f different tetracycline resistance genes.

The carriage o f more than one tetracycline resistance gene was commonly found.
However, as indicated earlier, this did not have any effect on the MIC o f the
organism indicating that a need for an increased level o f tetracycline resistance is not
the selective pressure for this phenomenon. Rather this could be because some o f the
tetracycline resistance genes are contained within conjugative transposons (i.e.
tet(M), tet(Q), te/(W) and tet(S)). The possession o f one conjugative transposon is
not a barrier to that same cell being able to receive other related or unrelated
conjugative transposons (45, 189). It has also been shown that some bacteria are
naturally competent (Neisseria, Haemophilus, Streptococcus spp.), which could help
further dissemination o f the tetracycline resistance genes (248).

In conclusion, this study has shown that bacteria in the oral cavity contain a variety
o f tetracycline resistance genes, indicating that oral bacteria have access to and/or are
a reservoir o f resistance genes, and that tet(O), tet{W), tet(S) and tet(Q) genes have
spread across a broad spectrum o f bacterial species. Next, it is important to determine
the genetic supports for some o f these resistance genes in order to understand how
they disseminate.
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C h ap ter 5

C h aracterisation o f the G en etic B asis for E ryth rom ycin R esistance
in O ral B acteria

5.1 Abstract

There has been an increased rate o f resistance to erythromycin in clinical as well as
commensal isolates, which correlates with an increased use o f this class o f antibiotics
during the last two decades. Resistance to macrolides is commonly mediated by
methylases (encoded by erm genes), by efflux o f the drug, by production o f
inactivating enzymes or, to a lesser extent, by mutation in the ribosomal binding site.
The aim o f this study was to determine the molecular basis for erythromycin
resistance in oral bacteria. Twenty saliva and plaque samples from healthy adults
were screened for the presence o f erythromycin-resistant bacteria and 122 (37 Grampositive and 85 Gram-negative) resistant strains were isolated. All o f the resistant
isolates were screened for possession o f the most common erythromycin resistance
genes by PCR. Forty-two isolates (mostly Gram-positive) contained at least one
erythromycin resistance gene, whereas eighty Gram-negative isolates did not contain
any detectable resistance genes. The m e f gene was the most commonly found,
followed by erm(B).

5.2 Introduction

The macrolide erythromycin or its derivatives are commonly used in poultry,
livestock and human clinical practice to prevent or treat infections due to Grampositive bacteria. In humans, macrolides are used for the treatment o f respiratory
tract infections or as an alternative in patients who are allergic to penicillin.

Macrolides bind to the 50S ribosomal subunit stimulating dissociation o f the
peptidyl-tRNA from the ribosome during elongation, resulting in peptide chain

103

termination and reversible stoppage o f protein synthesis. This binding site overlaps
with the binding site o f the newer macrolides, ketolides and the structurally unrelated
lincosamides and streptograminB antibiotics (148).

There are three main mechanisms conferring macrolide resistance. Acquisition o f a
ribosomal methylase (erm) is the most common (Table 1.5). Methylation causes a
conformational change in the prokaryotic ribosome and confers resistance to
macrolides, lincosamides and streptogramins, giving the MLS phenotype (247).
Efflux proteins give rise to resistance by pumping the antibiotic out o f the cell
keeping the intracellular concentration o f the antibiotic low and the ribosomes free
from the action o f the antibiotic. There are two types o f efflux pump: msrAJB is most
commonly found in Staphylococcus spp. and the m e f gene is most commonly found
in Streptococcus spp. (148) but can also be detected in Neisseria spp. (247). The m e f
gene confers resistance only to macrolides, giving the isolate the M phenotype
whereas the msrA gene confers resistance to macrolides and streptogramins, giving
the isolate the MS phenotype (148). Resistance can also be conferred by the
production o f enzymes, which inactivate erythromycin only, esterase (ereA, ereB)
and phosphotransferases (mph); these enzymes have been found in highly macrolideresistant Enterobacter spp. (8, 91).

A fourth mechanism o f resistance, a base substitution in the 23 S rRNA or in the
ribosomal proteins has emerged in clinical isolates since the 1990s (see chapter
1. 2 . 1 .2 . 3 . 3 ).

A healthy oral m icrobiota consists mostly o f Streptococcus spp. including viridans
group streptococci (VGS), which have already been studied for the presence o f
erythromycin resistance genes and VGS is likely to be an important reservoir for the
dissemination o f these genes to more pathogenic species (9, 10, 218, 265). Neisseria
and Haemophilus spp. can harbour an efflux pump (mtr and acrAB respectively);
these pumps reduce the outer membrane permeability o f the isolate to dyes and
detergents and increase the resistance to multiple antimicrobial agents such as
macrolides, however they confer only low level resistance to this class o f antibiotics
(187, 334). M oreover, some Gram-negative bacteria are intrinsically resistant to
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macrolides due to the low permeability o f their outer membrane to these hydrophobic
compounds (91).

5.3 Materials and Methods

PCR reactions. The resistant isolates were tested for the presence o f erythromycin
resistance genes using either individual PCR assay as for mph(A) (284) or a
multiplex PCR. Group I and II multiplex PCR included erm(B) and erm(C), and
erm(A), erm(F), msr{A) respectively using the same conditions as in Nawaz et al.
(193). Group III multiplex PCR consisted o f ere(A.), ere(B) and mef(A) as stated in
Sutcliffe et al. (284).

All o f the PCR reactions were performed on DNA isolated using the Puregen Kit
(Flowgen, Gentra System). Some o f the PCR results were confirmed, when required,
by DNA sequencing (see chapter 2.7).

Antibiotic susceptibility. The different macrolide resistance phenotypes were
identified using discs containing erythromycin (30 jag) or clindamycin (10 jag) as
described by Seppala et al. (265). Each isolate was resuspended in tryptone soya
broth (Sigma) to a density o f 0.5 M cFarland units and was also tested for its
susceptibility to azithromycin (100 jag) and spiramycin (100 jag) disks (Oxoid) on
Mueller-Flinton agar (Oxoid) with 5% defibinated horse blood (E & O laboratories,
Bonnybridge, Scotland). All o f the Gram-negative isolates were tested for their
susceptibility to crystal violet (Sigma) and Triton X-100 (Sigma) by the agar plating
method described by M orse et al. (187).

5.4 Results

In Batch 1, 20 % o f the cultivable microbiota from the 20 samples was found to be
erythromycin-resistant. From the 20 samples processed, a representative number o f
122 erythromycin-resistant bacteria were selected for further study. Most (70%) o f
the isolates were Gram-negative and did not contain previously identified
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erythromycin resistance genes. Most o f the 42 isolates found to carry at least one
erythromycin resistance gene were Gram-positives from the Streptococcus genus.
Therefore, the mean percentage o f erythromycin-resistant isolates with an identified
erythromycin resistance gene was only 7%.

Most o f the Gram-negative bacteria with no identified erythromycin resistance gene
had a very low MIC (ranging from 1 pg/ml to 8 pg/ml) and 26.5% o f all the Gramnegative isolates were resistant to an elevated concentration o f both a dye, crystal
violet, and a detergent, Triton X-100, thus according to Shafer et al. these isolates are
likely to be resistant to erythromycin due to the presence o f a non-specific mtr efflux
pump (187, 334).

The

antimicrobial

susceptibility

patterns

for

erythromycin,

clindamycin,

azithromycin and spiramycin were checked in the 42 isolates containing an identified
erythromycin resistance gene using the disc method. These isolates exhibited two
different phenotypes: 67% had the M phenotype; they were fully resistant to
macrolides (erythromycin, azithromycin and spiramycin) and displayed variable
zones o f inhibition around the clindamycin disc, and 33% had the MLS phenotype;
they were fully resistant to macrolides and lincosamide (clindamycin) (Table 5.1).
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Table 5.1: Distribution o f erythromycin resistance genes in the oral microbiota
*

Class o f

Nb of

resistance gene

isolates

Genusa

to macrolides
Methylase

Efflux

MIC Erythromycin

Resistance to

pg/mlb

resistance

ery, clin, azm,

Eryc

gene(s)

spy disks

11

Streptococcus

1

Streptococcus

1

Veillonella

32

erm( B)

Fully resistant

1

Prevotella

4

erm( F)

Fully resistant

Streptococcus

4

m ef

Variable zones

21

64

erm( B)

Fully resistant

> 128 m e f + erm( B) Fully resistant

o f inhibition
1

Streptococcus

3

Neisseria

> 128 m e f + erm( B) Fully resistant
4-8

m ef

Variable zones
o f inhibition

2

Lactobacillus

2-8

m ef

Variable zones
o f inhibition

1

Staphylococcus > 128 msr{ A)

Variable zones
o f inhibition

a The M IC breakpoint to erythromycin for Streptococcus, Staphylococcus, Neisseria
spp. is < 0.5 pg/ml, and for anaerobes is < 2 pg/ml according to the British Society
for Antimicrobial Chemotherapy (http://www.bsac.org.uk/).
b The MIC50 and MIC90 o f all the isolates with a methylase gene was 64 pg/ml and
128 pg/ml respectively and the MIC50 and MIC90 o f all the isolates with an efflux
gene was 4 and 16 pg/ml respectively.
Nb = number, ery = erythromycin, clin = clindamycin, azm = azithromycin, spy =
spiramycin.
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O f 28 M -phenotype isolates, 27 were positive with primers specific for the m e f gene
^nd one was positive with primers specific for the msr(A) gene. O f the 14 MLSphenotype isolates, 13 were positive with primers specific for the erm(B) gene and
one was positive with primers for the erm{F) gene (Table 5.1). One isolate with the
MLS phenotype carried both the erm( B) and m e f genes.

The M IC 50 and MIC 90 o f all the isolates with a methylase gene were 64 pg/ml and
128 fig/ml respectively and the M IC 50 and MIC 90 o f all the isolates with an efflux
gene were 4 pg/ml and 16 pg/ml respectively.

The susceptibility o f the isolates to amoxycillin and tetracycline was also
determined. Only 6 isolates were also resistant to amoxycillin with a low MIC (1
pg/ml), except for one that had a MIC o f 32 pg/ml. Five o f these isolates carried the
m e f gene and one isolate with the high MIC for amoxycillin carried the msrA gene
although (3-lactam antibiotics are not known to be substrates for these efflux pumps
(150). Out o f the 42 isolates with an identified erythromycin resistance gene, 12
(28%) were also resistant to tetracycline; these last results will be further discussed in
Chapter 6.

The 42 isolates were identified to the genus level by biochemical tests and partial
16S rRNA sequencing (Table 5.1). M ost o f them belonged to the Streptococcus
genus (34 out o f 42, 81 %) and had either the efflux or methylase genes.

5.5 Discussion

There has been an increased rate o f resistance to erythromycin in clinical as well as
commensal isolates, which correlates with an increased use o f this class o f antibiotics
during the last two decades (134, 165, 234, 285, 333). The current study found that
7% o f the oral bacteria from samples obtained from 20 individuals carried an
erythromycin resistance gene. M ost o f the erythromycin-resistant isolates with an
identified resistance gene were streptococci and the most common resistance gene
was m e f followed by erm(B). These results agree with previous studies which have
looked at the prevalence o f the erythromycin resistance genes in this genus and found
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that viridans streptococci from pharyngeal samples are a reservoir o f erm(B) and m e f
•genes (9, 218). It was not surprising to find that most o f the erythromycin-resistant
isolates were streptococci since viridans streptococci are important constituents o f
the indigenous microbiota o f the upper respiratory tract o f healthy humans (14).

As noted in previous studies (9, 60, 83, 102, 127, 165, 317), there was a correlation
between the antibiotic resistance phenotype and genotype for each isolate. The
isolates with a methylase gene were fully resistant to the macrolides (erythromycin,
azithromycin

and

spiramycin)

and to

the

lincosamide

class

o f antibiotics

(clindamycin) whereas the isolates with a m e f gene displayed varying zones o f
inhibition around the antibiotic discs (Table 5.1). The M IC 50 and MIC 90 were higher
in the isolates with a methylase gene than those with a m e f gene as already noted in
S. pneumoniae (97), therefore, the isolates with an erm gene were more resistant to
erythromycin than the isolates with a m e f gene. One isolate with both genes had the
same phenotype as the isolates with the erm{B) gene only; the identification o f both
genes in the same isolate and the expression as MLS phenotype has already been
described in Streptococcus pneumoniae and Streptococcus pyogenes (83, 165, 175,
218).

Perez-Trallero et a l

showed that 94.4% o f a total o f 197 subjects carried

erythromycin-resistant commensal streptococci in their pharynx and that there were
no statistical differences in the number, the species or the resistance phenotypes o f
erythromycin-resistant streptococci found in healthy subjects or subjects with
pharyngitis (218). M oreover, half o f the erythromycin-resistant streptococci had the
M phenotype and the other half had the MLS phenotype. In this study, a high
percentage o f individuals (80% out o f a total o f 60 subjects) also carried
erythromycin-resistant streptococci in their oral cavity. However, the distribution o f
the phenotypes was different since 67% had the M phenotype and 33% had the MLS
phenotype. This difference in the prevalence o f the methylase genes and the efflux
genes in some clinical and commensal streptococcal isolates has been observed in
different studies (83, 97, 175, 191, 285). It appears that the resistance pattern to
macrolides in Streptococcus spp. depends on the geographical region and more
particularly on the macrolide used in this particular region; a positive correlation was
found between azithromycin use and an increase in macrolide resistance (335),
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however no study has ever shown the link between the use o f a macrolide and the
prevalence o f a particular erythromycin resistance gene.

One o f the reasons for the dissemination o f the m e f gene in VGS is the presence of
this gene on mobile elements. Recently the m e f A) gene was shown to be part o f a
7.2-kb non-conjugative transposon Tn7207.1 (260) that was subsequently reported to
be part o f a larger conjugative transposon, Tn7207.3 (259). The m e f gene was also
found to be inserted into a Tn97b-like element, in a sequence homologous to orf6 o f
Tn916 (Fig 1.8) forming the new element Tn2009 (68).

The current study showed that a methylase gene, erm{B), was isolated for the first
time from a Veillonella sp. Veillonella spp. have already been shown to be an
important reservoir for different tetracycline resistance genes (see Chapter 4). The
remaining Gram-negative isolates with no identified erythromycin resistance genes
that do not present a mtr phenotype are likely to be intrinsically resistant to
macrolides (91) and this is supported by their low MIC to erythromycin. None o f the
Gram-negative isolates with a known erythromycin resistance gene had the mtr
phenotype.

No ermA genes were detected during this study although this gene has previously
been found in Peptostreptococcus spp., a normal member o f the pharyngeal, dental
and gingival microbiota, and was shown to transfer, albeit at low frequency, to a
Streptococcus pyogenes recipient (233); it is possible that no Peptostreptococcus spp.
were isolated in this study because the collection or transport o f specimens were not
optimised enough for the recovery o f these Gram-positive anaerobic cocci (190). A
previous study looking at the distribution o f m e f and erm genes in commensal
streptococci resistant to erythromycin did not isolate any erm(A) in a total o f 253
isolates (218), thus erm (A) is not commonly isolated from the oral cavity.

No PCR products were detected with primers for ere{A), ere(B) and m ph, but this
was not surprising since these genes are most commonly found in highly resistant
Enterobacter spp. (8, 11, 205) and they have not been isolated from Streptococcus
spp.
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Ribosomal mutation conferring resistance to macrolides has emerged in the last few
years as the sole mechanism o f resistance in clinical isolates o f mostly S.
pneumoniae (289) and S. pyogenes (23). However, all o f the erythromycin-resistant
streptococci isolated in this study contained either a m e f or erm gene. Ribosomal
mutations might have appeared due to the selective pressure o f increased levels o f
exposure to macrolides in recent years (289), but it is not found as the sole
mechanism o f resistance to macrolides in oral commensal streptococci, however
there is still the possibility that it could be found in conjunction with a resistance
gene, explaining why it was not detected in this study.

In this study, commensal streptococci o f the oral cavity were shown to be an
important reservoir for erythromycin resistance genes and may be a reservoir for the
dissemination o f the erm( B) and the m e f genes to more pathogenic bacteria such as S.
pyogenes and S. pneumoniae. In the next chapter, the transfer o f antibiotic resistance
genes between the oral streptococci and Enterococcus faecalis will be examined.

Ill

C h ap ter 6

Transfer of Genes Encoding Antibiotic Resistance

6.1 Abstract

O f the 42 isolates that contained an identified erythromycin resistance gene, 12 were
also resistant to tetracycline and 4 out o f these 12 isolates were shown to transfer
both genes simultaneously to an Enterococcus faecalis recipient in filter-mating
experiments. Hybridisation analysis showed that the transferred genes were
contained within a conjugative transposon related to Tn7545.

6.2 Introduction

Conjugative transposition is one o f the most common mechanisms o f horizontal gene
transfer between organisms o f different species or different genera (255). The
T n9J6-T nl545 family o f elements are the best-studied conjugative transposons; they
have been found in a wide variety o f Gram-positive and Gram-negative organisms
(51), and they appear to have played a significant role in the dissemination o f
multiple antibiotic resistance among clinically important species such as streptococci
(237, 267). Both transposons contain tet(M), identical ends and similar integrase and
excisase genes (called int/xis respectively) (51). Tn1545 carries two extra antibiotic
resistance genes, erm{B) and aphA-3, conferring resistance to macrolides and
kanamycin respectively. Although this family o f conjugative transposons has a wide
host-range this study is the most complete investigation o f T n l5 4 5 elements in
viridans streptococci.
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6.3 Materials and Methods

Detection o f erythromycin and tetracycline resistance determinants. The
erythromycin-resistant isolates from Batch 1 that had an identified erythromycin
resistance gene (see chapter 5) and that were also resistant to tetracycline were tested
for the presence o f tetracycline resistance genes using multiplex PCR for tet(K),
tet(M), tet(O) and te^(S) as described in Ng et al. (195), or an individual PCR assay
for tet(W) as described in Aminov et al. (7).

Mating experiments. Each isolate with an identified erythromycin resistance gene
and which was also resistant to tetracycline was tested for its ability to
simultaneously transfer both genes to Enterococcus fa eca l is JH2-2 which was
resistant to rifampicin (see chapter 2.8). The experiment was repeated four times: the
transconjugants were selected twice on tetracycline (8 pg/ml) and rifampicin (25
pg/ml) plates and twice on erythromycin (10 pg/ml) and rifampicin (25 pg/ml)
plates. Each transconjugant was also tested for its resistance to the non-selected
marker by plating it onto tetracycline or erythromycin-containing plates. The co
transferred resistance genes were identified by PCR and Southern blot for each
transconjugant.

Hybridisation. Total DNA from the donors and transconjugants was digested with
HindUl, run into an agarose gel and transferred to Hybond-N+ membrane by
Southern blotting (see chapter 2.9). Hybridisations were performed with tet(M),
erm(B), plasmid pAM 120 (containing Tn9J6), plasmid pPPM70 (containing aphA-3)
or int/xis probes (Appendix 1). The probes were either made from PCR products o f
the respective control strains (Appendix 3), which were then purified using a PCR
purification kit (Sigma) or from the whole plasmids pAM 120 and pPPM70
(Appendix 1). The hybridisation blots were developed and exposed to Hyperfilm
ECL (Amersham) for 5 min and overnight.
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6.4 Results

In the course o f this study, 12 isolates were identified that, as well as being resistant
to erythromycin, were also resistant to tetracycline (Table 6.1). The most common
antibiotic resistance genes identified were erm(B) and tet(M) (Table 6.1). One isolate
contained msr(A) and tet(W) but no transfer was detected from this strain (Table
6 . 1).

Four isolates out o f 12 could transfer tetracycline and macrolide resistance to the
Enterococcus faecalis JH2/2 recipient strain under the conditions used (Table 6.1).
The frequencies o f transfer from the 4 donors were variable according to the
antibiotic used for selection. Donors E25-3 and E31-2 did not transfer at detectable
frequencies when tetracycline was used as the selective antibiotic but were able to
n

7

,

transfer at an average frequency o f 3.3 x 10' and 1.4 x 10’ transconjugants per
donor respectively when erythromycin was used as the selective agent. However
donors E37-4 and E38-2 had a higher transfer frequency when tetracycline was used
as the selective antibiotic (5.15 x 10'4 and 1.5 x 10'5 transconjugants per donor
o

c

respectively) whereas the frequencies o f transfer were 2.6 x 10' and 7 x 10'
transconjugants per donor respectively when erythromycin was used as the selective
agent (Table 6.1).

All the transconjugants were resistant to both erythromycin and tetracycline and
contained both tet(M) and erm{B). The four different donors belonged to the
Streptococcus genus; the MICs o f the transconjugants for the two different
antibiotics were similar to those o f the donors (Table 6.1).
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Table 6.1: Results o f the filter-mating experiments between strains resistant to both
erythromycin and tetracycline as donors and E. faecalis JH2/2 as the recipient
Isolate

Genus

Transcon
jugant

E21-3

Staph

nd

E23-4

Strep

nd

E24-2

Strep

nd

E25-3

Strep

E25-3 x
E. faecalis

E26-5

Strep

nd

E31-2

Strep

E 31-2 x
E. faecalis

E31-3

Strep

nd

E33-3

Strep

E37-4

Strep

E38-2

Strep

E38-4a
E38-5

Ermr/ Tcr genes

Ermr/Tcr genes from

from the donor and the transconjugant
their respective

and their respective

MIC (pg/ml)

MIC (pg/ml)

msr(A)l tet(W)
(128 and 128)
erm( B)/ tet(M)
(32 and 16)
erm{ B)/ tet( M)
(128 and 16)
erm(B)/ tet(M)
(64 and 32)

nd

erm( B)/ tet(M)
(128 and 32)
erm(B)/ tet(M)
(4 and 32)

Frequency o f
transfer3
(CFU/donor cell)

nd
nd
erm( B)/ tetlfA)
(128 and 32)

5.8 10-y/ 8.6 10-5

nd
erm{ B)/ tet{ M)
(128 and 64)

1.5 1 0 -'/1 .3 10-'

erm( B)/ tet( M)
(64 and 16)
nd
mef/ erm( B)/ tet( M)
(128 and 16)
E37-4 x
erm(B)/ tet(M)
E. faecalis
(128 and 32)

erm(B)/ tet(M)
(128 and 64)

1.3 10’'/5 .1 10’5
(8.5 1O'4/ 1.8 10-4)

erm{ B)/ tet{ M)
(128 and 64)
nd

5.4 10 s / 8.6 10'8
(2.6 1O'5/ 3.7 10'6)

Veill

E38-2 x
E. faecalis
nd

Strep

nd

erm( B)/ tet(}A)
(128 and 32)
erm(B)/ tet(M)
(32 and 8)
erm( B)/ tet( M)
(64 and 32)

nd
nd

nd

3 Frequency o f transfer found when erythromycin was used as the selective agent; in
brackets are the frequencies o f transfer found when tetracycline was used as the
selective agent.
Highlighted in yellow are the isolates that co-transferred both resistance genes to E.
faecalis JH2/2 recipient strain.
Ermr = erythromycin resistance, Tcr = tetracycline resistance, nd = not detected,
Staph = Staphylococcus, Strep = Streptococcus, VeilI = Veillonella.
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The parents and transconjugants were subjected to a Southern blot analysis. The
analysis o f the blots showed at least two different Tn7545-type genetic elements (Fig
6.1). In one o f which the erm(B) and tet{M) genes are contained on the same 4.8-kb
H indlll fragment however aphA-3 and erm(B), int/xis and tet(M) are contained on a
different HindUl fragment (Fig 6.1); see lanes 4 (donor E25-3), 5 (transconjugant
E25-3 x E. faecalis), 6 (donor E31-2), 7 (transconjugant E31-2 x E. faecalis), 10
(donor E38-2), 11 (transconjugants E38-2 x E. faecalis). In the second Tnl545-typc
genetic elements, the erm(B) and tet(M) genes are not contained on the same H indlll
fragment, however int/xis and tet(M) as well as aphA-3 and erm(B) are contained on
the same H indlll fragment; see lanes 8 (donor E37-4) and 9 (transconjugant E37-4 x
E. faecalis) (Fig 6.1).

Furthermore, the donor E25-3, lane 4, contains at least one copy o f the T nl545
element (the erm(B), tet(M), int/xis and aphA-3 genes are contained within a Tn916like element) however, the hybridization blots showed the presence o f three bands
when using erm(B) and tet{M) as probes and identical band size are also present in
the pAM120 blot, this might reflect the presence o f a H indlll restriction site within
these two antibiotic resistance genes.

Donor E31-2, lane 6, contains only one copy o f T n l5 4 5 , however the transconjugant
E31-2 x E. faecalis in lane 7 received two copies o f the same element; the use o f
erm{B), tet{M) and int/xis as probes resulted in the presence o f two bands in each
blot and identical band size are also present in the pAM120 blot. However, the
hybridization with aphA-3 probe resulted in the presence o f one band only but the
band is very thick and might be due to the presence o f two copies o f the aphA-3 gene
with bands o f similar size juxtaposed to each other.

Transconjugant E37-4 x E. faecalis in lane 9 received one copy o f the Tn 1545
element. Each blot also showed the presence o f a high molecular weight band that
hybridized with each probe and it is likely due to the presence o f undigested DNA
(Fig 6.1).

Donor E38-2, lane 10, contains erm (B) and tet(M) on the same H indlll fragment,
however the band is not showing on the pAM120 blot and might be due to a low
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DNA concentration during digestion and/or a short exposure time during the
development o f the hybridization blot. Transconjugant E38-2 x E. faecalis in lane 11
received two copies o f the T n l545 element; showed by the presence o f two bands for
int/xis. The occurrence o f a thick band for erm(B), tet(M) and aphA-3 might be due
to the presence o f two copies o f the genes with bands o f similar size juxtaposed to
each others (Fig 6.1).

Donors E23-4, lane 12, E24-2, lane 13, and E33-3, lane 14, did not transfer any o f
their resistance genes under the conditions used. Donor E23-4 contains erm(B) and
tet(M) genes on the same 4.8-kb H indlll fragment however aphA-3 and erm(B),
int/xis and tet(M) are contained on a different H indlll fragment whereas donors E242 and E33-3 contain int/xis and tet{M) on the same H indlll fragment as well as aphA3 and erm(B) but erm (B) and tet(M) genes are not contained on the same H indlll
fragment (Fig 6.1).

117

Figure 6.1: Analysis o f the conjugative element involved in the transfer o f erm(B)
and tet(M) by southern blotting
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5.7

3.6

Southern blot hybridisation analysis showing a linkage between tet(M), erm(B),
int/xis and aphA-3 genes in the parents and the transconjugants from the filter-mating
experiments. The entire genomic DNA was digested with Hindlll. Lambda DNABstE II digest was used as the molecular size marker and the numbers on the left of
the blots represent the size in KB o f some o f the size markers.
Each panel shows the results o f probing the same blot with a different probe (A)
tet(M), (B) erm(B), (C) int/xis, region from Tn916, (D) pPPM70 containing aphA-3
and (E) pAM120.
The lanes contain genomic DNA as indicated (1) E. faecalis JH2/2, (2) B. subtilis
BS34A (see Appendix 1), (3) S. pyogenes AC1 containing erm{B) (see Appendix 1),
(4) Streptococcus E25-3, (5) transconjugant from the mating Streptococcus E25-3 x
E. faecalis JH2/2, (6) Streptococcus E31-2, (7) transconjugant from the mating
Streptococcus E31-2 x E. faecalis JH2/2, (8) Streptococcus E37-4, (9) transconjugant
from the mating Streptococcus E37-4 x E. faecalis JH2/2, (10) Streptococcus E38-2,
(11) transconjugant from the mating E38-2 x E. faecalis JH2/2, (12) Streptococcus
E23-4, (13) Streptococcus E24-2, (14) Streptococcus E33-3.

6.5 Discussion

In the course o f this study, 12 isolates were identified that were resistant to
erythromycin and to tetracycline (Table 6.1). Four o f these could transfer both
resistance genes to an Enterococcus faecalis JH2/2 recipient strain (Table 6.1). In
each case, the co-transferred genes were erm(B) and tet(M). The conjugative
transposon T n1545 has previously been shown to be responsible for the transfer of
tetracycline and erythromycin resistance, this element also contains the kanamycin
resistance gene aphA-3 (276). The ends o f Tn1545, which contain the int and xis
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genes, are alm ost identical to those o f Tn916 (237) and, like Tn97b, T nl545 also
contains the tet(M ) gene. Consequently, in order to test for the presence o f a Tn1545like element in the strains isolated, the parents and transconjugants were subjected to
a Southern blot analysis against aphA-3, tet(M), the int and xis genes o f Tn916 and
pAM120. The blots showed that in all the strains that contained a transferable
element, the aphA-3, te/(M), erm(B) and int/xis genes were present and therefore are
likely to be linked. N o PCR products or hybridisation to the recipient DNA was
observed (Fig 6.1 lane 1), indicating that a Tn7545-like element was responsible for
the transfer.

Some o f the donors did not transfer any o f their resistance genes, although
hybridisation analysis indicated that they were likely to be contained on a Tnl545like element. It is known that the integration site o f conjugative transposons has an
effect on the transfer frequency o f the elements (237). Therefore, the non-transferors
may be inserted into a site from which the excision frequency is low. Other
possibilities for non-transfer include: 1) that the conjugative transposon has a
mutation in a gene essential for mobility or 2) essential host factors may be absent in
some strains. This last event has been observed in Lactococcus lactis, which can act
as a recipient o f Tn916, how ever subsequent transfer o f the conjugative transposon to
another host does not take place implying that L. lactis is deficient for a factor
required for conjugative transposition (29).

The T n916-T nl545 family o f elements has been well established in a variety of
Gram-positive and Gram-negative organisms (51, 237, 267). The Tn7545-like
element is identified in this study from viridans group streptococci (two S.
parasanguis, one S. salivarius and one S. m itis, according to the partial 16S rRNA
sequencing) for the first time. This transposon is very common in pathogenic
streptococci such as S. pyogenes (101) and S. pneumoniae (174, 185, 267), but the
association between erythrom ycin and tetracycline resistance does not seem to
appear in other groups o f streptococci (61) and there are few reports o f this
association in viridans group streptococci (293). In this last study, they showed the
presence o f tet(M), erm (B) and int/xis genes by PCR in S. bovis. However, further
investigation is required to confirm the presence o f T n l5 4 5 since a linkage of the
erm and tet genes on the same elem ent was not shown, and it is known that int and
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xis genes can be found not linked to antibiotic resistance genes (144) or some strains
•resistant to erythromycin (erm(B)) and tetracycline (tet(M)) may carry the composite
element Tn3872 or one similar to it (174). This current study is the most complete
investigation o f the presence o f T n/545 in VGS, as it has proved linkage between the
tetracycline, erythrom ycin and kanamycin resistance genes in these organisms. The
presence o f a Tn7 545-like element in oral streptococci is not surprising since Tn 916like elements have been shown to be transferred within a model oral biofilm between
different oral streptococci (243), demonstrating that they are responsible for
harbouring and disseminating mobile elements.

This study has revealed the presence o f at least two different Tn/545-like
conjugative transposons (Fig 6.1); transconjugants E25-3, E38-2 and E31-2
contained erm (B) and tet(M) on the same H indlll restriction fragment, whereas
transconjugant E37-4 contained erm(B) and tet(M) on different Hindlll restriction
fragments. In the transposon detected in S. pneumoniae by Caillaud et al. in 1987
(33), the tetracycline and erythromycin resistance genes were separated by a Hindlll
site as well as the kanamycin and erythromycin resistance genes, furthermore the
tetracycline resistance gene contains one H indlll restriction site.

When int/xis is used to probe H indlll digested DNA the number o f bands reflects the
number o f copies o f the transposon since it is responsible for the translocation of
Tn916 and is present in only one copy in Tn916-Tnl545 family o f transposons (188,
237). The hybridisation showed that all o f the isolates tested possessed at least one
copy o f a T n/545-like elem ent (they all have one band only when probed with
int/xis) and in lanes 7 and 11 the transconjugants received two copies o f the
transposon since they have two bands when probed with int/xis (Fig 1.9). The
presence o f m ultiple copies o f the transposon after filter-mating has already been
observed am ong conjugative transposons (207). Although the T n9/d-Tn/545 family
o f elements is not replicative, the presence o f a second copy might be due to the
intracellular transposition o f T n916 from one o f two daughter chromosomes after
passage o f the replication fork followed by insertion into a chromosomal region that
has not yet replicated (237). A nother explanation might be the co-transfer or the
independent transfer o f T n916 copies during a mating event (51).
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The transfer frequencies obtained in this study were similar to the ones previously
.found for T n9/b-like elements, that is from 10'9 and 10'4 transconjugants per donor
(51).

No isolates with the m e f gene only were found to be resistant to tetracycline,
although a previous study found that most o f the erythromycin-resistant oral
streptococci o f the M LS and M phenotype were also resistant to tetracycline (101).
The mechanism s behind the rapid dissemination o f the m e f gene are being revealed.
It could be due to the clonal expansion o f one strain, since some studies have shown
a link betw een the serotype and the presence o f this gene (234), or to horizontal
transfer. In one study, the m e f gene was shown to be transferable between different
species in the presence o f DNAses, indicating that transfer is by conjugation or by
transduction (164). Indeed, some m e f genes have recently been found to be contained
within a novel transposon T n /207.3 (259) or within the Tn2009 element consisting
o f the m e f gene inserted into a TnP/d-like transposon (68).

In this study, it was dem onstrated that there is variation in the genetic organisation o f
the T nl545-\ike elem ents and that these elements are widespread in the oral cavity.
Linkage o f m ultiple antibiotic resistance genes on the same mobile element is o f
public health importance, because use o f any o f the antibiotics to which the element
confers resistance selects for retention o f the transposon and, accordingly, multiple
antibiotic resistance genes. In the oral microbiota, interspecies exchange o f resistance
genes combined w ith antibiotic selection pressure, could select for more pathogenic
multidrug-resistant bacteria.
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C h ap ter 7

Identification of the Genetic Support for tet{W)

7.1 Abstract

There is considerable potential for genetic exchange between bacteria from different
habitats. Recently, a new tetracycline resistance gene, tet(W), was isolated from
Butyrivibrio fibrisolvens, a rumen bacterium. In the current study, tet{W) has been
isolated from the oral cavity for the first time and was found to be the second most
common tetracycline resistance gene after tet(M). One Rothia strain carrying tet(W)
was further investigated. The gene was cloned into pUC18 and the recombinant
plasmid sequenced. The plasm id contained an insert o f approximately 13-kb, the
sequence o f w hich shows that tet(W) is linked to two different transposases, and
located between two identical copies o f the m e f gene. Further PCR amplifications for
this region o f DNA on other oral isolates containing tet(W) demonstrated that this
structure accounted for many o f the genetic supports for tet{W) in the oral
environment.

7.2 Introduction

The first tet(W) gene was identified from the bovine rumen anaerobe Butyrivibrio
fibrisolvens and subsequently in human faecal anaerobes, pigs and in a facultative
anaerobe Arcanobacterium pyogenes (17, 21, 264). In B. fibrisolvens tet(W) is
contained w ithin a large conjugative transposon, T il B1230 (17) which is capable of
high frequency conjugative transfer among B. fibrisolvens species. In A. pyogenes,
tet( W ) is associated with a mob gene, not found in T il B1230, and was capable of
conjugative transfer at low frequency (21).

Commensal bacteria have often been shown to serve as reservoirs o f antibiotic
resistance genes eg those o f the intestinal tract o f humans and animals (17, 180, 264)
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and viridans group streptococci o f the upper respiratory tract o f humans (31, 340).
•The presence o f different types o f elements carrying tet{W) among commensal
rumen bacteria is clear evidence o f their likely role in the expansion, dissemination,
and preservation o f antibiotic resistance genes and also in the evolution o f those
genes. By determ ining the genetic support o f tet(W ) in the oral cavity, we wanted to
get a better understanding o f the origin o f this gene as well as the reason for its wide
dissemination in this habitat.

7.3 M aterials and M ethods

The methods for sampling and detection o f tet(W) have been described previously
(see chapters 3 and 4).

PCR. In order to determine if the genetic support o f the tet(W) genes we observed in
our oral samples were similar to the tet(W) gene from Butyrivibrio fibrisolvens we
carried out PCR am plifications using specific primers for the whole gene isolated
from TnB1230 (primers B f and Br Fig 7.1) as well as primers including the whole
gene and the upstream region specific for TnB1230 (primers A f and Br Fig 7.1).
Both sets o f prim ers were provided by Brunei et al. (Appendix 3) and the PCR
conditions were as follows, one cycle o f 5 min at 94°C, 60 s at 50°C, 2 min at 72°C
was perform ed followed by 29 cycles o f 60 s at 94°C, 60 s at 50°C, and 2 min at 72°C
with a final extension at 72°C for 10 min.
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Figure 7.1: Position o f the tet(W) primers compared with the whole gene isolated in
. TnB1230 from Butyrivibrio fibrisolvens
Af
-►

►

Bf
-►

-------------------------

—

1 kb

This diagram represents part o f Tn67250-containing tet(W) (179). The tet(W) gene
is represented by the thick black line, two putative nitroreductases upstream and
downstream o f tet(W) are represented by dashes. Primers Af, B f and Br (Appendix
3) were used in two different PCR reactions to compare /er(W)-positive isolates
found in this study with tet(W) from T il B1230. The arrows show the likely direction
o f transcription.

Cloning. One Rothia isolate containing tet(W) was selected for cloning (isolate
T40.1 in Table 7.1). The genomic DNA was extracted (see chapter 2.3) and the
concentration o f DNA obtained was approximately 25 ng/pl, it was then partially
digested with M bol (Biolab). For the digestion reaction, 34 pi o f DNA was mixed
with 4 pi o f Buffer (10 x Buffer 3, Biolab), 2 pi o f enzyme (5U/pl), in a total volume
o f 40 pi; the digestion was repeated twice at 37°C at two different times, one for 10
min and another for 15 min. Both digestions were pooled and run into a gel and the
region between 4- and 10-kb was cut from the gel and purified using a gel extraction
kit (see chapter 2.10.3). Ligation into pUC18 and transformation into DH5a
(Invitrogen) were perform ed as stated in chapters 2.10.4 and 2.10.5 respectively.
Transformants containing tet{W) were selected for on plates containing ampicillin
(50 pg/ml) and tetracycline (5 pg/ml).

Subcloning. Part o f the insert (around 6 kb downstream tet(W)) could not be
sequenced and so was digested and subcloned. The plasmid containing the insert
which conferred resistance was extracted as stated in chapter 2.10.1 and the final
concentration obtained was around 50 ng/pl. For the digestion reaction 5 pi o f the
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plasm id-containing the insert was digested with two enzymes: 2 pi o f 7/mdIII (20
.U/pl, Biolab) and 2 pi o f E coR l (20 U /pl, Biolab), and the reaction was mixed with 2
pi o f Buffer (10 x Buffer 2, Biolab), 9 pi o f dL^O in a total volume o f 20 pi and
incubated at 37°C for 60 min. The digestion was run into a gel and according to the
data already obtained it was deduced that bands o f 2 and 5 kb were the bands of
interest (Fig 7.2) and thus were cut from the gel and purified using a gel extraction
kit (see chapter 2.10.3). The vector, pUC18, was also digested with both enzymes,
the mixture was as follows: 10 pi o f vector was mixed with 3 pi o f Hindlll (20 U/pl,
Biolab), 3 pi o f E coR l (20 U /pl, Biolab), 10 pi o f buffer (10 x Buffer 2, Biolab), 74
pi o f dFLO in a total volume o f 100 pi, the digestion was incubated for 2 hrs at 37°C.
Subsequent plasm id dephosphorylation, ligation and transformation reactions were
performed as stated in chapters 2.10.2, 2.10.4 and 2.10.5 respectively.

Sequencing. Part o f the insert o f pPPM W (approximately 7 kb) was sequenced by
the Lark Technology Inc (Takeley, UK) and the remainder o f the insert was
subcloned into pUC18 and sequenced using the universal primers M13F and M13R
(Appendix 3) as stated in chapter 2.7. Subsequent primers were designed using
Primer3 program (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3 www.cgi). The
sequencing was perform ed on both strands and was compared to those in public
sequence repositories (GenBank) using the basic local alignment search tool
(BLAST) (6).

Comparison o f tet(W ) organisation. The different tet(W) isolates were compared
by PCR using different sets o f prim ers (Fig 7.3 and Appendix 3), the primers were
designed as stated above. The PCR conditions were as folows 35 cycles o f 60 s at
94°C, 60 s at 64°C and 180 s at 72°C with a final extension at 72°C for 5 min. Some
o f the PCR results were confirmed, where required, by DNA sequencing (see chapter
2.7).

M ating experim ents. The Rothia sp. from which tet(W) was cloned (isolate T40.1)
was tested for its ability to transfer the tet(W) gene to Enterococcus faecalis JH2-2
which is resistant to rifam picin (see chapter 2.8). The transconjugants were selected
on tetracycline (5 pg/m l) and rifam picin (25 pg/m l) containing agar.
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Stability assay. To study the stability o f the insert in E. coli, the clones were grown
pvem ight in LB broth (Appendix 1) containing ampicillin (50 pg/ml), serial diluted
and plated onto ampicillin-containing plates and incubated for 18 hrs at 37°C. Plates
containing around 50 single colonies were replicated onto a set o f ampicillin plates
only (50 pg/m l) and a set o f ampicillin and tetracycline plates (5 pg/ml). The same
experiment was perform ed with the original strain T40.1, the only difference was
that it was grow n overnight in BHI broth (Oxoid) without antibiotics.

7.4 Results

7.4.1 DNA sequence analysis o f tet(W) cloned from Rothia sp.

The flanking regions o f the tet(W) genes found in this study were compared, by
PCR, with the flanking regions o f tet{W) isolated from TnB1230 from Butyrivibrio
fibrisolvens. PC R with prim ers Bf-Br and Af-Br (Fig 7.1) yielded products in 11
isolates out o f 31 containing tet(W), however when these strains were re-tested it was
found that the tet(W ) gene was lost. The stability o f the tet{W) gene in these strains
could not be m easured easily as the organisms all contained another tet gene. This
could be due to recom bination between the repeated flanking regions. Unfortunately
no more work could be perform ed on these strains. Out o f the 20 remaining isolates
containing tet{W), one Rothia sp. (isolate T40-1 in Table 7.1) was further
investigated. The tet(W ) gene was cloned into pUC18 (see materials and methods).
Four clones w ere isolated on tetracycline-containing plates (5 pg/ml) and tested by
PCR for the presence o f tet{ W) and all produced a product o f the expected size (data
not shown). The restriction pattern obtained with H indlll and EcoRl was identical in
each, showing that an insert o f 13 kb had been cloned (Fig 7.2 lanes 1 to 4). One
plasmid was chosen for further study and designated pPPMW.
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Figure 7.2: Restriction pattern o f pPPMW and pPPMW-1

L anes 1 to 4 c o n ta in D N A from th e 4 clo n e s co n tain in g te/(W ), pPPM W , lane 5
co n ta in s p la sm id D N A th a t has sp o n ta n e o u sly lost the te/(W ) gene, pPPM W -1, and
lane 6 c o n ta in s p U C 1 8 . T h e sa m p le s w ere do u b le d ig este d w ith HindlW and EcoRl.
T he 1-kb D N A la d d e r (B io la b s) w a s u sed as the m o le c u la r size m arker and the band
size are w ritte n in k ilo b a s e on th e left h an d side o f the gel.

T he D N A se q u e n c e o f p P P M W w as d e te rm in e d (T able 7.1, F ig 7.3). T en orfs w ere
id en tified o f w h ic h o n ly orf4 , w h ic h has seq u en ce identity w ith the end o f the
a sp a ra te /o rn ith in e c a rb a m o y ltra n s fe ra se , h as the sam e direction o f transcription as

tet{ W ) (F ig 7.3). Orf5 is h o m o lo g o u s to the tra n sp o sa se o f the IS 30 fam ily and it is
a sso c ia te d w ith a 38 bp in v erted rep e a t (T ab le 7.1). Orfs6 and 7 are alm ost identical
to th e IS 1081 tra n s p o s a s e o f th e IS 2 5 6 fam ily ; h o w e v e r the gene coding for IS 1081
in p P P M W h a s b e e n sp lit b y a m u ta tio n w h ic h in tro d u ces a stop codon (Fig 7.3).
T w o a d d itio n a l O R F s p o te n tia lly in v o lv e d in d e te rm in in g resistance to m acrolides
w ere fo u n d u p stre a m a n d d o w n stre a m o f tet( W ) an d w ere hom ologous to the mef(A)
gene (T a b le 7.1). D o w n s tre a m o f orfl th ere are tw o O R F s, orf2 and orf3 that are
h o m o lo g o u s to th e A T P a se c o m p o n e n ts o f th e A B C tra n sp o rte r fam ily. H ow ever the
gene in p P P M W h a s b e e n sp lit by th e in se rtio n o f 34 nucleotides leading to a
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mutation and the insertion o f a stop codon (Table 7.1 and Fig 7.3). Moreover, the
presence o f a ribosom al binding site within these 34 nucleotides suggests that the
second orf, or/3, is functional.

Table 7.1: Closest relatives to the orfs flanking tet{W) o f Rothia sp.
ORF

%
Identitiy

E
value

macrolide-efflux
protein
ATPase
Strep
components of
ABC transporters
ATPase
Strep
components of
ABC transporters
Enteroc/ asparate/ornithine
binding domain
Lactoc

42%

le-75

68%

2e-14

60%

e-137

62%

2e-15

putative family of
transposase
tetracycline
resistance protein
putative family o f
transposase
putative family o f
transposase
putative protein
macrolide-efflux
protein

30%

le-34

97%

0.0

83%

2e-91

78%

2e-57

30%
42%

>5
le-86

Length
o f pre
dicted
protein

G+C
C on
tent

Closest relative
in the database

Source
orga
nism

orfi

413 aa

58%

m ef

o rfl

74 aa

51%

ATPase

o rfi

403 aa

56%

ATPase

o rfi

97 aa

62%

o rfi

403 aa

74%

tetifiJ)

524 aa

53%

end o f asparate/
ornithine
carbam oyltransf
erase
IS 30
transposase
tet( W)

o rfi

224 aa

62%

o rfi

148 aa

61%

o rfi
o rfi

204 aa
428 aa

58%
58%

aa

=

amino

acids,

Strep

IS 256
transposase
IS 256
transposase
putative protein
m ef
Strep

Likely Function
o f protein

=

Strep
Butyri
Mycob
Mycob
Burkhol
Strep

Sreptococcus

spp.,

Enteroc/Lactoc

=

Enterococcus/Lactococcus spp., Butyri = Butiryvibrio fibriosolvens, My cob =
M ycobacterium avium , Burhold = Burkholderia ambifaria.
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Figure 7.3: Genetic support o f tet(W) in an oral Rothia sp.
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2.2-kb insert

S chem atic d ia g ra m o f th e d ed u ced g en etic org an isatio n o f a) the w hole 13-kb insert
co n tain ed

in
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and

b)

th e

d eletio n

derivative

(pPPM W -1) after the

sp o n tan eo u s lo ss o f tet( W ). T h e lik ely directio n o f transcription o f the genes is
show n by th e a rro w e d b o x es. T he v ertical arrow s represent the disruption o f the
O R F: the O R F c o d in g fo r A T P a se s is d isrupted by the insertion o f 34 extra
n u cleo tid es an d th ere is a p o in t m u ta tio n in IS 2 5 6 leading to the introduction o f a
stop codon. F lig h lig h ted in red are th e identical sequences found in the deletion
d erivative an d th e rig h t e n d o f th e 13-kb insert (the sequences are 100% identical at
the n u cleo tid e lev el), a n d th is seq u en ce is also rep eated and 99% identical at the
n u cleo tid e level in th e left e n d o f th e 13-kb insert (highlighted in red dashes). A
series o f p rim e rs w ere d e sig n e d to am p lify the reg io n betw een tet{W ) and IS256 (set
1), IS 2 5 6 (set 2), th e re g io n b e tw e e n IS 2 5 6 and dow nstream orf$ (set 3), mef (set 4),
and the reg io n b e tw e e n A T P a se s a n d IS 30 (set 5).
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The nucleotide sequence o f tet{W) from pPPMW was compared with other tet(W)
genes, and it was 97% identical to tet{W) from TnB1230 (accession number
AJ222769) and 91% identical to tet(W) from A. pyogenes (accession number
AY049983). The nucleotide sequences upstream o f tet(W) from pPPMW were also
aligned w ith the upstream sequence o f tet(W) genes from B. fibrisolvens 1.230, M.
multiacidus P208, and Clostridium sp. strain K10 and showed some conserved
regions including a potential term inator structure, possibly involved in regulation of
tet(W) by attenuation, although there have been few nucleotide replacements in the
Rothia strain (Fig 7.4).

Figure 7.4: C om parison o f upstream o f tet(W)
1 .23 0 W
208W
K10W
R o th ia W

AGAAAAGGAGTAAAAAATATGC-GGCAAGGTATTCTTAAATAAAACTATAATCAAATAGT
AGAAAAGGAGTAAAAAATATGC-GGCAAGGTATTCTTAAATAAAACTATAATCAAATAGT
AGAAAAGGAGTAAAAAATATGCCGGCAAGGTATTCTTAAATAAAACTATAATCAAATAGT
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*
1 .23 0 W
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K10W
R o th ia W

* * * * * * * *

GAATACTTTTGCCTTATCAATTTTGACATATCCCCAAAAACAGCAATCACAAACAGGTGT
GAATACTTTTGCCTTATCAATTTTGACATATCCCCAAAAACAGCAATCACAAACAGGTGT
GA A TA CTTTTGCCTTATCAATTTTGACATATCCA-AAAAACAGCAGTCACAAATAGGTGT
G A A T A C T T T T G C C T T T T T A G T --------- AAATATCGTGACGGACAGCGGCT-CATGTAAGC—

★
1 .23 0 W
208W
K10W
R o th ia W

* *

GGGAACAAAGGATTATGATAGCTCCTTTTGTAGGGGCTTAGTTTTTTGTACCCAATTTAA
GGGAACAAAGGATTATGATAGCTCCTTTTGTAGGGGCTTAGTTTTTTGTACCCAATTTAA
GGGAACAAAGGATTATGATAGTTCCTTTTGTGGGGGCGGGATTTTTTGTACCCAATTTAA
GGGCGCAAAA------- A TG A TTG CC C C T — TG CA G G G GCTTAGTTTTT-GTACCCAATTTAA
* * *

1 .2 3 0 W
208W
K10W
R o th ia W

*

-2 0 4
-2 0 4
-2 0 3
-1 8 5

★★★★★★★ ★★ ★★★★★★★

16
16
16
16

The CLU STLAW program was used to align the nucleotide sequences upstream of
the tet(W) gene from T40-1 w ith the upstream sequence o f tet(W) genes from B.
fibrisolvens 1.230 (G enBank accession num ber AJ222769), M multiacidus P208
(GenBank accession num ber AY 603069), and Clostridium sp. strain K10 (GenBank
accession num ber A Y 601650). The solid arrows indicate the inverted repeats, a
poly(T) region w hich could act as a rho independent transcriptional terminator,
ribosome binding sites (G GAGGA), and the ATG start codon are highlighted in
green, blue, and red respectively.
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7.4.2 The genetic supports for tet{W ) genes in oral isolates
«

From the sequence obtained, primers were designed upstream and downstream of
tet{W) in pPPM W to compare the organisation o f the flanking region o f tet{W) with
the other te/(W )-containing isolates. The binding sites o f the primers are shown in
Figure 7.3. A total o f 20 isolates were tested, including the original strain T40-1 from
which the tet{W) gene was cloned. According to the PCR results with the different
sets o f prim ers, the isolates were divided into 3 groups (Table 7.2). Group 1 included
four isolates that, according to the PCR results, had a similar genetic structure
surrounding the tet(W ) gene to the Rothia T40.1 strain. Group 2 included eight
isolates that, according to the PCR results, had homology only with part of the
sequence contained w ithin pPPM W . Finally Group 3 contained eight isolates that did
not have any hom ology with pPPM W and so did not give any PCR products with the
primer sets used although two out o f these nine isolates had the m e f gene and so gave
a positive PCR product w ith the prim er set 4 (Table 7.2 Group 3).
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Table 7.2: Study o f the genetic support o f tet(W) isolated from oral bacteria by PCR
Goaps

Group 1

Group 2

Group 3

Tet W
isolate

Other
tet
genes

PCR with
primers
Bf/Br and
Af/Br

Genus

PCR with primers designed from
the sequence o f the new element
Setl

Set2

Set3

Set4

Set5

+
+

+
+

+
+

+
+

+
+

Rothia

+

+

+

+

Rothia

+

+?
+

+

+

+

Strep

-

+
+

Rothia
Rothia

T29.1
T40.1

none
none

T54.2

none

-

T59.3

none

-

T22.3
T56.4

tet( M)
none

-

+

+
+

T60.2

tet( M)

-

+

+

-

+

+?
+?
+

T60.9

none

-

+

+

-

+

+

Actino

T44.5

none

-

+

+

-

-

+

Lactob

T48.7

none

-

+

+

-

-

+

Lactob

T43.7

none

-

+

+

-

-

-

Actino

T51.1

none

-

+

+

-

-

-

Lactob

T27.5
T32.6

tet( M)
tet(U )

-

-

-

-

-

-

-

-

-

-

-

-

Staph
Actino

T34.4

tet( L)

-

-

-

-

-

-

Actino

T39.3

none

-

-

-

-

-

-

Actino

T46.6

none

-

-

-

-

-

-

Actino

T50.1

none

-

-

-

-

+

-

Rothia

T51.6

none

-

-

-

-

+

-

Rothia

T55.5

none

-

-

-

-

-

-

Actino

-

R oth ia

Staph

All the /^(W )-containing isolates found in this study were compared by PCR to
identify the genetic support o f this antibiotic resistance gene in oral bacteria. We
identified 3 different groups. Group 1 contained isolates related to the whole o f the
putative new elem ent identified in this study from T40-1, highlighted in red. Group 2
contained isolates related to part o f the putative new element. Finally Group 3
contained isolates w ith no sim ilarities w ith TnB1230 or the putative new element.
+? = a PCR product was obtained w ith these isolates and the sequencing of the ends
indicated that the expected PC R product had been amplified however the PCR
product had a higher m olecular w eight than the positive control (see explanation
chapter 7.4.2).
Strep = Streptococcus, Staph = Staphylococcus, Actino = Actinomyces, Lactoh =
Lactobacillus.
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Furthermore, one isolate from Group 1 set 2 (Table 7.2 isolate T54-2) and two
isolates from Group 2 set 5 (Table 7.2 isolates T22-3 and T56-4) yielded a bigger
PCR product than the corresponding positive PCR control (pPPMW); these samples
were subsequently sequenced. The PCR product from isolate T54-2 using primer set
2 was 1,285 bp long instead o f 1,078 bp in pPPMW and was fully sequenced. It
exhibited high sequence identity with the transposase belonging to the IS2Jd family
sequenced in pPPM W (97% nucleotide identity); however the sequences diverge at
1,144 bp. The reason for the amplification o f a larger product from T54-2 is the
presence o f an inverted repeat (highlighted in red in Fig 7.5) which can act as a
prim er binding site.
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Figure 7.5: Comparison o f PCR products obtained from pPPMW and T54-2 isolate
using prim er set 2

IS 2 5 6 /p P P M W
IS 2 5 6 /T 5 4 -2

-CAGTGGGGTCAACAAGATCCGCAGCGTCACACCAGGCGCAACGGGTATCGCTACCGGCC 59
H H H H H H H H B H H I g c a g c g t c a c a c c a g g c g c a a c g g g t a t c g c t a c c g g c c 60
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

IS 2 5 6 /p P P M W
IS 2 5 6 /T 5 4 -2

CCTGGACACCAGGGTCGGCACCATCGACGTGGCGATCCCCAAGCTGCGCTCAGGCACCTA 119
CCTGGACACCAGGGTCGGCACCATCGACGTGGCGATCCCCAAGCTGCGCTCAGGCACCTA 120
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

IS 2 5 6 /p P P M W
IS 2 5 6 /T 5 4 -2

CTTCCCAGAATGGTTACTGCAACGGCGCAAACGCTCCGAAAGCGCCTTGATCACAGTGGT 179
CTTCCCAGAATGGTTACTGCAACGGCGCAAACGCTGTGAAACCGCGTTGATCACAGTGGT 180
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

* * * *

* * *

* * * * * * * * * * * * * *

IS 2 5 6 /p P P M W
IS 2 5 6 /T 5 4 -2

CGCTGACTGCTACCTAGCAGGAGTGTCTACACGCCGTATGGACAAGCTCGTCAAAACCCT 23 9
CGCTGACTGCTACCTGGCAGGAGTATCCACGCGCCGTATGGACAAGCTCGTCAAAACCCT 24 0
* * * * * * * * * * * * * * * * * * * * * * * ** ** * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

IS 2 5 6 /p P P M W
IS 2 5 6 /T 5 4 -2

GGGGATCACAGGACTGTCCAAGTCCCAGGTCTCACGCATGGCAGCCGACCTGGACGAGCA 2 9 9
GGGGATCACAGGACTGTCCAAGTCCCAGGTCTCACGGATGGCAACAGACCTCGACGAACA 300
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ****** * ***** ***** **

IS 2 5 6 /p P P M W
I S 2 5 6 /T 5 4 -2

CGTGGATCAGTTCCGCAACCGGCCCCTCCACGATGCCGGGCCTTTCACCTTCGTCGCCGC 359
CGTGGACCAGTTCCGCAACCGGCCCCTCCACGATGCCGGGCCTTTCACCTTCGTCGCCGC 36 0
* * * * * *

IS 2 5 6 /p P P M W
IS 2 5 6 /T 5 4 -2

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

TGACGCACTGACCATGAAAGTACGCGAAGGAGGACGCGTCGTCTCGTGCGCGGTTCTGGT 419
TGACGCACTGACCATGAAAGTACGCGAAGGAGGACGCGTCGTCTCGTGCGCGGTTCTGGT 420
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

IS 2 5 6 /p P P M W
IS 2 5 6 /T 5 4 -2

TGCCACCGGAGTCAACAATGACGGACACCGCGAAGTGCTGGGG-TGCGCGTGTCCACCAG 478
TGCCACCGGAGTCAACAATGACGGACACCGCGAAGTGCTGGGGGTGCGCGTGTCCACCAG 480
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

* * * * * * * * * * * * * * * *

IS 2 5 6 /p P P M W
IS 2 5 6 /T 5 4 -2

CGAGACCGCTCCAGCCTGGAAGGAGTTCTTCGCCGACCTGGTCGCCCGAGGCCTGACCGG 538
CGAAACCGCTCCAGCCTGGAAGGAGTTCTTCGCCGACCTGGTCGCCCGAGGCCTGACCGG 540
*** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

IS 2 5 6 /p P P M W
IS 2 5 6 /T 5 4 -2

CGTGCGCCTGGTCACCAGTGATGCCCATCTGGGCCTGGTTGAGGCCATCGCCGCCAACCT 598
CGTGCGCCTGGTCACCAGTGATGCCCATCTGGGCCTGGTTGAGGCCATCGCCGCCAACCT 600
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

IS 2 5 6 /p P P M W
IS 2 5 6 /T 5 4 -2

ACCCGGAGCCACCTGGCAACGATGCCGTACCCACTACGCCGCTAATCTCATGTCCGTCAC 658
ACCCGGAGCCACCTGGCAACGATGCCGTACCCACTACGCCGCTAATCTCATGTCCGTCAC 660
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

IS 2 5 6 /p P P M W
IS 2 5 6 /T 5 4 -2

CCCCAAAGCACTATGGCCCGCTGTCAAAGCGATGCTGCACTCGGTGTATGACCAGCCCGA 718
CCCCAAAGCACTATGGCCCGCTGTCAAAGCGATGCTGCACTCGGTGTATGACCAGCCCGA 720
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

IS 2 5 6 /p P P M W
IS 2 5 6 /T 5 4 -2

CGCGGCATCGGTCAACGCTCAATACGACCGGCTCTTGGACTACGTCCACGACAAGCTCCC 778
CGCGGCATCGGTCAACGCTCAATACGACCGGCTCTTGGACTACGTCCACGACAAGCTCCC 780
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

IS 2 5 6 /p P P M W
IS 2 5 6 /T 5 4 -2

CGCCGTGTGTGATCACCTCGATCAAGCCAGGGCAGACGTCCTCGCGTTCGCGTCCTTCCC 838
CGCCGTGTGTGATCACCTCGATCAAGCCAGGGCAGACGTCCTCGCGTTCGCGTCCTTCCC 840
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

IS 2 5 6 /p P P M W
IS 2 5 6 /T 5 4 -2

CACCGGGGTGTGGACCCAGATCTGGTCCAACAACCCCAATGAGCGCCTCAACCGCGAAAT 898
CACCGGGGTGTGGACCCAGATCTGGTCCAACAACCCCAACGAACGCCTCAACCGCGAAAT 900
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * * *

IS 2 5 6 /p P P M W
IS 2 5 6 /T 5 4 -2

CCGCCGCCGCACCGACACCGTGGGAATCTTCCCCAACCGACAAGCAATCATCCGCCTAGT 958
CCGCCGCCGCACCGACACCGTGGGAATCTTCCCCAACCGACAAGCAATCATCCGCCTAGT 960
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

IS 2 5 6 /p P P M W
IS 2 5 6 /T 5 4 -2

CGGAGCCGTCCTCGCCGAACAAAACGACGAATGGGCCGAAGGCCGACGCTACCTCAGCCT 10 1 8
CGGAGCCGTCCTCGCCGAACAAAACGACGAATGGGCCGAAGGCCGACGCTACCTCAGCCT 10 2 0

IS 2 5 6 /p P P M W
IS 2 5 6 /T 5 4 -2

CGACATCCTCACCAAATCACGACTCACACCCCAACCCACCCACAGGAGGAACCCCCACT 1078
CGACATCCTCACCAAATCACGACTCACACCACAACCCACCGGGCAGGAGGACACCCCACT 10 8 0

135

* * * * * * * * * * * * * * * * * * * * * * * * * * *

*** *** * * * * * *

********

*******
1138
1140

IS256/pPPMW
IE256/T54-2

CCAACTCAGCGCATAACCCACCCCGAAGGACACAAAACGATTACACCACTCCACAGGACT
CCAACTCAGCGCATAACCCAACCCGAAGGACACAAAACGATTACACCACTCCACAGGACT
* ******************* ***************************************

IS256/pPPMW
IS256/T54-2

T G A C C C G C C A A --- G C A G C C A C C T C G C G A A A T T C A G C A C G A G C A C G C C C T C C C G G G T A T G 1195
T G A C C A C C G G A T G C G T A G G G T T T T C C G G A G T C T A G G G A C T T T A G G G A G A T G C C G C G C T T G 1200
*****
*
*
* **
**
**
*
* **
*
* *** *
**

IS256/pPPMW
IS256/T54-2

G G G C T C A T G C C T C G T G C G A G T G A T G A G A A T C T T C G G G A A T G C A T C C C C G A T G G A T A G A A T 1255
A C C A G C T T G G A C T G - G A A A A C G T C G A G C A - C T G C C A G G G C G C G C T C T T C G G C G T T T G C C T 1258
* **
* *
*
*
*** * ** *
*
**
*
* * *
*

IS256/pPPMW
IS256/T54-2

C G G C G C A A T C T C C C T C T C G A G C G T C G A 1282
TGATGa H
H
^
H
H
I
1285
*
*
*
*
**

The arrows represent the forward (5’-CAGTGGGGTCAACAAGATCC-3’) and the
reverse primers (5’-AGTGGGGGTTCCTCCTGTT-3’) (Fig 7.3 set 2).
Highlighted in red are the inverted repeats found in the bigger PCR product
amplified from T54-2. Highlighted in blue is the nucleotide sequence found in the
bigger PCR product and that differ from the sequence in pPPMW.
The particularity o f the larger product is that it is flanked by two inverse repeat
sequences o f 21 nucleotides allowing the forward primer to act as a reverse primer
hence the larger PCR product obtained from isolate T56-4.

The bigger PCR products from isolates T22-3 and T56-4 using primer set 5 were
partially sequenced (2,034 bp were sequenced out o f a total PCR product of around
3,500 bp) and they exhibited high sequence identity with the ATPase and the
ornithine carbamoyltransferase sequenced in pPPMW (99% and 100% nucleotide
identities respectively), however the nucleotide region between o rfi and orf4 could
not be sequenced and may be due to the presence o f repeated sequences in this
region.

7.4.3 Stability of tet{W ) in E. coli and Rothia sp.

When grown in the absence o f tetracycline, all o f 50 colonies tested had lost their
resistance to the drug. Plasmids were prepared from 5 sensitive colonies and digested
with H indlll and EcoRl, revealing that an 11 -kb sequence had been deleted (lane 5
Fig 7.2) in each o f the 5 colonies tested, this new plasmid was named pPPMW-1. It
can be seen from Figure 7.2 that there is a mixture o f intense and faint bands in the
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lanes containing plasm id from tetracycline-resistant clones. The intense bands
correspond to those rem aining after loss o f tetracycline resistance indicating that
there is a m ixture o f full length plasmids (pPPMW) and deletants (pPPMW-1). When
Rothia strain (T40.1) was grown in the absence o f tetracycline no loss o f tet{W) was
observed after 21 passages, showing that the gene is relatively stable in its original
host.

The complete nucleotide sequence o f the insert o f pPPMW and pPPMW-1 was
obtained. pPPM W -1 was found to be a deleted version o f pPPMW; it consists of orf9
and part o f the unknow n or/8 (Fig 7.3).

No transfers o f tet(W), from Rothia sp. (T40.1) to JH2/2, were detected under the
conditions used (see m aterials and methods), the experiment was performed twice.

7.5 Discussion

7.5.1 The genetic support o f tef(W) in pPPM W

The te/(W ) gene was shown to be the second most common tetracycline resistance
gene identified from the oral cavity (see chapter 4). The genetic support o f the gene
was com pared w ith the genetic support o f the original te tfN ) gene from Butyrivibrio
fibrisolvens by PC R using specific prim ers for the upstream region o f the gene
contained in T il BJ230; only 11 out o f 31 isolates carrying tet(W) yielded positive
PCR products suggesting a sim ilar organisation as in TnB1230. No further work
could be carried out on these organism s because o f the loss o f tet(W) following
retrieval o f the strains. The genetic support o f tet(W) was characterised in detail in
one o f the 20 rem aining isolates containing tet(W) (Rothia T40-1 Table 7.1). The
tet(W) from this strain was cloned into pUC18 to generate pPPMW DNA sequence
analysis o f this insert showed that tet{ W) was flanked by two copies o f the m ef gene
including part o f an unknow n open reading frame orf9, two putative transposases
belonging to tw o different fam ilies o f insertion sequences (IS30 and IS2J6) and one
ATPase dow nstream the tet(W) gene (Fig 7.3 a)).
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7.5.1.1. Features o f the transposases
«

One putative transposase from the IS30 family was found downstream of tet(W),
another incom plete transposase o f the IS256 family was located upstream of the
tetracycline resistance gene. The presence o f an inverted repeat upstream o f the IS30
transposase is likely to regulate the transcription o f the element at the RNA level; the
repeat sequence can form a loop preventing transcription o f the transposase (56).

M embers o f the IS30 fam ily usually contain a single o r f flanked by inverted repeats
(IRs) in the range o f 20-30 bp that exhibit significant homologies. Various IS30
family m em bers have been identified as part o f composite transposons associated
with antibiotic resistance genes eg in VRE strains (114), and in macrolide-resistant
Bacteroides fra g ilis (228). M embers o f the IS30 family o f transposases have also
been shown to be present in oral streptococci and S. pyogenes in several copies
although it is not know n w hether they are associated with antibiotic resistance genes
in these strains (169).

The IS256-fam ily o f transposases was originally found in Mycobacterium sp. (169),
however it is not know n w hether this IS is functional in Rothia sp. since its
organisation is slightly different due to a mutation which introduces a stop codon at
position 675. In some IS sequences (eg ISJ), translational frameshifting is used as a
control m echanism for transposases expression (169). This could be the case in the
IS25b-like elem ent from Rothia sp. and further work would be needed to confirm
this event in our strain.

IS elem ents are frequent com ponents o f multi-resistant elements. The tet(W) gene
isolated in this study is flanked by two transposases belonging to two different
families o f IS, IS30 and IS256, therefore it m ight be part o f a composite transposon
allowing its dissem ination in oral bacteria.
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7.5.1.2 Features o f the m e f gene
«

The m e f gene has recently been linked with two different tetracycline resistance
genes. It w as found to be co-transferred with tet{O) between strains o f S. pyogenes as
well as betw een S. pyogenes and E. faecalis JH2/2, however the mobile element was
not identified (101). In a different study, a m e f gene was shown to be inserted into a
Tn97 6-like elem ent containing tet(M), however this new composite element,
Tn2009, could not be transferred (68). In the present study tet(W) was flanked with
two copies o f the m e f gene, although no co-transfer was shown.

The m e f gene contained in Tn7270.1 and Tn2009 is associated with a member o f the
ABC transporter fam ily (68, 259), as is the case in the current study. An alignment o f
the deduced am ino acid sequence o f m e f and the ABC transporters from Tn2009,
T nl270.1 and pPPM W showed that the percentage identity was 40% and 58%
respectively. The ABC transporter protein provides the energy required for the efflux
o f different substrates including macrolides and Streptogramin A (302) and thus
might act as a dual efflux system w ith the m e f gene.

7.5.1.3 Features o f tet(W ) and upstream o f the gene in different isolates

The upstream region o f tet(W) in pPPM W was compared with the upstream region of
tet(W) from different isolates (Fig 7.4), and showed some conserved regions as
already m entioned in M elville et al. (179). Overall, there is 78% sequence
conservation upstream o f the tet(W ) genes from the different strains. The region
upstream o f the Rothia gene is more divergent that upstream o f the other tet(W)
genes (Fig 7.4). The presence o f conserved regions highlights the likely importance
o f this sequence for the tetracycline resistance genes. Indeed, the sequence
immediately upstream from the tet(W) gene was shown to be required for full
expression o f resistance (179) and the 17-bp inverted repeats, also highly conserved
upstream o f tet(O), tet(M ), tet(S), tet(T) and tet{32) were shown to be important for
regulating gene expression in tet(O) (315) and tet(M) (282). Moreover, this sequence
conservation o f tet(W ) in the Rothia strain as well as upstream o f the gene with the
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previously studied tet(W ) from bacteria from the rumen, porcine and human faeces is
sign o f a recent transfer o f the gene between these different environments.

7.5.2 Stability o f tet(W ) in E. coli and R othia sp.

W hen tetracycline sensitive deletant (pPPMW -1) was compared with the original
clone (pPPM W ) the regions remaining after deletion were the downstream and
upstream sequence o f tet{W ), including one copy o f the m e f gene and part o f an
unknown ORF (orfS) (Fig 7.3). However, homologous recombination between these
two almost identical copies o f m e f in pPPM W resulting in the loss o f the tet( W) gene
in pPPMW -1 is unlikely since the E. coli host strain, DH5a, used for cloning is a
recA mutant. The basis o f instability o f this element in E. coli is not clear; it could be
due to the action o f the transposases that flank the tet(W) gene. The construction of
mutants in these transposases would be useful to test this hypothesis. When Rothia
T40.1 was grow n in the absence o f tetracycline, the tet{W) gene appeared very
stable. This loss o f stability o f an elem ent once it is cloned has already been observed
with Tn916 (96) and the Tn4451/Tn4453 family o f mobilisable transposons (2). In
the case o f T n4451, the instability is due to the action o f the transposase tnpX, if this
is deleted, the transposon becom es stable whereas the instability in Tn916 is thought
to be due to the products o f the int and xis genes.

7.5.3 The genetic support o f tet(W ) in oral isolates

In a total o f 20 te/(W )-containing oral bacteria isolated and studied, different genetic
supports for the tet(W ) gene w ere identified: four te/(W )-containing oral bacteria
were found to have related flanking DNA to the one sequenced in pPPMW including
both transposases, the unknow n o r f the m e f gene and the ATPases, eight tet(W)containing oral bacteria showed similarities with only part o f the flanking DNA
sequenced in pPPM W (they all contained IS256 and some had the m e f gene or the
ATPases or both), and eight te/(W )-containing oral bacteria did not have any
similarities w ith any o f the flanking DNA and thus require further work. Further
study is also needed to determ ine if the Rothia tet(W) is mobile and to continue the
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sequencing upstream and downstream o f the cloned region to determine whether this
new elem ent is part o f a larger composite transposon.

This work is o f im portance since it shows that one antibiotic resistance gene, tet(W),
can be contained w ithin different mobile elements in the oral microbiota. The fact
that the new putative elem ent was identified in different genera in the oral microbiota
is further confirm ation that oral bacteria can transfer antibiotic resistance genes
between isolates from different species and genera.

141

C h ap ter 8
F in al D iscussion

Because the oral bacteria form a community made up o f different species and
because they have the opportunity for contact with bacteria from other environments
through the ingestion o f food, vomiting and kissing, they are likely to play an
important role as a reservoir o f antibiotic-resistant bacteria and antibiotic resistance
genes. This study showed that antibiotic-resistant bacteria and antibiotic resistance
genes are present in the oral cavity and that oral bacteria may play an important role
in the evolution and dissem ination o f antibiotic resistance genes.

The proportion o f resistant bacteria in the oral cavity o f healthy adults to commonly
used antibiotics (tetracycline, erythromycin and amoxycillin) was shown to be
important. Out o f 60 samples screened, all o f the individuals were found to harbour
bacteria resistant to tetracycline and erythromycin and only 4 individuals did not
have any cultivable bacteria resistant to amoxycillin. However no bacteria with
acquired resistance to gentam icin or vancomycin, antibiotics o f the last resort for
some m ultidrug-resistant bacterial infections, were isolated during the study. This
study illustrates how the use o f antibiotics can exert a selection pressure in an
environment, such as the oral microbiota, and lead to the establishment o f a resistant
population.

Out o f two batches o f 20 samples each, a representative 209 tetracycline-resistant
bacteria were screened for the presence o f tetracycline resistance genes. Most o f the
isolates carried tetracycline resistance genes encoding a ribosomal protection protein.
The m ost com m on tetracycline resistance genes identified were tet(M), tet(W), tet(0 )
and tet(Q). The tet(M) gene had already been found to be the most common
tetracycline resistance gene isolate from the oral m icrobiota (248) however tet(W)
was isolated for the first tim e from this habitat. It was originally identified in a rumen
bacterium, Butyrivibrio fibriso lven s, and was subsequently found in human faecal
anaerobes, pigs and the anim al pathogen, Arcanobacterium pyogenes. Moreover the
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sequence conservation in these different tet(W) genes is sign o f a recent transfer of
the gene betw een these different environments.

Out o f one batch o f 20 samples, a representative 122 erythromycin-resistant isolates
were screened for the presence o f erythromycin resistance genes. A total of 28
isolates carried the m e f gene while 14 isolates were resistant to erythromycin through
the production o f a methylase, erm(B). The remaining isolates with no identified
erythrom ycin resistance genes were Gram-negative bacteria and are likely to be
intrinsically resistant to the drug or to carry a non-specific mtr efflux pump. Most of
the isolates w ith an identified erythromycin resistance gene belonged to the viridans
group streptococci. These results agree with previous studies which have looked at
the prevalence o f the erythrom ycin resistance genes in pharyngeal samples and found
that viridans streptococci are a reservoir o f erm{ B) and m e f genes (9, 218, 340).

A Tn7545-like elem ent was isolated for the first time from viridans streptococci. The
Tn916 and T n \5 4 5 fam ily o f conjugative transposons are responsible for the
widespread dissem ination o f tetracycline and macrolide resistance in pathogenic
bacteria, S. pyogenes and S. pneum oniae and therefore viridans streptococci might
act as a reservoir for this type o f elem ent in the oral cavity. The Tn7545-like element
isolated in this study exhibited a variation in its structure between different oral
streptococci underlying the fact that these elements are not static.

One tetracycline resistance gene, tet(W), was isolated for the first time from
cultivable oral bacteria and was shown to be the second most common tetracycline
resistance gene after tetifA). By studying the genetic support o f tet(W ) we showed at
least four different types o f flanking regions in oral bacteria. Some tet(W) genes
were flanked by two different IS elem ents and two copies o f the m e f gene. Some
were flanked by only part o f the new putative element including the IS25d
transposase, and some also had the m e f gene while others had the m e f gene plus the
ATPase and ornithine carbam oyltransferase. Finally, a last group o f tet(W) genes
were not flanked by any o f the sequences m entioned above.

These results are a rem inder that antibiotics act upon the entire population exposed
pathogenic as w ell as com m ensal. In the last few decades there has been a period of

143

strong selection pressure that has encouraged the evolution and dissemination of
antibiotic-resistant organisms. The diversity o f bacterial gene pools, the mobility of
genes across species and genus boundaries, and the short generation times and large
population sizes o f bacteria make it even more difficult to curtail this spread of
antibiotic resistance. As seen in this study an ongoing evolution is occurring as these
bacteria cope w ith the ever-changing landscape in the environment, and although
there has been an increased awareness about the consequences o f overuse of
antibiotics in hum ans as well as animals, some drastic changes are still needed to
curtail the dissem ination o f resistance genes among bacteria. The study and
discovery o f new elem ents responsible for the spread o f resistance is also of
importance in gaining a better understanding about the origin o f these elements.
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A ppendix 1: B acterial strains and plasmids used in this study
Strains and plasm ids

Relevant characteristics/source

R ef

B. subtilis B S34A

B. subtilis C U 2189::T n9/6a

241

S. pyogenes AC 1

erm (B), plasm id pAC 1

284

S. pyogenes 0 2 C 1064

m efi A)

284

S. aureus R N 1389

erm{A), Tn554 in the chromosome

284

S . aureus R N 4220

erm (C), plasm id pE194

284

S. aureus R N 4220

m srA , plasm id pATIO

284

E. coli BM 694 (pA T63)

ere A, pBR322 plasmid with cloned insert

284

E. coli B M 694 (pA T 72)

ereB, pUC8 plasm id with cloned insert

284

E. coli L441D

mphA

284

E. coli V831

erm (F), pVA831 (pBF4) in pBR325 vector

48

E. coli pSL18

tet(A )

195

E. coli pR T l 1

tet( B)

195

E. coli pBR322

tet(C)

195

E. coli pSL106

tet(D)

195

E. coli pSL1504

tet{ E)

195

E. coli pV B .A 15

tet( L)

195

E. coli pAT451

tet( S)

195

E. coli pN FD 13-2

tet(Q)

195

pA M 120

pG L lO l carrying E co R l F ’(F ::T n9/6) o f pA D l

96

pPPM 70

pU C18 containing IntronAkan

242

pG EM -tetW

pGEM carrying a 2.4-kb PCR product with the

Strains

Plasm ids

7

tet(W) gene from B .fibrisolvens
pG EM -tetO

pG EM carrying the tet(O) gene from B.

7

fibrisolvens
pAT451

pU C18 carrying a 4.5-kb Cla\ fragment o f

7

p IP 811 w ith the tet(S) gene
pA T102

tet( K)

195

182

d T his strain originally contained one copy o f T n916 but during the study was shown
to contain tw o copies o f T n916
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A ppendix 2: R ecipes
Buffers, broths,

C om position (per litre)

agar
‘ LB (L uria-

1.5% T ry p to n eb

B ertani) m edium

0.5 % Y east ex tractb

and plates

1.0% N a C la
(5.0% Technical A gar 3 ) b

SOC m edium

2% Tryptone b
0.5% Y east E x trac tb
0.05% N a C la
2.5 mM KC1a
10 m M M gCi2 a

50 x ETA

2M Tris b a se 3
57.1 ml A cetic a c id 3
0.05 M EDTA 3
add distilled H20 to 1 litre and adjust pH to 8.5 0

H ybridization
solutions

D epurination

250 mM H C 13

D enaturation

1.5 M N a C l3
0.5 M N a O H 3

N eutralization

1.5 M N a C l3
0.5 M T ris H C l3
pH adjusted to 7 .5 c

SSC x 20

0.3 M N a 3 citrate 3
3.0 M N a C l3
pH 7 .0 c

Prim ary w ash

0.4% S D S 3

buffer

0.5 x SSC
.

.

184

U rea
a from Sigm a
b from O xoid
c the pH m eter used was from Orion model 520A

185

A ppendix 3: List o f the prim er sequences used throughout this study
Prim er nam e

Prim er sequences

Size o f

R ef

PCR
products
in bp
16S rR N A gene
27F

5 ’-AG AGTTTG ATCM TGGCTC AG-3 ’

1465

357F

5 ’-CTCCTACG GG AGGC AGC AG-3 ’

1135

1492R

5 ’-TA CG G YTACCTTGTTACGACTT-3 ’

M 13F

5 ’-CCC AGTC ACG ACGTTGTAAAACG-3 ’

M 13R

5 ’- A G CG G AT A AC A ATTTC AC AC AGG-3 ’

tet( M)

5 ’-G TG GAC AAA GGT AC A ACG A G -3’

145

406

195

515

195

667

195

168

7

169

195

267

195

210

195

5’-CGG TAA AGT TCG TCA CAC A C -3’
tet( O)

5 ’-AAC TTA GGC ATT CTG GCT C A C-3’
5’-TCC CAC TGT TCC ATA TCG TC A -3’

tet( S)

5 ’-CAT AG A CAA GCC GTT GAC C -3’
5 ’-ATG TTT TTG GAA CGC CAG A G -3’

tet{ W)

5 ’-G AG AG CCTGCTAT ATGCC AGC-3 ’
5 ’-GG G CG T ATCC AC A ATGTTA AC-3 ’

tet(K)

5 ’-TCG ATA GGA AC A GCA G TA -3’
5 ’-CAG CAG ATC CTA CTC C TT-3’

tet( L)

5’-TCG TTA GCG TGC TGT CAT TC -3’
5 ’-GTA TCC CAC CAA TGT AGC C G -3’

tet(A )

5 ’-GCT ACA TCC TGC TTG CCT TC -3’
5’-CAT AGA TCG CCG TGA AGA G G -3’

186

tet( B)

5 ’-TTG GTT AGG GGC AAG TTT TG-3’

659

195

418

195

278

195

169

7

-9 0 0

242

610

193

415

193

520

193

399

193

466

48

420

284

546

284

837

284

5 ’-GTA ATG GGC CAA TAA CAC CG-3’
'tet{ C)

5 ’-C TT GAG AGC CTT CAA CCC AG -3’
5 ’-ATG GTC GTC ATC TAC CTG CC-3’

tet( E)

5 ’-AAA CCA CAT CCT CCA TAC GC-3’
5 ’-A A A TAG GCC ACA ACC GTC AG -3’

te/(T)

5 ’- A A G G TTT ATT AT ATAAAAGTG-3 ’
5 ’-A G G TG TA TCTA TG ATATTT AC-3 ’

int/xis

5 ’-CGCC A AAGGATCCTGTATATG-3 ’
5 ’-G C TG T A G G TTTT AT C AGCTTTT GC-3 ’

ermA

5 ’-A C G A TA TTCA CG G TTTA CCCA CTTA -3’
5 ’- A ACC AG AA AA A CCCT AAAG AC ACG-3 ’

erm B

5 ’-T A ACG ACG A A A CTG G CT A A A A T-3 ’
5 ’ - A TC TG TG G T ATGGCGGGT A AG-3 ’

erm C

5 ’- A G T AC AG A G G TG T A ATTTCG-3 ’
5 ’- A A TTCC T GC AT GTTTT A AGG-3 ’

m rsA/B

5 ’-GC A A A TG G TG T AGGTA AG AC AACT-3 ’
5 ’- ATC A TGTG ATGT A A AC AA A AT-3 ’

erm F

5 ’- CG GG TCA G C A C TTTA CTA TTG -3’
5 ’-GG A CCT A CCTCT ATG AC A AG-3 ’

ereA

5 ’AAC A CCCTG A ACCC A AGGG ACG-3 ’
5 ’ CTTCACATCCGGA TTCG CTCG A -3 ’

ereB

5 ’- AG A A ATGG AGGTTC AT ACTT ACC A-3 ’
5 ’-C A TA TAA TC ATC ACC AATGGC A-3 ’

mphA

5 ’-A A CTG TA CG C ACTTGC-3 ’

187

5 ’-GGTACTCTTCGTT ACC-3 ’
m ef

5 ’- AGTATC ATT A ATC A CT AGT GC-3 ’

390

284

5 ’-TTCTTCTGGT ACT A A A AGTGG-3 ’
Bf

5 ’- TT GGGGCT GT A A A G G G AGG AC- 3’

Br

5 ’- CATCGGTGCTCCATAAC- 3

Af

5 ’- G G T ACTT GCTTT C CT A A AACTG- 3’

2200

S etl

5 ’-CTGTGCC ACTGG A AGG AAGT-3 ’

806

1900

5 ’-CGGTAGCGAT ACCCGTTG-3 ’
Set2

5 ’-C AGTGGGGTC AAC A AGATCC-3 ’

5 ’-CGCTAATCTC ATGTCCGTC A-3 ’

1078

5 ’-TCTGTTCTGCTGTGCC ATTC-3 ’

1498

5 ’-C AACG AGTATGC AGGTCG ATT-3 ’
5 ’-GCTCCAGCATCCTCTGGAC-3 ’

this
study

1250

5 ’-GCT ATTGA ATCTGCCCGGT A-3 ’
Set5

this
study

5 ’ -G A A ATGGCGTGC AGAAA A AC-3 ’
Set4

this
study

5 ’- AGTGGGGGTTCCTCCTGTT-3 ’
Set3

30

this
study

2161

this
study
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