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ABSTRACT

Resistance to antibiotics is becoming an important global public health problem. 
Infectious diseases are still among the major causes of disease and death in many parts 
of the world and the possibilities to treat bacterial infections are now threatened due to 
the spread of antibiotic resistance. 

Trimethoprim and sulphonamides are widely accessible and affordable antibiotics 
which act by inhibiting the folic acid synthesis in bacteria. Trimethoprim and its 
combination with the sulphonamide sulphamethoxazole, are considered first- and 
second-line treatment for many infections, such as uncomplicated and severe urinary 
tract infections. Gram negative bacteria usually become resistant to these drugs by 
acquiring genes encoding additional enzymes which are not inhibited by the drugs. Such 
enzymes are encoded by dfr- and sul-genes which can efficiently be spread among 
bacteria. The majority of the dfr-genes are carried as gene cassettes in a genetic element 
called integron. Integrons can insert and express gene cassettes conferring resistance to 
various different antibiotics and are thus important tools for spread of resistance in 
pathogenic bacteria. 

In the present studies, a material of 105 Gram negative bacterial strains from urinary 
samples has been thoroughly investigated. Additional studies have also been performed 
on other selected materials of E. coli bacteria. The presence of integrons, dfr-genes and 
sul-genes has been mapped. A subset of detected integrons has been sequenced to 
explore the carriage of antibiotic resistance gene cassettes in these elements. In strains 
where no known integron, dfr- or sul-gene could be detected, further studies by means 
of shotgun cloning experiments were performed to understand the underlying 
mechanisms for resistance and the spread of such determinants. Two multiplex PCR 
screening methods for the five most frequently occurring dfr-genes have also been 
developed and tested in these studies. 

Gene cassettes in the integrons studied in these strains only contained genes encoding 
resistance to trimethoprim and two rarely used antibiotics of the aminoglycoside type. 
The acquisition of other antibiotic resistance determinants must hence be explained by 
additional genetic dissemination mechanisms in these isolates. The new sul3 gene was 
in the present studies for the first time described in pathogens from humans. The gene 
was also shown to be present in several isolates from healthy pigs and a spread of this 
gene from animals to humans was suggested. As many as four new dfr-genes, dfr2d,
dfrA22, dfrA24 and dfrA26, were described in the investigated material. The first two of 
these are carried as gene cassettes in integrons while the third is spread by an unknown 
mechanism and the fourth was shown to be connected to the recently described 
elements called the common regions. Common regions have been found to capture and 
spread a large number of various antibiotic resistance genes unrelated to gene cassettes. 
As confirmed by the description of dfrA26 in these studies, almost all dfr-genes now fall 
into the two categories as disseminated either by integrons or by common regions. The 
importance of the association of resistance to trimethoprim and probably also 
sulphonamides with common regions can be expected to increase in the future.
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1. INTRODUCTION

Bacterial infections have always been an important threat to the health and well-being 

of humans. Still today, infectious diseases are the most common cause of morbidity and 

mortality in many parts of the world. The discovery of drugs that could kill bacteria, the 

antibiotics, was one of the most important inventions of the last century and drastically 

changed medicine when taken into practise. Many areas of modern medicine would not 

have been possible to develop in the absence of antibiotics as for example 

transplantation and cytostatic cancer treatment where the strong suppression of the 

immune system makes the patients extremely susceptible to bacterial infections. 

However, bacteria can rapidly change in the environment and have means of adaptation 

that could overcome even this dramatic threat to their survival as pathogens. The 

development of resistance to antibiotics is a great challenge to medicine. Every 

introduction of a new antibiotic has been followed by the emergence of resistance 

determinants specific for the same drug. The widespread use and misuse of antibiotics 

drives the development and dissemination of resistance and resistant pathogens. With a 

sharp reduction in the development of new antibiotics and the globalisation causing a 

rapid spread of resistance, this is not a local or national problem but is rather becoming 

a global public health concern.
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2. GRAM NEGATIVE BACTERIA 

Division of bacteria into Gram positive and Gram negative bacteria is not only a useful 

way of labelling according to staining characteristics but also reflect important 

differences between these two groups. The Gram negative bacteria have in contrast to 

the Gram positive a weaker peptidoglycan cell wall and two cell membranes, an outer 

membrane in addition to the inner, proper cell membrane found also in Gram positives. 

The majority of the Gram negative bacteria belong to the phylum Proteobacteria which 

is further divided in the five classes Alfa-, Beta-, Gamma-, Delta- and Epsilon-

proteobacteria. These studies have been performed mainly on the human pathogens 

Escherichia coli, other Enterobacteriaceae and a few other Gram negative rod-shaped 

bacteria also belonging to the class Gamma-proteobacteria.

2.1 Enterobacteriaceae

As a result of systematic studies with new methods for species identification by for 

example DNA-DNA hybridisations and 16S DNA sequencing, the number of known 

Enterobacteriaceae species now reaches many hundreds. Nevertheless, the species 

regularly encountered in the clinical laboratory are much fewer and a wide spectrum of 

infections can be attributed to these Gram negative bacteria. The different 

Enterobacteriaceae species are sometimes pathogenic, can be widely spread as 

commensals in the intestinal flora of humans and animals as well as in the environment 

as among plants and in the water and soil. Some species have very specific ecological 

niches such as Salmonella typhi which is only found in humans, while other species as 

Klebsiella are common both in the environment and also as a cause of several types of 

infections. Major infections caused by Enterobacteriaceae are urinary tract infections, 

blood stream infections and gastrointestinal infections.  Only four genera in the family, 

namely Escherichia, Salmonella, Shigella and Yersinia have been proven to be enteric 

pathogens while a number of other species have been shown to be associated with 

diarrhoea, though they are not considered intrinsic intestinal pathogens. A small number 

of Enterobacteriaceae species such as Klebsiella pneumoniae, Klebsiella oxytoca,

Proteus mirabilis, Enterobacter aerogenes, Enterobacter cloacae and Serratia

marcescens also cause a wide variety of extra-intestinal infections. The most common 
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of these infections are urinary tract infections. Other examples are pneumonia, 

meningitis, septicaemia and wound and skin infections. Members of Enterobacteriaceae

are often mobile by means of flagella, grow aerobically and anaerobically (facultative 

growth), ferment carbohydrates and are catalase positive and oxidase negative. [1] 

2.2 Escherichia coli 

The most frequently occurring species of Enterobacteriaceae in the present studies is 

Escherichia coli, a bacterium which has been thoroughly studied in the laboratory. E.

coli is serologically classified according to variations in the O-antigens, which is the 

outer part of the lipopolysaccharide endotoxin, also referred to as the somatic antigen 

and the H-antigen, or the flagellar antigen [2]. Also capsular and fimbrial antigens, K- 

and F-antigen, respectively, have been described [3]. Infections caused by E. coli are 

above all urinary tract infections (UTI). More than half of all UTIs are caused by E. coli

and this causative agent is present in an even higher proportion of the community-

acquired uncomplicated UTIs. Only a limited number of E. coli strains are pathogenic 

and the virulence factors are often carried by plasmids. At least four categories of 

diarrheagenic E. coli are characterised by their toxins and symptoms. These four clearly 

pathogenic types are enterotoxigenic E. coli ETEC, enteropathogenic E. coli EPEC, 

enteroinvasive E. coli EIEC and enterohaemorragic E. coli EHEC, which is also 

recognised as STEC due to their production of Shiga-toxin. Wild-type E. coli is 

generally susceptible to ampicillin, cephalosporins, tetracycline, chloramphenicol, 

aminoglycosides, trimethoprim, sulphonamides, fluoroquinolones and nitrofurantoin 

although resistance to for example ampicillin, trimethoprim, sulphonamides and 

tetracycline is very high and increasing in many parts of the world. Also resistance to 

for example fluoroquinolones has been shown to be steadily increasing with an 

increased use of these drugs. [2] 
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3. ANTIMICROBIAL AGENTS1

The discovery of agents which could be used to inhibit bacterial growth and thus cure 

many earlier untreatable and severe infectious diseases was a true revolution for 

medicine. Together with improvements of hygiene and an increased level of standard of 

living, the introduction of antimicrobial agents led to a dramatic decrease in mortality 

due to infectious diseases. Penicillin was discovered in 1929 by Fleming and further 

studied by Florey and Chain [4, 5]. The antibacterial effect of sulphonamides was 

described by Domagk in 1932 and this was the first class of antibacterial agents 

introduced in clinical practice already in 1935 [6, 7]. After the discovery of 

sulphonamides and penicillin, new classes of antibiotics were discovered and developed 

during the following decades.

The targets for the action of antimicrobial drugs are relatively few as illustrated in 

Figure 1. The -lactam antibiotics, like penicillins and cephalosporins accomplish their 

effect by binding to the penicillin-binding proteins, PBPs, which are involved in cell 

wall synthesis and thereby inhibit the formation of peptidoglycan. Also glycopeptide 

antibiotics such as vancomycin and teicoplanin disturb the cell wall synthesis by 

inhibiting the polymerisation of peptidoglycan. Many groups of antibiotics act by 

inhibiting protein synthesis of the bacteria. This can be achieved by binding to the 

ribosome. Antibiotics such as aminoglycosides, macrolides, tetracyclines and 

chloramphenicol stop the translation process in the cell. Another common target for 

many antimicrobial drugs is the DNA- or RNA synthesis. In different steps in the 

synthetic pathways, antibiotics such as antifolates, quinolones and rifampicin bind to 

enzymes and stop the formation of nucleotides, the tertiary structure of the DNA or the 

formation of RNA molecules. These basic mechanisms for antimicrobial action on the 

bacterial cell are shown in Figure 1. [8, 9] 

1 The terms antibiotics, antimicrobial agents and antibacterials will be used synonymously in this thesis. 
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Figure 1. Mechanisms of action for the most important groups of antibiotics 

A completely different type of substances with antimicrobial activity is the group of 

antimicrobial peptides. These are endogenous, cationic peptides of 15-45 amino acids 

which constitute an important part of the innate immune system. This group of 

antibacterial substances was first described in the Cecropia moth and they are produced 

by many types of human cells as a part of the defence to infections in most higher 

eukaryote organisms [10-12]. Three groups of antimicrobial peptides are important for 

humans, the defensins, histatins and the cathelicidins, among the latter the important 

LL-37 is the only cathelicidin produced by humans [13, 14]. The antimicrobial action of 

these peptides has been observed to also exhibit a certain level of defence to yeast, fungi 

and enveloped viruses.
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3.1 The antifolates

Both sulphonamides and trimethoprim, being the first and almost the last antimicrobials 

developed with unique action targets, both affect enzymes in the folic acid pathway [6, 

15]. In higher eukaryote organisms folic acid needs to be provided by uptake from the 

outside while bacteria, protozoa and plants synthesize this important precursor de novo.

The active form of folic acid, tetrahydrofolic acid, is a necessary co-enzyme in the 

synthesis of thymine, purines and a number of amino acids. The essential folic acid 

pathway is therefore an excellent target for antimicrobial drugs such as trimethoprim 

and sulphonamides with the advantage of not affecting mammalian cells. [16, 17] 

3.1.1 Trimethoprim 

Trimethoprim was one of the latest principal antibacterial drugs with action on a unique 

target. It is a completely synthetic agent which chemically belongs to the group of 

diaminopyrimidines [8]. It was first synthesized in 1961, first used in 1962 and was 

taken into clinical practice in combination with a sulphonamide in 1968 [15, 18, 19]. 

Since the drug has a wide antibacterial spectrum, low toxicity and few side effects, is 

easy to produce and thus relatively inexpensive, the drug has been widely used for many 

types of infections. It turned out to be, often in combination with a sulphonamide, one 

of the most commonly used antibacterial agents globally [17]. 

Trimethoprim inhibits the enzyme dihydrofolate reductase, DHFR, which catalyses the 

NADPH-dependent reduction of dihydrofolic acid to the active co-enzyme 

tetrahydrofolic acid. Trimethoprim is not a structural analogue to dihydrofolic acid but, 

just as the parasite-specific pyrimethamine, a smaller molecule which competitively 

binds to the active site of bacterial DHFRs. Consequently, it does not disturb the 

reduction of dihydrofolic acid which can be imported or produced by thymidylate 

synthase in non-folic acid synthesizing organisms. In contrast, structural analogue drugs 

such as methotrexate act on both prokaryotic and eukaryotic DHFR enzymes and are 

used as cytostatic treatment of for example tumours. Trimethoprim has a broad 

antibacterial spectrum including Staphylococcus, Streptococcus, Haemophilus 

influenzae and most Enterobacteriaceae including Salmonella and Shigella. Several

bacterial species are, however, intrinsically nonsusceptible to trimethoprim, either by 

efflux like in Pseudomonas, or by variations in the binding site as in Bacteroides,
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Clostridium, Neisseria and Brucella. Pharmacokinetically, the drug is well absorbed 

from the gut and rapidly distributed into the tissues, a large portion is excreted 

unmodified via the urine. This characteristic together with its broad Gram negative 

spectrum makes trimethoprim very well suited for treatment or long-term prophylaxis of 

urinary tract infections, which are also the main uses of the drug presently. [8, 16, 19, 

20]

N
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Figure 2. Chemical structures of trimethoprim, dihydrofolic acid and 
methotrexate illustrating the differences between the dihydrofolic acid-analogue 
methotrexate and the smaller molecule trimethoprim which is specific for 
bacterial DHFR and does not inhibit the mammalian enzyme very well. 
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3.1.2 Sulphonamides 

The original discovery of the sulphonamides as antimicrobial agents was made in a 

series of experiments testing the antibacterial effects of dyes. The red dye Prontosil 

turned out to cure streptococcal infection in mice and this was shown to be due to the 

active metabolite sulphanilamide [6, 21]. A number of different sulphonamides have 

been used in clinical practice and the drug of choice has been varying between different 

countries. The most common sulphonamide used nowadays is sulphamethoxazole in its 

fixed combination with trimethoprim, although in Denmark for example, 

sulphamethizole alone is a recommended first-line treatment for uncomplicated urinary 

tract infections [22]. Sulphonamides are structural analogues to para-aminobenzoic acid 

(pABA) one of the two substrates for the enzyme dihydropterotae synthase (DHPS) 

catalyzing the formation of dihydropteroic acid. This enzyme is found two steps ahead 

of dihydrofolate reductase in the folate synthesis pathway. Sulphonamides thus 

competitively inhibit DHPS which with the addition of pABA converts pterin 

diphosphate to pteroate. The antibacterial spectrum of sulphonamides is comparable to 

that of trimethoprim, but a high proportion of strains are nowadays resistant to the drug. 

Sulphonamides were extensively used after their introduction in 1935 for treatment of 

infections caused by for example Streptococci, E. coli, and Neisseria and contributed to 

an important decrease in mortality from pneumonia. But due to increasing resistance as 

well as severe adverse reactions and side effects in parallel with the development of 

many new antibiotics such as penicillin, the treatment with sulphonamides alone 

became very rare after a few decades. [8, 21, 23] 
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Sulphonamide general structure 

              

para-aminobensoic acid, pABA   Sulphanilamide  

Figure 3. Chemical structures of the originally discovered sulphonamide 
sulphanilamide, the basic structure of sulphonamides and pABA. R is the 
variable structure determining the type of sulphonamide drug. 

3.1.3 Co-trimoxazole 

Trimethoprim is often used in a fixed combination with a sulphonamide, for example 

sulphamethoxazole, named co-trimoxazole. The two drugs separately are bacteriostatic 

while a combination in certain concentration relationships can have a synergistic 

bactericidal effect which however has been insufficiently described in vivo [18, 24]. 

Combinations of trimethoprim and sulphonamides, of which co-trimoxazole is the most 

common one, are still important in the treatment of severe urinary tract infections as 

pyelonephritis. In many parts of the world trimethoprim and particularly co-trimoxazole 

are also used for other types of infections such as respiratory tract infections and some 

gastrointestinal infections. Prophylaxis and treatment of Pneumocystis jirovecii 

(formerly known as P. carinii) in AIDS patients and other immunocompromised hosts 

is also an important use of co-trimoxazole, as is the treatment of toxoplasmosis. [8] 
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4. RESISTANCE TO ANTIMICROBIAL AGENTS 

The discovery of antimicrobials that was so important for the health improvement and 

control of major infectious diseases world-wide is now gradually loosing its effect. 

Bacterial strains resistant to penicillin appeared shortly after the introduction of the drug 

into clinical practice and Fleming observed such strains in the laboratory already in 

1940 [25, 26]. All new antimicrobial drugs introduced in clinical practice have been 

followed by the appearance of resistance determinants in the pathogens they were 

supposed to eradicate [25, 27]. The problem of resistance has become a global and 

worrisome public health issue leading to serious health and economic implications. 

Infections with resistant pathogens can cause prolonged duration of illness, increased 

risks of complications and fatal outcome and increased disease spread. All these factors 

also lead to higher costs, both for the individual patient and for the health system [28]. 

4.1 Mechanisms for resistance to antibiotics

Resistance to antimicrobial drugs in bacteria can be intrinsic due to the drug action 

mechanism, or acquired. The latter is the type that can disseminate and is causing the 

increasing problems the medical society is facing today. Acquired resistance is caused 

by genetic alterations leading to protection of the bacteria from the action of the drug. 

The mechanisms for the effect of these genetic alterations can be concluded in four 

main principles, inactivation of the antimicrobial drug, altered target for antibiotic 

action, alternative target acquired by the bacteria and changed access of the antibiotic to 

the bacterial cell [29, 30]. 

1. Inactivation of the antibiotic drug means that the bacteria produce an enzyme 

which alters or degrades the antibiotic. The most well-known of these enzymes 

are the -lactamases which hydrolyse the essential -lactam ring in the chemical 

structure which is common for all penicillins and cephalosporins. Although 

many attempts have been made to protect the -lactam ring in the development 

of structures for new antibiotics, new variants of bacterial enzymes able to 

degrade also these novel agents have always appeared after a period of use of the 

new drugs. Resistance to aminoglycosides is often caused by acetylating, 
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adenylylating or phosphorylating enzymes which modify the antibiotics in 

different ways leading to their inactivation. Another type of acetylating enzyme 

also inactivates the antibiotic chloramphenicol. Inactivating enzymes can be 

either chromosomal and then often inducible, or borne on transferable elements 

such as plasmids or transposons. 

2. Examples of altered targets for the antibiotic action are changes in the structure 

of the penicillin binding proteins, PBPs, which lowers the binding of penicillins 

and cephalosporins and thus impedes the action of the antibiotic. In resistance to 

aminoglycosides and macrolides the binding sites for these drugs at the 

ribosome can be altered, or in the case of rifampicin resistance, the RNA-

polymerase can be changed. This type of resistance is usually mediated by 

chromosomal mutations though recombinations introducing new gene sequences 

have been observed for example in Streptococcus pneumoniae.

3. Alternative target means that the bacteria has acquired a gene encoding a new 

additional enzyme with the same function as the one that the antibiotic has it’s 

action on but which is not recognised by the antibiotic. Hence, the antibiotic is 

still active against its target but the bacteria have bypassed the effect by keeping 

the function in an alternative manner. Examples of this type of resistance 

mechanism are the antifolate resistance genes, that is, resistance to trimethoprim 

and sulphonamides which both inhibit enzymes in the folic acid pathway. All 

genes encoding resistance by alternative targets are horizontally transferred 

resistance mechanisms. 

4. Changed access of the antimicrobial drug to the bacterial cell can be due to 

restrained permeability or caused by active efflux. The bacteria have obtained a 

way to protect themselves to excessively high concentrations of the 

antimicrobial drug within the cell. Change in, or even loss of entire porins 

restricts drug entrance to the cell. This is especially important for electrically 

charged molecules such as aminoglycosides and quinolones for which the 

ionisation in the porin determines the permeability. Porin genes are located on 

the chromosome and can be inactivated or down-regulated by chromosomal 

mutations. Active efflux of antibiotics such as tetracyclines, quinolones and 
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certain cephalosporins is also a means to lower the concentration of antibiotic in 

the cell. Genes for efflux pumps are either located on the chromosome or on 

plasmids and hence are spread both vertically and horizontally. The 

chromosomally mediated efflux pumps are inducible, so that the synthesis of 

pump proteins is increased upon exposure to various drugs. Mutations in genes 

which regulate efflux pump expression can also increase efflux pump synthesis.  

Figure 4. Illustration of the four major mechanisms for antibiotic resistance. 

4.2 Dissemination of resistance to antibiotics 

The many different mechanisms for resistance to antimicrobials are spread between 

bacteria in various manners depending on whether the mechanism is located in 

chromosomal or extrachromosomal DNA. 

Inactivation of antibiotic 

Altered target for antibiotic 

Alternative acquired target 

Changed access by efflux 
or altered permeability 
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4.2.1 Vertical inheritance 

Resistance caused by chromosomal mutations is always passed on vertically to the next 

generation by replication in the cell division. Also other mechanisms such as inducible 

proteins can be encoded by chromosomal genes and thus transferred among bacteria by 

vertical inheritance. [29] 

4.2.2 Horizontal transmission 

Horizontal transfer of resistance occurs to a great extent between bacteria of the same or 

different species. Often more than one resistance gene is located in the same 

transferable element and resistance to many different antibiotics can thus be genetically 

linked. This means that use of one of these antibiotics can co-select for resistance to 

many other types of antibiotics. When these elements are disseminated between bacteria 

a co-dissemination of resistance to many types of antibiotics occurs at the same time.  

Acquisition of resistance genes by horizontal transmission occurs mainly through three 

different mechanisms, that is, transformation, transduction and conjugation. 

Transformation means uptake of free DNA for example from lysed bacterial cells in the 

adjacent environment. This mechanism is only important in resistance dissemination for 

a small number of pathogens as for example Streptococcus pneumoniae, Haemophilus

influenzae, Neisseria gonorrheae and Neisseria meningitidis. When resistance 

determinants are taken up by this mechanism they can be introduced into the bacterial 

chromosome by homologous recombination resulting in new mosaic genes. 

Transduction is a bacteriophage-mediated transfer of bacterial DNA and is usually not 

very important for efficient resistance gene dissemination. Phages which have been 

inserted into the bacterial chromosome can when they are excised and packed into the 

capsule include an adjacent segment of the bacterial DNA which is accordingly 

transferred to the next bacterial cell infected by the virus. The capsules can also include 

unrelated DNA such as small plasmids or DNA fragments and spread these further, a 

scenario which is true also for phages which have not been inserted in the host bacterial 

DNA. The most important mechanism for horizontal transfer is conjugation which is 

DNA exchange occurring when the donor and recipient cells are in direct contact with 

each other. [29] 
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Mobile elements such as plasmids and transposons can be transmitted by conjugation 

and are generally important for resistance gene dissemination. Also integrons are 

genetic elements which indirectly take part in the spread of resistance genes.

A. Plasmids

A common vector for transmission of resistance genes is extra-chromosomal, often 

circular DNA-molecules named plasmids. Plasmids contain genes that are not necessary 

for the survival but which are often beneficial for the bacteria, such as resistance genes 

and genes encoding metabolic functions and virulence factors. These elements carry 

their own replication mechanisms and can therefore exist in a large number of copies in 

the bacterial cell. Small plasmids, sizes from approximately 3 kb are known, often exist 

in over 20 copies in a cell and are thus very stable in the bacterial host strain. Large 

plasmids with sizes up to 180 kb on the other hand, often exist in only one copy but then 

also often carry specific genes for their partitioning in dividing cells which ensure each 

new cell a copy of the plasmid. Bacteria sometimes carry several different plasmids 

which can contain many different resistance genes. Not all types of plasmids can co-

exist in a bacterial cell and this circumstance gives rise to the division of plasmids into 

incompatibility groups. The main mechanism for transfer of plasmids is by conjugation. 

At least 33 kb is needed for the conjugation-mediating genes but smaller plasmids can 

also be co-transferred when such genes on other plasmids are expressed. The host range 

of different plasmids is varying, while some only disseminate within the same species 

others can be transferred into a broad range of hosts and thus spread resistance 

determinants between various important species. [29, 30] 

B. Transposons

In addition to resistance determinants or other genes, transposons are elements which 

carry genes encoding their own translocation, independent of host recombination. 

Insertion of transposons is sometimes, as in the case of Tn7, site-specific, but often 

occurs in a wide variety of contexts, both into plasmids and chromosomal DNA. 

Transposons are usually flanked by inverted or sometimes direct repeated sequences 

which are probably recognition sites for the transposase enzymes. These elements are 

often divided into different families according to their respective characteristics. Such 

families are for example the Tn3-like transposons which are replicative elements 

leaving a copy in the donor in the transposition event and conjugative transposons 
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which not only translocate within a cell but also between different bacteria. Composite 

transposons are built up by two adjacent insertion sequences, IS-elements, of which at 

least one must be functional for transposition. IS-elements themselves only consist of 

the genes for the transfer, but when two such elements are integrated on both sides of a 

gene or an array of genes, these together build up a functional transposon entity. [29, 

30]

C. Integrons

Integrons are elements in which resistance genes assemble, in so doing they contribute 

to the increase of resistance determinants in bacteria although they are not mobile by 

themselves. The lack of mobility is compensated for by their location in more or less 

functional transposons such as Tn5090, also called Tn402, is the only one known to be 

complete [31-33]. A derivative of Tn5090 is often inserted in Tn21 and thus gain further 

dissemination ability by carriage of this Tn3-like element [33]. In the case of class 2 

integrons (see below), these are only spread by Tn7, but this transposon does not have 

highly specific insertion sites and class 2 integrons are spread quite efficiently by this 

vector [34, 35]. These transposons are often located on plasmids and can thus efficiently 

be spread between different bacteria. The appearance and functional components of the 

first identified integrons, class 1, were gradually described from 1987 and forward by 

Sundström et al as well as by many others [36-41]. The name integron was established 

by Stokes and Hall in 1989 [41, 42]. Almost simultaneously, a second class of integron 

(later, class 2) carrying the same type of gene cassettes was observed in Tn7 [40, 41, 43, 

44]. At present there are five classes of resistance integrons known which are divided 

according to the sequence of their integrase gene.  
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Figure 5. Schematic picture of a class 1 integron. The 5’ conserved sequence 
includes the integrase gene IntI1, the promoter Pant and the primary insertion 
site attI. In the variable cassette region two examples of common gene 
cassettes are illustrated, the dfr-gene and the aadA-gene, conferring resistance 
to trimethoprim and the aminoglycosides streptomycin and spectinomycin, 
respectively. The gene cassettes usually consist of a resistance gene and the 
recombination site attC, formerly called the 59-base element. Gene cassettes 
are circular in their free form and insertion usually occurs by recombination at 
the attI site as illustrated. The 3’ end of class 1 integrons is not entirely 
conserved but usually contains the gene qacE 1 encoding a small efflux pump 
conferring resistance to quaternary ammonium compounds and the 
sulphonamide resistance sul1 gene which has never been observed outside this 
specific location. 

Three functions are specific for integrons and two of these, integration and excision of 

mobile gene cassettes, are encoded by the integrase gene which is located in the 5’ end 

of the element. The third function, expression of the gene cassettes is initiated at the 

promoter, Pant, also located in the 5’ segment upstream of the variable cassette region, 

see Figure 5.  

The integration of gene cassettes which are circular in their free form occurs by site-

specific recombination between the insertion site attI in the 5’ sequence and the attC

intI Pant

attI attC

dfr aadA

attC

 qacE 1 sul1 orf5

attC

5’ CS gene cassettes 3’ CS 
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element in the gene cassette (Figure 5) [45]. The attC element can vary considerably in 

sequence and length between different cassettes. They contain imperfect inverted 

repeats with a 7 bp long core region and an equally long inverse core region. The 

consensus sequence of the core region is GTTRRRY and the recombination occurs 

between the G and the T. The inverse core region has consequently the consensus 

sequence CAAYYYR. Integration can take place either between any two gene cassettes 

containing attC or preferentially between a gene cassette and attI. The symmetry of the 

attI site is less obvious than in attC but it contains the same core region at the 

recombination crossover point, it also contains two integrase binding sites [46]. It does 

occur, although infrequently, that gene cassettes are integrated into secondary unspecific 

sites. However, the lack of a second specific attC site prevents further excision and 

recombination. The gene cassettes in integrons are all inserted and translated in the 

same direction. This indicates that the attC elements could play a role in the 

determination of the orientation of the cassettes when integrated into an integron. The 

most recently inserted gene cassette is thus usually placed first in the cassette region 

although recombination sometimes occurs between two attC sites. As many as eight 

gene cassettes have been observed in the same integron although a lower number is 

much more common [47].  

Expression of all inserted gene cassettes starts from the common promoter in the 5’ 

conserved segment. The promoter region, Pant, is actually a combination of two 

promoters, P1 and P2. P1 exists in four variants, one strong, one weak and two hybrids 

of these, while the P2 promoter is either weak or inactive depending on the spacing 

between the –35 and the –10 regions [48]. The promoter combination hence has a great 

impact on the expression of the resistance enzymes. The second factor influencing the 

gene expression is the position of the cassette. The gene cassette closest to the promoter 

is the one producing the highest resistance level. The degree of expression of a specific 

gene depends on the number and properties of the cassettes in front of the gene. Clusters 

of transcripts of certain defined lengths all starting at Pant and ending at the 3’ ends of 

individual cassettes indicate that the attC sequences might act as transcription 

terminators. Further support for this theory is the inverted repeats in both ends of the 

attC. They have the potential to form stem-loop-structures of the transcribed mRNA, 

which could act as stop signals for the transcription [49]. Furthermore, the great 

differences in length and sequence of the attC sequences may reflect the varying extent 
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of influence the various gene cassettes have on the downstream transcription. Hence, the 

following gene cassettes do generally not carry their own promoters but only the gene it 

contains, usually an antibiotic resistance gene, and a recombination sequence, attC.

The vast majority of gene cassettes in integrons contain antibiotic resistance genes. 

Most classes of antibiotics are represented among these resistance genes and at present 

probably over 100 different gene cassettes are known to be carried by mainly class 1 

integrons. The class 1 integrons are the most widely distributed type, but also class 2 is 

commonly occurring throughout the world. Class 3 integrons were first described in 

Japan and seem to be fairly common there [50, 51]. A class 3 integron has only been 

described once in Europe, in a Klebsiella pneumoniae isolate from Portugal [52]. The 

class 4 integron, whose integrase gene is assigned intI9, was described in a Vibrio

cholerae from India in 2001 and has not been detected elsewhere since then [53]. 

Recently, a fifth class of integrons was described on the plasmid pRVS1 in Vibrio

salmonicida, but no further traces of this integron class have been described (Sörum H. 

EMBL accession number AJ277063). Although the class 2 integrons are prevalent 

globally, they do not play such an important role for the dissemination of different gene 

cassettes since they are often very conserved and in general contain the four gene 

cassettes dfrA1, sat1, aadA1 and orfX. The first three of these genes confer resistance to 

trimethoprim, the very rare antibiotic streptothricin, streptomycin and spectinomycin. 

The fourth cassette, orfX, is an open reading frame with yet unknown function. The 

reason for class 2 integrons being so conserved is a stop codon in the middle of the 

integrase gene, intI2, which inhibits expression of the full-size recombinase and 

consequently exchange of gene cassettes [54, 55]. Integrons are very common in Gram 

negative bacteria and have recently also been shown to appear in many Gram positive 

species [56]. 

In Vibrio cholerae a different type of integron has been found. It is called a 

superintegron and is found in the chromosomes of several Vibrio isolates and in a few 

other proteobacterial species [57-59]. The superintegron is a cluster that contains the 

integrase gene intIVC in the 5’ position and downstream carries up to 100 open reading 

frames in arrays, separated by repeated elements in the same orientation, called VCRs in 

Vibrio cholerae. The VCRs or XXRs of other species are highly homologous, unique to 

the host species and similar to the attC sites. The core site and inverse core site are 
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identical to the ones in attC of the cassettes in antibiotic resistance integrons. The gene 

cassettes in superintegrons encode mostly ORFs of unknown function. Some are found 

to be adaptive genes of metabolic and pathogenic function but very few have been 

discovered that mediate antibiotic resistance [58, 59]. Some of the cassettes, unlike the 

ones in resistance integrons, also carry a promoter or are oriented in the opposite 

direction. The origins of the genes in the superintegron cassettes vary greatly like in 

antibiotic resistance integrons, and can be viral, bacterial or eukaryotic. In resistance 

integrons also the attC sites are very heterogeneous, suggesting cassette origins in 

different pools of gene cassettes which with very high probability have some kind of 

connection to superintegrons [60, 61]. 

4.3 Resistance to trimethoprim and sulphonamides 

Antifolate resistance is relatively widespread throughout the world. These antifolate 

antibiotics are widely accessible and provide inexpensive treatment for many types of 

infections. Trimethoprim and its combination with sulphamethoxazole, co-trimoxazole, 

are generally used for the treatment of infections caused by Gram negative pathogens 

and the resistance mechanisms in these bacteria is usually by means of transferable 

alternative resistance genes.

4.3.1 Chromosomal resistance 

Resistance to trimethoprim and sulphonamides is in some cases caused by chromosomal 

alterations. In the case of trimethoprim the chromosomal resistance can be of three 

types, either by loss of thymidylate synthase activity making the dihydrofolate 

reductases redundant for the bacteria since it will depend on external supply of thymine. 

Changes in the structure or expression of porins have in some Gram negative species as 

strains of Klebsiella, Enterobacter and Serratia been shown to affect the susceptibility 

to trimethoprim. The third type of chromosomally conferred resistance to trimethoprim 

is through mutations in the folA gene encoding the bacterial dihydrofolate reductase, 

DHFR, which lead to a lower affinity of the drug to the enzyme and thus to a lower 

level of enzyme inhibition. In some cases these mutations are accompanied by 

mutational alterations in the folA promoter leading to an overproduction of the DHFR 

resulting in further compensation for the loss in activity still caused by the drug. These 
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resistance mechanisms, especially the folA mutations and corresponding folP mutations 

for sulphonamide resistance, are important for Gram positive bacteria such as 

Streptococcus pneumoniae and Staphylococcus aureus as well as in some Gram 

negatives as for example Haemophilus influenzae. Chromosomal sulphonamide 

resistance is in Neisseria meningitidis caused by recombinational changes in the folP

gene encoding the dihydropteroate synthase. In most other Gram negative species 

mutations in the gene however, lead to a fairly low level of sulphonamide resistance. 

[16, 19, 23, 24] 

4.3.2 dfr-genes 

The clinically most important trimethoprim resistance in Gram negative bacteria is 

conferred by alternative resistant dihydrofolate reductases which are encoded by a 

number of different dfr-genes. The majority of these 29 known genes, including the four 

dfr-genes detected in the present studies, are carried as gene cassettes in integrons. 

However, another group of dfr-genes have recently been defined as located in a region 

connected to a putative recombinase in which genes conferring resistance to several 

antibiotics seem to have accumulated, and this region has been called the common 

region [62-64]. Some of the dfr-genes are also disseminated by more or less defined 

independent mechanisms. Although trimethoprim is an entirely synthetic drug and thus 

no organisms would need to protect themselves from trimethoprim in a natural 

environment it seems as if all dfr-genes originate from organisms where the 

dihydrofolate reductases are not sensitive to the action of trimethoprim. The 

mechanisms for recruitment of these genes to bacteria and in many cases to formation of 

gene cassettes are still largely unknown. The dfr-genes and the resistant enzymes they 

encode have been divided into two groups which are not related to each other [65]. The 

subdivision was originally established on enzymatic data but has more recently been 

converted to be based on the phylogenetic relations between their sequences. The 

majority of dfr-genes belong to the first phylogenetic group in which the genes have 

been named dfrA-genes. These genes are very diverse and are identical to each other 

and to several housekeeping genes to between 20 and 95 %, then again, further division 

of this group can be made into subfamilies of genes sharing a higher degree of 

relatedness. Such subfamilies are for example the dfrA1-group which consists of dfrA5,

6, 7, 14, 15, 16, 17 and 25 in addition to dfrA1, and the dfrA12-family including dfrA12,
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13, 21 and 22, the last gene being described in the present studies. All these genes are 

recognised as integron-borne gene cassettes and it is interesting to note that the 

recombination sites, attC-sites, are very varying in the first group and very similar in the 

second. This observation suggests that the evolution of the genes to become cassettes 

has occurred in different organisms for the dfrA1-group of genes and probably in the 

same organism or very closely related organisms for the dfrA12 gene subfamily.  

The second group of dfr-genes is logically named the dfrB-genes or dfr2-genes

according to a different nomenclature. These now five known genes, dfrB1, 2, 3, 4 and 

5 or dfr2a, b, c, d and e, encode peptides that are 65 % identical and have no 

relationship with any other known dihydrofolate reductases, neither encoded by 

trimethoprim resistance genes or housekeeping genes of any known origin. While dfrA-

genes encode proteins consisting of dimers of 152 to 189 amino acids conferring 

different levels of resistance to trimethoprim, the dfrB-genes encode tetrameric proteins 

of 78 aa peptides which always confer a very high level of trimethoprim resistance upon 

their hosts.

4.3.3 sul-genes 

The horizontally transferred sulphonamide resistance genes are in contrary to dfr-genes 

very few. Only three sul-genes are known at present, still these genes seem to be 

efficiently spread and are in several studies responsible for the majority of 

sulphonamide resistance studied in Gram negative isolates. The first two genes, sul1

and sul2 have been known to be plasmid-borne since the 1960s, they were discerned as 

two genes by Swedberg and Sköld in the beginning of the 1980’s and were for a long 

time described to be equally distributed among resistant isolates [23, 66, 67]. The more 

recently described sul3 was first identified in E. coli from pigs in 2003 [68]. The 

sulphonamide-resistant dihydropteroate synthases encoded by these genes are identical 

to 34%, are fairly different from housekeeping DHPS enzymes and are 263-279 amino 

acids long, see Figure 6. The sul1 gene is located in the 3’ end of class 1 integrons. It 

has been suggested that the gene is followed by a copy of half an attC element 

indicating a deletion in an original functional gene cassette [62, 69]. The sul2 gene is 

often seen associated with a streptomycin-resistance gene in small conjugative 

plasmids, it has also been observed in many other different plasmids which may 
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indicate a proper recombinational mechanism [70]. Neither sul2 nor sul3 have ever been 

shown to be parts of or genetically linked to integrons. 

CLUSTAL W (1.83) multiple sequence alignment 

sul2            MNKSLIIFGIVNITSDSFSDGGRYLAPDAAIAQARKLMAEGADVIDLGPASSNPDAAPVS 60 
sul3            MSK---IFGIVNITTDSFSDGGLYLDTDKAIEHALHLVEDGADVIDLGAASSNPDTTEVG 57 
sul1            MVT---VFGILNLTEDSFFDESRRLDPAGAVTAAIEMLRVGSDVVDVGPAASHPDARPVS 57 
                * .   :***:*:* *** * .  * .  *:  * .::  *:**:*:*.*:*:**:  *. 

sul2            SDTEIARIAPVLDALKADGIPVSLDSYQPATQAYALSRGVAYLNDIRGFPDAAFYPQLAK 120 
sul3            VVEEIKRLKPVIKALKEKGISISVDTFKPEVQSFCIEQKVDFINDIQGFPYPEIYSGLAK 117 
sul1            PADEIRRIAPLLDALSDQMHRVSIDSFQPETQRYALKRGVGYLNDIQGFPDPALYPDIAE 117 
                   ** *: *::.**. .   :*:*:::* .* :.:.: * ::***:*** . :*. :*: 

sul2            SSAKLVVMHSVQ-DGQADRR-EAPAGDIMDHIAAFFDARIAALTGAGIKRNRLVLDPGMG 178 
sul3            SDCKLVLMHSVQRIGAATKV-ETNPEEVFTSMMEFFKERIAALVEAGVKRERIILDPGMG 176 
sul1            ADCRLVVMHSAQRDGIATRTGHLRPEDALDEIVRFFEARVSALRRSGVAADRLILDPGMG 177 
                :..:**:***.*  * * :  .  . : :  :  **. *::**  :*:  :*::****** 

sul2            FFLGAAPETSLSVLARFDELRLRFDLPVLLSVSRKSFLRALTGRGPGDVGAATLAAELAA 238 
sul3            FFLGSNPETSILVLKRFPEIQEAFNLQVMIAVSRKSFLGKITGTDVKSRLAPTLAAEMYA 236 
sul1            FFLSPAPETSLHVLSNLQKLKSALGLPLLVSVSRKSFLGATVGLPVKDLGPASLAAELHA 237 
                ***.. ****: ** .: :::  :.* ::::*******   .*    .  ..:****: * 

sul2            AAGGADFIRTHEPRPLRDGLAVLAALKET----ARIR----- 271 
sul3            YKKGADYLRTHDVKSLSDALKISKALG--------------- 263 
sul1            IGNGADYVRTHAPGDLRSAITFSETLAKFRSRDARDRGLDHA 279 
                   ***::***    * ..: .  :*

Figure 6. Alignment using the Clustal W tool of EMBL-EBI of the three 
dihydropteroate synthases encoded by transferable resistance genes sul1, sul2
and sul3. Amino acid sequences are for sul1 from plasmid R388 [41], for sul2
from plasmid p9123 [71] and for sul3 from plasmid pVP440 [68]. 

4.4 Trimethoprim and sulphonamide resistance and 
consumption

A large number of studies have compiled clinical data on resistance levels in for 

example Enterobacteriaceae, E. coli or urinary tract infections. Some contain 

surveillance data from different networks, some are prospective studies analysing 

samples from unbiased patient materials, some take into consideration whereas samples 

are from hospitalised or out-patients while others analyse also the influence of age, sex 

and severity of infections [72-74]. These studies are all important to follow trends and 

as a basis for decisions on empirical therapy. It is however difficult to compare many of 

these studies with each other, not only due to the factors named here but also because 

traditions on submitting samples for clinical analysis are differing between different 
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countries and areas. This means that in some areas where antibiotic therapy is mainly 

prescribed on an empirical basis, the samples submitted to laboratories are probably 

biased towards samples from more complicated cases or as a response to resistance-

induced treatment failure and resulting resistance figures might be overestimated [72]. 

Therefore the best use of this type of resistance epidemiology studies is in comparison 

of the same areas during time as a system for following trends in resistance levels.  

In Sweden, surveillance data on resistance levels is compiled within the ResNet, a 

network of 30 clinical laboratories all over the country. Results from this national 

surveillance program show that trimethoprim resistance in E. coli mainly from urinary 

samples has increased from 10.4 % in 1996 to 15.1 % in 2005. During the same time 

period, the figures for Stockholm have increased even more, from 10.4 to 22.2 % 

(www.srga.org/ResNet_sok.htm) [75].

Several studies have also been published where the correlation between resistance levels 

and antibiotic consumption has been investigated. In the case of community-acquired 

urinary tract infections the evidence for out-patient antibiotic prescribing having a direct 

effect on resistance levels are very weak [76]. For example in the ECO-SENS project 

analysing data from 14 different European countries investigators Kahlmeter et. al. 

failed to prove a correlation between the use of trimethoprim or co-trimoxazole and 

resistance to these antibiotics. Such a relation was believed to be confounded by several 

factors as for example association of resistance with other antibiotics [77]. Other studies 

have however succeeded in such attempts. Not only trimethoprim use has been shown 

to be a risk factor for trimethoprim resistant urinary tract infections but also exposure to 

other antibiotics as well as hospitalization [78, 79]. In a recent study in Stockholm, the 

prescribing of co-trimoxazole at the Karolinska University Hospital in Solna was shown 

to have decreased from 30 defined daily doses, DDD, per 1 000 patient care days, pcd, 

in 1988 to approximately 15 DDD/1 000 pcd in 1999 and in the surrounding uptake area 

for the hospital clinical laboratory the corresponding figures were 42 000 to 17 000 

DDD. Meanwhile the resistance to co-trimoxazole in E. coli had increased from 7.5 to 

14 % in all isolates tested at the Karolinska University Hospital laboratory during this 

period with exclusion of repeated isolates of the same species and specimen from the 

same patient each year [80]. 
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4.4.1 Prevalence of resistance mechanisms in trimethoprim- and sulphonamide-

resistant strains 

The prevalence of integrons has been mapped in a large number of studies of different 

materials of clinical and commensal antibiotic-resistant strains. In general, it can be 

concluded that integron carriage is associated with resistance to a higher number of 

antimicrobials. In particular, resistance to co-trimoxazole, sulphonamides, gentamicin, 

tobramycin, ampicillin, piperacillin or cefuroxime has been shown to have a positive 

predictive value for the presence of integrons [81]. In trimethoprim- or co-trimoxazole-

resistant Enterobacteriaceae or E. coli the prevalence of class 1 integrons has been 

shown to vary between 47 and 85 % depending on where the collection of samples was 

performed and whether only clinical or also faecal samples from healthy individuals 

were tested [81-84]. In those studies that also tested for integrons of class 2, these were 

present in between 5 and 28 % of resistant samples [82-84]. On the contrary, in 

trimethoprim- or co-trimoxazole-susceptible samples, class 1 integrons were detected in 

between 4 and 19 % of the isolates [81, 83, 84]. No class 3 integrons were detected in 

any of the studies also screening for the intI3 gene [83, 84]. 

In studies of prevalence of trimethoprim resistance genes, the dfr-genes, the majority of 

the resistance seems to be caused by a small group of about 5 of the 29 types known at 

present. These genes are dfrA1, dfrA5, dfrA7, dfrA12 and dfrA17 and the most common 

of these are always dfrA1, dfrA17 and to some extent also dfrA12 with variations for the 

internal distribution of genes [82, 84-89]. These genes have been shown to account for 

48-73 % of the trimethoprim resistance in studies of resistance mechanisms performed 

with different designs [82, 84, 87]. 

Earlier the distribution of the two known sul-genes sul1 and sul2 among clinical isolates 

was known to be fairly equal [70]. Later studies have shown that the prevalence of sul2

has increased, from 67 % of sulphonamide resistant urinary E. coli in 1991 to 81 % in 

2004 and that a part of this increase is due to the acquisition of sul2 to bacterial isolates 

which already carry sul1 [71, 90]. When the sul3 gene was discovered, it was shown to 

be relatively prevalent in E. coli from pigs, cattle and poultry, presence in 14 % of 

resistant E. coli isolates in Germany and 11 % of resistant E. coli from pigs in Denmark 

[91, 92]. The gene has also been detected in isolates of Salmonella from different 

sources in Germany and Portugal [93, 94]. The prevalence of sul3 in isolates of human 
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origin is still not clear due to the recent discovery of the gene, although it has been 

described in isolated cases as described in the present studies.  

4.5 The role of the commensal flora in resistance dissemination 

The human body carries ten times more bacteria than there are cells in the body. 

Important sites for this normal colonising bacterial flora are the skin, mouth, 

nasopharynx and the intestinal tract [95]. Some of these bacteria have the capability to 

cause disease under certain circumstances but a balance is generally kept by competition 

with other colonising microbiota and with the help of the host immune system. 

Disturbances in this balance caused by for example suppression of the immune system, 

an infection or antibiotic treatment can provide opportunity for development of 

infections caused by for example H. influenzae or Clostridium difficile [95].

Antibiotic treatment of infections affects not only their original targets but also these 

commensal opportunistic pathogens and non-pathogens. Especially the diverse and 

abundant gut microbiota is influenced by oral antimicrobials and can thus be observed 

to develop and acquire mechanisms for antibiotic resistance. Several studies have been 

made of resistance in Gram negative bacteria in faecal samples and levels have been 

high especially for older and widely used antibiotics such as ampicillin, tetracycline, 

streptomycin, chloramphenicol and also co-trimoxazole [96, 97]. Depending on when 

and where in the world and with which methods the studies have been performed results 

can be varying for certain drugs and show different resistance levels, but the overall 

picture is that resistance determinants are commonly present either in the dominant 

bacterial growth or in bacterial strains occurring with less frequency in the gut flora [98-

100].

These observations of the widespread occurrence of resistance determinants in the 

normal flora have led to the consideration of the commensal flora as a reservoir for 

antibiotic resistance (Reservoirs of Antibiotic Resistance network, ROAR a project by 

the Alliance for the Prudent Use of Antibiotics, APUA, www.apua.org). Under 

antibiotic pressure, resistant strains can be selected within the site of colonisation, they 

can be spread to other sites and individuals and eventually cause new infections. In 

addition, resistance determinants are often residing on horizontally mobile genetic 
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elements whose dissemination between bacterial strains of different species will be 

favoured as a result of antibiotic presence in the near environment. 

4.6 The global problem of antimicrobial resistance 

4.6.1 The effects of antibiotic resistance

The spread of antimicrobial resistance has various consequences in different parts of the 

world. Higher costs for medical care and treatment are inescapable results of resistance 

and leads to higher burdens for individuals and health systems. Due to for example lack 

of access to diagnostic tools and poor regulation of sales, antibiotics are often overused 

and misused. As a result, the resistance levels are high or increasing in many countries 

and the old and commonly used drugs will eventually turn useless. In many countries 

where infectious diseases are leading causes of death the only available and affordable 

antimicrobials are the first-line drugs and when resistance is becoming too high to these, 

prescribers and patients are left with virtually no treatment options. For this reason, 

interventions to improve the rational use of accessible antimicrobial drugs such as for 

example trimethoprim and co-trimoxazole are important to try to save these drugs for 

clinical therapy as long as possible. In the meantime better access might be achieved to 

newer and more efficient drugs in large parts of the world [28]. 

In Sweden the resistance levels are still in most cases relatively low, factors influencing 

this in addition to infection control might be a culture of not overusing medical agents 

and a strict system of prescription demands and control of antimicrobials sales which 

inhibits all over-the counter sales of prescription-drugs and self-medication with 

antibiotics. 
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4.6.2 Resistance in relation to antibiotic use 

Figure 7. Penicillin resistance in Streptococcus pneumoniae in relation to out-
patient sales of -lactam antibiotics in 11 European countries in 1997-1999. The 
penicillin resistance is presented as log odds and sales as defined daily doses 
per 1000 persons and year. BE = Belgium; DE = Germany; FI = Finland; IE = 
Ireland; IT = Italy; LU = Luxembourg; NL = the Netherlands; PT = Portugal; ES 
= Spain; SE = Sweden; UK = United Kingdom. The figure is taken from 
Bronzwaer, 2002, EID [101]. 

Antimicrobial resistance is undoubtedly caused by the use of antimicrobial agents, as 

illustrated in Figure 7. These drugs were almost considered miracle drugs after their 

introduction and have now been used to an immense extent during the last 50 years. It 

has been calculated that since their introduction, approximately one million tons of 

antibiotics have been released into the biosphere [25, 102]. This obviously has had a 

great effect on the microbial ecology; and strong evolutionary pressure as well as 

extensive selection must have taken place following such a massive intervention on the 

environment. The missing link is all the bacterial species not studied, since antibiotics 

act on the entire microflora and not only on the pathogenic targets for the treatment. 

Nevertheless, it is in the human pathogens that the resistance mechanisms have been 

thoroughly mapped; and for that reason we seldom recognise the original source or the 
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routes of dissemination into pathogens for these determinants [25]. Once established in 

pathogenic strains the resistance determinants continue to spread as a result of the high 

consumption of antimicrobials throughout the world. It is also likely that in addition to 

overuse, misuse in terms of sub-therapeutic doses due to lack of knowledge, lack of 

resources or substandard quality of drugs contribute to the increase in resistance levels 

and select for resistant strains to colonise and spread in the society [103]. 

4.6.3 How to act on the increasing resistance? 

Although an increase in antibiotic consumption can always be expected to lead to an 

increase also in resistance levels it is debated whether the opposite also is true and in 

that case, in what time interval such a reversion to susceptibility will occur [27, 104, 

105].

In a few studies, a drastic restriction and thus decrease in the use of an antibiotic has 

been followed by a decrease also in resistance rates to the same drug. This was the case 

for example in Finland where rising resistance to erythromycin in group A streptococci 

was met with a change in treatment recommendations in 1991/1992 which effectively 

decreased the out-patient use of macrolides. Following an initial increase in resistance, 

after two years, between 1994 and 1996, a nationwide decrease in erythromycin 

resistance in group A streptococci from 15.6 to 8.6 % could be observed [106]. A 

similar example can be taken from Iceland where a rapid increase in penicillin-resistant 

S. pneumoniae led to an overall reduction in antimicrobial use and subsequently a 

decrease in incidence of penicillin-resistant pneumococci [107]. These examples of a 

decline in resistance might really be the results of the decreased antibiotic consumption 

but naturally occurring variations of resistant and susceptible clones could also have 

influenced the outcome of these intervention studies [27, 108, 109]. Other studies have 

shown that, for example the almost complete cessation of sulphonamide use in the UK 

after 1995, did not at all result in a decreased prevalence of sulphonamide resistant E.

coli but was rather followed by an increase in sulphonamide resistance levels and sul-

genes in clinical isolates [71]. This might partly be explained by the carriage of one of 

the sulphonamide resistance genes, sul2, on a plasmid which actually increases the 

fitness of hosts carrying it [110]. Long-term examples are also the contrasting effects of 

the almost total abandon of chloramphenicol and streptomycin in clinical use where 
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chloramphenicol resistance has decreased while streptomycin resistance has remained 

stable on the same levels throughout the years [27].  

The basis for the concept of a reversion of resistance as a response to lack of selective 

pressure is that antibiotic resistance is considered to have a biological “cost” or impose 

a burden on the resistant bacteria. In absence of the antibiotic, the resistant strains would 

thus have a competitive disadvantage in comparison with susceptible strains supposed 

to possess a higher fitness and the natural selection would hence lead to a decrease in 

resistant strains. This is certainly true for some types of antibiotic resistance and has 

been shown in a number of studies. Many of these studies have however also shown 

that rather than a reversal mutation to susceptibility, further compensatory mutations 

can occur and at least partially restore the lost fitness resulting from the resistance 

genotype [105, 111]. The picture of antimicrobial use in relation to resistance is 

becoming even more complicated taking into consideration the effects of co-selection 

by linkage of resistance determinants in for example integrons and transposons or by 

location on the same plasmids, when use of any of the antibiotics with resistance 

encoded by the element will select for all the other resistance genes found there. Non-

human use of antimicrobials which stands for a not ignorable part of the total use in 

many countries is probably also an important and still not always integrated factor in 

interventions aimed at containment of antibiotic resistance levels [28, 103, 112]. 

Furthermore, part of the resistance burden is also due to the spread of a fairly small 

number of resistant and virulent clones as in the example of methicillin resistant 

Staphylococcus aureus, MRSA, where controlled use of antimicrobials is probably not 

the most important intervention for decreased resistance but rather infection control 

measures to decrease the efficiency of dissemination of the resistant strains [113]. 

Despite the gloomy picture emerging, improved rationality and decreased use of 

antimicrobials is very important to at least slow down the escalating dissemination of 

resistance throughout the world. Rationality in use of antimicrobials includes many 

factors such as correct diagnosis, correct antimicrobial drug, correct dosing, and 

adherence to prescribed treatment in addition to the obvious importance of limiting self-

treatment with antibiotics which is so commonly occurring world-wide. Infection 

control and improved hygiene measures are certainly also very important weapons in 

the war against the spread of resistance in hospitals and the society. In the long run also 
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new drugs acting on other targets than the currently used antimicrobials are important 

for a continued successful treatment of many severe infections. One such possibility 

might be the development of antibacterial peptides into therapeutic drugs, or the 

stimulation of endogenous production of such peptides. 
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5. AIMS OF THE STUDIES 

The overall objectives of the present studies have been to investigate the mechanisms 

for resistance to trimethoprim and sulphonamides in Gram negative bacteria. Also the 

genetic contexts of these resistance determinants have been subjected to studies in an 

attempt to map the mechanisms for dissemination of these genes. 

Specific aims have been to: 

Describe the prevalence of integrons and known dfr-genes in clinical Gram 

negative isolates to explain observed resistance to trimethoprim (study III). 

Describe the distribution of sul-genes in sulphonamide-resistant Gram negative 

isolates (study I).

Investigate the content of detected integrons to clarify possible co-selection of 

trimethoprim and sulphonamide resistance by use of various antibiotics (study II 

& III). 

Explore the resistance mechanisms for strains where no known trimethoprim 

resistance determinants could be identified (study IV). 

Investigate dissemination mechanisms for dfr-genes not carried as gene cassettes 

by integrons (study IV). 

Develop and test a multiplex PCR method for rapid screening for the five most 

frequently occurring dfr-genes (study V). 
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6. MATERIALS AND METHODS 

6.1 Materials 

6.1.1 Urinary isolates 

Between April and June 2001, 105 Gram-negative isolates from urine cultures were 

collected at the Department of Clinical Microbiology at Karolinska University Hospital 

in Solna, Stockholm. These were samples selected with an overweight for trimethoprim 

resistance. The strains had been speciated by the standard methods used in the clinical 

diagnostic laboratory. Samples were both from out-patients and hospital-admitted 

patients and as expected the majority of isolates were E. coli or other 

Enterobacteriaceae. The species distribution in the material is illustrated in Table 1. 

Table 1. Material of 105 Gram-negative urinary isolates partly selected for 
trimethoprim resistance. 

Bacterial isolates Number 
Escherichia coli 75
Klebsiella pneumoniae 5
Klebsiella oxytoca 3
Serratia marcescens 2
Citrobacter koseri 1
Proteus mirabilis 8
Proteus vulgaris 1
Enterobacter cloacae 2
Enterobacter aerogenes 1
Stenotrophomonas maltophilia 2
Acinetobacter 3
Providentia rettgeri 1
Hafnia alvei 1
Total 105 

6.1.2 E. coli from pigs and chickens 

Faecal samples of E. coli from healthy pigs and chickens had been collected at slaughter 

between the years 2000 and 2003 by the Swedish National Veterinary Institute (SVA). 



6. MATERIALS AND METHODS 

33

Of these a subset of sulphonamide resistant samples were selected for further studies, 49 

isolates from chickens from 2000-2002 and 40 from pigs from 2000-2001 and 2003. 

This investigation has been presented in a poster published at the 14th European 

Congress of Clinical Microbiology and Infectious Diseases in 2004 [114]. 

6.1.3 E. coli from the Trimethoprim Intervention Study County Kronoberg 

In an ongoing intervention study in Kronoberg County, Sweden, in which trimethoprim 

prescribing will be held at a minimum during two years, all urinary E. coli isolates 

submitted to the Department of Clinical Microbiology at Växjö Central Hospital in 

Kronoberg County have been collected and stored from June 2004 and will 

continuously be collected until the end of September 2006. From this collection, one 

baseline and one halftime material of 198 and 111 isolates were selected respectively. 

The baseline material of 198 isolates was selected with respect to susceptibility to 

trimethoprim and nalidixic acid in four different categories. The distribution of the 

strains was: 49 trimethoprim resistant and nalidixic acid resistant isolates, 49 

trimethoprim resistant and nalidixic acid susceptible strains, 49 trimethoprim 

susceptible and nalidixic acid resistant strains and finally 51 trimethoprim susceptible 

and nalidixic acid susceptible strains. These samples were consecutive samples within 

the respective category from June to October 2004 and no consideration was taken with 

respect to susceptibility or resistance to other antibiotics. The selection of the halftime 

material was only based on trimethoprim resistance and 111 consecutive trimethoprim 

resistant strains from September to December 2005 were taken up from the freezers and 

used in these studies. 

In addition to the urinary isolates collected within the Kronoberg Trimethoprim 

Intervention study, also 66 trimethoprim resistant E. coli from blood cultures were used 

for investigations. These samples had been collected between 1986 and 2005, also at the 

department of Clinical Microbiology at Växjö Central Hospital. 
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6.2 Methods

6.2.1 Disc diffusion susceptibility test 

In addition to the antibiotic susceptibility testing at the clinical microbiology laboratory, 

an expanded antibiotic susceptibility test was performed using the disc diffusion 

antibiotic susceptibility test with ISO-sensitest medium from Oxoid [115]. The 12 disc-

types of antibiotics used were: ampicillin 10 μg, trimethoprim 5 μg, sulphonamides 300 

μg (containing 111 μg sulphathiazole, 78 μg sulphadiazine and 111 μg 

sulphamerazine), chloramphenicol 30 μg, cefuroxime 30 μg, amoxicillin with 

clavulanic acid 30 μg, gentamicin 30 μg, streptomycin 10 μg, amikacin 30 μg, 

netilmicin 30 μg, kanamycin 30 μg and spectinomycin 25 μg (Oxoid). Zone breakpoints 

were taken from the Swedish Reference Group for Antibiotics, SRGA (www.srga.org)

and complemented with figures from CLSI (formerly NCCLS) for sulphonamides, 

amoxicillin/clavulanic acid, kanamycin and streptomycin [116]. The breakpoints for 

spectinomycin were established in the laboratory based on zone diameter histograms. 

6.2.2 PCR

Detection of selected genes and genetic elements was performed by PCR amplification 

using specific primers. In all experiments, DNA templates used were made by boiling a 

loopful of bacterial sample suspended in 100 μl sterile-filtrated water (Sigma) for 2-3 

minutes and slightly centrifuge the cell material to the bottom of the tube. The DNA 

templates were stored in a freezer at -20 oC. The PCR reaction sample volumes were 

23.5 or 24 μl of PCR master mix to which 1.5 or 1 μl sample template was added. The 

PCR master mixes were prepared according to the Perkin Elmer standard protocol. 
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Table 2. PCR master mix. 

Reagent Final concentration 
PCR buffer II 10xkonc 10 mM tris-HCl, 50 mM KCl 
MgCl2 25 mM 1.6/2.5 mM 
dNTP 10 mM 200 μM 
Primer 1 10 μM 0.5/1.0 μM 
Primer 2 10 μM 0.5/1.0 μM 
Taq Gold 5u/μl 0.6/1.2 u/25 μl 
H2O q.s. 

The Taq polymerase, PCR buffer and MgCl2 solution were bought from Applied 

Biosystems. The deoxynucleoside triphosphates were from Amersham Pharmacia 

Biotech. Two different PCR instruments were used for the PCR reactions, Perkin Elmer 

Applied Biosystems GeneAmp PCR system 9700 and 2400. The temperature program 

was designed as follows: 10 minutes at 95 ºC, 30 cycles of 45 seconds at 94 ºC followed 

by 45 seconds at 50-64 ºC and 2 minutes at 72 ºC and finally, one cycle of 10 minutes at 

72 ºC. Primers and positive controls used for the PCRs are summarized in Tables 3 and 

4 respectively. 
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Table 3. Primers used for PCR screenings for integrons, sul-genes and 
selected dfr-genes.

Primer  Locus  Sequence (5’ to 3’) Annealing 
temp (o C) 

Size product 
(bp)

Source   

Igr1-f
(Igr1-1) 

5’ CS  class 1 integrons
intI

GCT CTA GAC CGA AAC CTT GCG CTC 64 Study III 

Igr1-r
(Igr1-2) 

3’ CS class 1 integrons 
qacE 1

GGA ATT CAT GAT ATA TCT CCC AAT TTG T 64 

Depend on 
variable
cassette
region 

Study III 

Igr1-f2
(Igr1-3) 

5’ CS  class 1 integrons
51 bp from cassette 
region 

TAC GCC GTG GGT CGA TGT TTG ATG 64 Study III 

Igr1-r2
(Igr1-4) 

3’ CS class 1 integrons 
qacE 1 25 bp from 
cassette region 

CTT GAC CTG ATA GTT TGG CTG TGA 64 

Depend on 
variable
cassette
region Study III 

IntI1-f 5’ intI1 CAA CAC ATG CGT GTA AAT 55 Study III 
IntI1-r mid-intI1 TGC GGG TCA AGG ATG TGG ATT T 55 

500
Study III 

IntI1-r2 3’ intI1 CTT GCT GCT TGG ATG CC 55 1004 with 
IntI1f

Study III 

Igr2-f
(Igr2-1) 

5’ CS  class 2 integrons GCT CTA GAT AAT GTG CAT CGT GCA AGC 64 Study III 

Igr2-r
(Igr2-2) 

3’ CS class 2 integrons GCG TTA TCT AGT TCG ACA TAG TCT 64 

2892 

Study III 

Sul1-f 5’ sul1  ATG GTG ACG GTG TTC GGC ATT CTG A 64 Study III 
Sul1-r 3’sul1 CTA GGC ATG ATC TAA CCC TCG GTC T 64 

840
Study III 

QacE-f1 5’ qacE GGC TGG CTT TTT CTT GTT ATC 55 1175 with 
Sul1-r

Study III 

QacE-f2 mid-qacE TGA AAT CCA TCC CTG TCG GTG TTG CTT 55 1030 with 
Sul1-r

Study III 

Sul2-f 5’sul2 GAA TAA ATC GCT CAT CAT TTT CGG 64 Study III 
Sul2-r 3’sul2 CGA ATT CTT GCG GTT TCT TTC AGC 64 

810
Study III 

Sul3-F2 5’ sul3 CAT TCT AGA AAA CAG TCG TAG TTC G 51 974 with 
Sul3-R

[68]

Sul3-F mid-sul3 GAG CAA GAT TTT TGG AAT CG 51 [68] 
Sul3-R 3’ sul3 CAT CTG CAG CTA ACC TAG GGC TTT GGA 51 

773
[68]

IntI3-f 5’ integrase class 3  AGT GGG TGG CGA ATG AGT G 50 [117] 
IntI3-r 3’ integrase class 3  TGT TCT TGT ATC GGC AGG TG 50 

600
[117]

Igr4-f
(Igr4-1) 

5’ intI9 ATT ATC GGT CTA TAG GGC TAA TTG  60 Study III 

Igr4-r
(Igr4-2) 

3’ intI9 GTC TCA AGT AAC ACC ACT TCG AT 60 

1003 

Study III 

Dfr2d-f
(Dfr2d-1)

5’ dfr2d  TTG GGC TTC ACC AGA GTA TCA AGT T 64 Study II 

Dfr2d-r
(Dfr2d-2)

3’ dfr2d  GCT GTG GAC GGT GCC GCA TGA TTT G 64 

359

Study II 

Dfr3-f 5’ dfrA3 ATG TTG ATT TCT TTG ATT GC 44 Study III 
Dfr3-r 3’ dfrA3 GAC TCA AGG TAA CAA AT 44 

478
Study III 

Dfr8-3 5’ dfrA8  ACG GCG CTA TCT TCG TGA ACA ACG 58 [118] 
Dfr8-4 3’ dfrA8  TCT TCC ATG CCA TTC TGC TCG TAG 58 

223
[118]

IS26-p3 IS26 element 5’ of 
dfrA8

GAT CCC CTG GGC GAA ATG CGC CTG 58 [118] 

IS26 p4 IS26 element 3’ of 
dfrA8

TAT GCA TGC AGC GTA CGG CCC ACA GAA TG 58 

736

[118]

Dfr9-f 5’ dfrA9 TAA GAC AGG AGG TAT CGG A 47 Study III 
Dfr9-r 3’ dfrA9 TGG GTT CCT CAC TAA TA 47 

494
Study III 

Dfr10-f 5’ dfrA10 TAT CAC TTA TCT TTG CCA 50 Study III 
Dfr10-r 3’ dfrA10 GGC ACC CCA ACC AGC GAA 50 

538
Study III 

dfrA24-f 5’-dfrA24 CGT TGC TGC TAC TGA GAA CG Study IV 
dfrA24-r mid-dfrA24 TGC GGT CTT TCA GAG GAC TT 

54 158 
Study IV 

dfrA26-f mid-dfrA26 GGT AAC GCG TCA ACA AGG TT Study IV 
dfrA26-r 3’-dfrA26 GGC GTG TAC TTC GGT GAG AT 

55 190 
Study IV 
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Table 4. Positive control strains for PCR

Strain  Plasmid  Integron 
class
/dfr-gene

Source

E. coli
C600

pMS128 Class 1 

E. coli
C600

R67 Class 1 

E. coli
C600

R483 Class 2  

E. coli
DH5

R100.1 Class 1 

Lars Sundström, IMBIM, Uppsala University 

E. coli 
DH5

p22K9 Class 3 Aida Duarte, Laboratory of Microbiology, Faculty 
of Pharmacy, University of Lisbon 

E. coli 
C600

pAZ1 dfrA3 Jane Lewis, Glaxo SmithKline, UK 

E. coli 
C600

pCJO01 dfrA9 Verena Rehbinder, National Veterinary Institute, 
Uppsala

E. coli pDGO100 dfrA10 Hatch Stokes, School of Biological Sciences, 
Macquarie University, Sydney

6.2.3 Gel electrophoresis

Analysis of PCR products, purified templates for sequencing, prepared plasmids and 

restriction fragments were performed using separation by electrophoresis in 0.5-2 % 

agarose gels in TAE or TBE buffer at 50, 100 or 120 V for 30-180 minutes. Agarose 

used was NuSieve 3:1 Agarose from Bio Whittaker Molecular Applications or Agarose 

NA from Amersham Biosciences. Molecular size markers used were number II, VI, VII 

and VIII from Roche. Staining of the DNA was done with ethidium bromide, EtBr and 

photographs of the gels were taken under UV light.

6.2.4 Real-time PCR

In the real-time PCR reactions, the QuantiTect SYBR Green PCR Kit from Qiagen was 

used together with 0.3 or 0.6 μM of primers in 20 μl reactions including 2 μl boiled 

bacterial lysate DNA templates. The program run started with 15 minutes at 95 oC and 

was followed by 40 cycles of 20 seconds at 94ºC, 20 seconds at 60ºC, 62ºC or 65ºC and 

20 seconds at 72ºC, the final step was one cycle of 30 seconds at 65ºC. The 

fluorescence was measured at the end of each cycle and a melt point analysis was 
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performed at the end of the programme. The instrument used for real-time PCR was a 

Rotor-Gene RG-3000 from Corbett research. Primers used for the real-time PCR are 

summarized in Table 5, where also primers used for the validation of the real-time 

multiplex PCR method can be found. 

Table 5. Primers used in the development of multiplex PCR methods for five 
dfr-genes.

Primer  Locus  Sequence (5’ to 3’) Annealing 
temp (o C) 

Size product 
(bp)

Source  

dfr1-f 5´-dfrA1 (multiplex) TGG TAG CTA TAT CGA AGA ATG GAG T Study V 
dfr1-r 3´-dfrA1 (multiplex) TAT GTT AGA GGC GAA GTC TTG GGT A      

425
Study V 

dfr5-f 5´-dfrA5 (multiplex) AGC TAC TCT TTA AAG CCT TGA CGT A       Study V 
dfr5-r 3´-dfrA5 (multiplex) GTG TTG CTC AAA AAC AAC TTC G               

341
Study V 

dfr7&17-f 5´-dfrA7 and 5´-dfrA17
(multiplex) 

ACA TTT GAC TCT ATG GGT GTT CTT C       Study V 

dfr7&17-r 3´-dfrA7 and 3´-dfrA17
(multiplex) 

AAA ACT GTT CAA AAA CCA AAT TGA A        

280

Study V 

dfr7-r 3´-dfrA7 (multiplex) ACC TCA ACG TGA ACA GTA GAC AAA T 227 bp with 
dfr7&17-f

Study V 

dfr17-r 3´-dfrA17 (multiplex) TCT CTG GCG GGG GTC AAA TCT AT            171 bp with 
dfr7&17-f

Study V 

dfr12-f 5´-dfrA12 (multiplex) GAG CTG AGA TAT ACA CTC TGG CAC T      Study V 
dfr12-r 3´-dfrA12 (multiplex) GTA CGG AAT TAC AGC TTG AAT GGT 

60 for 
standard 
mPCR and  
62 for real-
time mPCR 

155
Study V 

16s-f 5´-16S (multiplex) GCG GAC GGG TGA GTA ATG T                      [22] 
16s-r 3´-16S (multiplex) TCA TCC TCT CAG ACC AGC TA 

60 200 
[22]

dfr1s-f 5’-dfrA1 ATG GAG TGC CAA AGG TGA AC Study V 
dfr1s-r 3´-dfrA1 TAT CTC CCC ACC ACC TGA AA 

50 241 
Study V 

dfr5s-f 5´-dfrA5 TCA TTA ATG GCT GCA AAA GC Study V 
dfr5s-r 3´-dfrA5 CCT TTT GCC AAA TTT GAT AGC 

64 460 
Study V 

dfr7s-f 5´-dfrA7 TCT GCA ACG TCA GAA AAT GG Study V 
dfr7s-r 3´-dfrA7 TGC TCA AAA ACC AAA TTG AAA 

50 404 
Study V 

dfr12s-f 5´-dfrA12 TTT ATC TCG TTG CTG CGA TG Study V 
dfr12s-r 3´-dfrA12 TAA ACG GAG TGG GTG TAC GG 

55 457 
Study V 

dfr17s-f 5´-dfrA17 GAA AAT ATC ATT GAT TTC TGC AGT G Study V 
dfr17s-r 3´-dfrA17 TTT TTC CAA ATC TGG TAT GTA TAA TTT    

50 465 
Study V 

6.2.5 Sequence analysis 

For the sequencing reactions 45 μl PCR products were purified with the Jet quick spin 

column technique kit, or with the Jet quick gel extraction spin kit (Genomed) after 

separation of bands by electrophoresis and isolation of products by cutting them out 

from the gel. For the sequencing reactions, ABI Prism Big Dye Terminator Cycle 

Sequencing Ready Reaction Kits v. 1.1 or 3.1 were used. Protocols supplied with the 

kits were followed for 10 μl reactions and purified templates were diluted according to 

band strength on electrophoresis gels. The conditions for the sequencing reactions were 
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one cycle of 30 seconds at 96 oC, 25 cycles of 96 oC for 10 s, 50 oC for 5 s and 60 oC for 

4 min, followed by one cycle of 60 oC for 1 min. After the sequencing reactions, the 

sequencing samples were precipitated with 1 μl NaOAc, 3 M, pH4,8 and 25 μl ethanol 

95 % for approximately 60 minutes, centrifuged for 30 minutes at highest speed in a 

table centrifuge and washed with 100 μl 70 % ethanol. The dried samples were 

resuspended in TSR buffer or HiDi formamide from the respective kits and were 

analysed in the ABI Prism 310 Genetic Analyzer or the ABI PRISM 3100 Avant 

Genetic Analyzer. Primers used for sequence analysis are compiled in Table 6. 

Table 6. Primers used for sequence analysis (NA=Not Applicable) 

Primer  Locus  Sequence (5’ to 3’) Annealing 
temp (o C) 

Source   

M13-fw1 pUC18 & 19 
sequencing primer 5’ 
of polylinker 

GTA AAA CGA CGG CCA G 50-53 

M13-fw2 Further upstream of 
polylinker in pUC18 
and -19 

GTT TTC CCA GTC ACG AC 50-53 

M13-rev1 pUC18 & 19 
sequencing primer 3’ 
of polylinker 

CAG GAA ACA GCT ATG ACC 50-53 

Bioneer Life 
Science 
Corporation 

M13- rev2 pUC18 & 19 
sequencing primer 3’ 
of polylinker 

AGC GGA TAA CAA TTT CAC ACA GG 50-53 Invitrogen 

Kas1-1 sequencing primer CGG CTT TCC CTG GCG AGA GCG AGA NA Study III 
Kas1-2 sequencing primer TAG CTT CAA GTA AGA CGG GCT GAT NA Study III 
Kas2-1 sequencing primer AGT TTT TCC TTC AAT AGA AAA TGC NA Study III 
Kas2-2 sequencing primer ACG CGC ATT GCT AGG TCG TCG TCC NA Study III 
Kas3-1 sequencing primer CAG TTT TTT ATG TCT AAT ATA AAT NA Study III 
Kas3-2 sequencing primer CCT TCC AAT CCG ACT CTG CAT TCC NA Study III 
Igr1-5 sequencing primer AAC TCT ACG TCG CGG GCG GAG CTG NA Study III 
Igr1-6 sequencing primer GGA ACC GGG TCA AAG AAT TCC TCC NA Study III 
U25-r sequencing primer TGA AAC AAC TGC ACA ACC AG NA Study III 
U67-r sequencing primer CAC TAC ATT TCG CTC ATC GC NA Study III 
U67-f sequencing primer GAA CTC GGC AAT GAA CTC TAC NA Study III 
U54-r sequencing primer TTC CGC TCG TCA CCC TTC CAA T NA Study III 
U45-1r sequencing primer TCC GCT CGT CAC CCT TCC AAT NA Study III 
U44-r sequencing primer GCA CTA CAT TTC GCT CAT CGC NA Study III 

6.2.6 Plasmid preparation 

Preparation of plasmids for analysis by gel electrophoresis, restriction cleavage, 

electroporation and transformation was done either according to an alkaline lysis 

protocol or using the Wizard plasmid miniprep kit (Promega) or the Fast plasmid mini 
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kit from Eppendorf [119]. In some cases the plasmid preparation was followed by 

treatment with proteinase K and subsequent phenol-chloroform extraction. 

6.2.7 Plasmid conjugation 

Filter mating conjugation experiments were performed for further information about 

selected isolates. Recipient cells for conjugation experiments were plasmid-free E. coli

K12 derivatives which had been mutated to resistance to rifampicin and nalidixic acid. 

The recipient strain was cultured to saturation in LB-medium overnight. The donor 

strain was cultured in LB to exponential phase for approximately two hours. 0.5 ml of 

recipient cells were mixed with 0.5 ml of donor cells, centrifuged and resuspended in 

100 μl LB and finally incubated on a milliporefilter (25 mm diameter, 0.25 μm pores) 

on an ISO-agar plate in 37 oC for two hours. The filter was rinsed and shaken with 1 ml 

0.9 % NaCl for 30 minutes and the suspension plated in different dilutions on selective 

ISO-agar plates containing rifampicin 200 mg/l and trimethoprim 50 mg/l or 

sulphamethoxazole 500 mg/l depending on the resistance mechanism of interest in the 

experiment. 

6.2.8 Electroporation

Transfer experiments of whole-genome- or plasmid-DNA were performed by 

electroporation to E. coli TOP10 or GeneHogs electrocompetent cells (Invitrogen) 

according to the protocols supplied with the kits. To each vial of 50 μl cells thawed on 

ice 0.5-2 μl DNA template was added, mixed cautiously and shocked in the Gene Pulser 

from Bio Rad at the following settings: 2.5 kV, 200  and 25 μF as recommended by 

the equipment producer. 250 μl SOC medium heated to 37 oC was directly added and 

the samples were shaken at 225 rpm in 37 oC for exactly one hour. 100 μl cell 

suspensions in different dilutions were spread on selective ISO-agar plates with 

trimethoprim 50 mg/l or sulphamethoxazole 500 mg/l depending on the samples tested. 

6.2.9 Shotgun cloning 

To detect and study unknown resistance mechanisms a shotgun cloning approach was 

used. DNA whole genome template was extracted in a robot with the MagAttract DNA 
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Mini M48 extraction kit (Qiagen) and 2-5 μl sample was treated with one of the four 

restriction enzymes EcoRI, PstI, HindIII or BamHI (Roche) in 20 μl reactions with 

suitable buffer supplied by the producer. The samples were incubated for two hours in 

37 oC and the enzymatic cleavage was stopped in 75 oC for 15 minutes. Vectors pUC18 

or pUC19 (Invitrogen) were treated in the same way and all samples were analysed on a 

gel of 0.5 or 1 % agarose in electrophoresis at 40, 50 or 100 V for 60-240 minutes. 

Random ligation of 1-5 μl cleaved sample template with 1-5 μl vector was performed 

with 40-80 U T4 DNA ligase (New England Biolabs), in buffer with ATP from the 

producer in 20 μl reactions. The ligation samples were incubated in 15 oC overnight and 

reactions were thereafter stopped by incubation in 65 oC for 10 minutes. The 

electrophoresis analysis was repeated and subsequently 5 μl ligated samples were 

transformed by heat shock to chemically competent TOP10 cells (Invitrogen). The cells 

were thawed on ice, template added, mixed briefly and incubated 30 additional minutes 

on ice. Each sample was incubated for exactly 30 seconds in 42 oC and thereafter placed 

on ice a second time for three minutes. 250 μl 37 oC SOC medium was added and the 

samples were shaken in 37 oC at 225 rpm for exactly one hour. Different dilutions of the 

samples were spread on selective ISO-agar plates with ampicillin 100 mg/l and 

trimethoprim 50 mg/l or sulphamethoxazole 500 mg/l. Where new clones grew, up to 

three unique colonies were recultured on selective plates, saved and used for all further 

analysis. In the shotgun cloning as well as in conjugation and electroporation 

experiments several positive and negative controls were used to follow the processes 

and assure the results of the experiments.

The sequencing of cloned fragments was performed on PCR products with primers 

specific for the cloning vector. Two forward and two reverse primers were used which 

were all directed towards the polylinker in the pUC18/19 (Table 6). 
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Figure 8. Schematic overview of the shotgun cloning method. 
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7. RESULTS AND DISCUSSION

105 urinary isolates  

The majority of the isolates used for the present studies (studies I, II, III and IV) were E.

coli since this is the most common species among urinary tract infections. The 

remaining isolates were mainly other Enterobacteriaceae with exception for two strains 

of Stenotrophomonas maltophilia and three Acinetobacter isolates (Table 1). 

7.1 Antibiotic susceptibility (study III) 

The material of 105 urinary Gram negative isolates was tested with the disc-diffusion 

method for susceptibility to 12 different antibiotics in addition to the tests that had 

already been performed in the clinical microbiology laboratory. The antibiotics tested 

were ampicillin, trimethoprim, sulphonamides, chloramphenicol, streptomycin, 

spectinomycin, gentamicin, kanamycin, amikacin, netilmicin, amoxicillin with 

clavulanic acid and cefuroxime. Due to the partial selection of the material with respect 

to trimethoprim resistance the majority of these strains, 69, were resistant to 

trimethoprim while two were intermediately susceptible. Expectedly, also the resistance 

to sulphonamides and ampicillin was high, 66 and 67 resistant strains respectively (see 

Table 7). Twelve isolates were not resistant to any antibiotic, though all of these were 

intermediately susceptible to either ampicillin, spectinomycin or both. It should be 

noted that for E. coli the Swedish breakpoint setting classifies wild-type isolates as 

intermediary susceptible instead of susceptible, contrary to the practice in many other 

breakpoint committees, in order to prevent overuse (www.srga.org). As many as 102 of 

the isolates were completely susceptible to amikacin and 101 to netilmicin, while the 

older aminoglycoside streptomycin showed a markedly lower susceptibility with only 

48 strains completely susceptible and 49 resistant. 
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Table 7. Results from the disc-diffusion antibiotic susceptibility tests on the 105 
studied Gram negative urinary isolates. 

 Amp* Trim* Sul Chlor Cef Amo/
Clav

Gent Strep Amik Netil Kana Spec

S 5 34 38 77 90 74 99 48 102 101 95 73 
I 33 2 1 3 3 18 2 8 2 4 1 8 
R 67 69 66 25 12 13 4 49 1 0 9 24 
Tot 105 105 105 105 105 105 105 105 105 105 105 105    
*Zone breakpoints for Acinetobacter were set to 30/11 for amp and 17/13 for trim as for 
Enterobacteriaceae.

The studied material could be divided in as many as 45 different resistance profiles 

including the category of no resistance (Table 8). One pattern except resistance to no 

antibiotics was more prevalent than others, this was resistance to ampicillin, 

trimethoprim, sulphonamides and streptomycin represented by 14 strains, 13 of these 

were E. coli strains. Twenty-four isolates were resistant to four different antibiotics and 

the highest number of antibiotics to which a strain was resistant was nine, represented 

by one isolate. Twenty-nine isolates were resistant to five antibiotics or more, of these 

only two were of other species than E. coli.
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Table 8. Division of the isolates into resistance profiles resulting from disc-
diffusion susceptibility tests. 

R No of 
strains

No of antibiotics
(total strains resistant) 

No antibiotic 12 0 (12)
amp 7
trim 5
amo/clav  2

1 (14)

amp, sul 1
amp, chlor 1
amp, cef  1
trim, sul 1
trim, spec 2
chlor, cef 2

2 (8)

amp, trim, sul 6
amp, sul, strep 3
amp, sul, spec 1
amp, cef, amo/clav 1
trim, sul, strep 3
trim, sul, spec 2
trim, sul, amo/clav  1
trim, strep, spec 1

3 (18)

amp, trim, sul, chlor 1
amp, trim, sul, strep 14
amp, trim, sul, spec 1
amp, trim, chlor, cef 1
amp, sul, amo/clav, strep 1
amp, chlor, cef, amo/clav 1
trim, sul, chlor, kana  1
trim, sul, chlor, spec 1
trim, sul, strep, spec 1
trim, cef, strep, spec 1
cef, strep, kana, spec 1

4 (24)

amp, trim, sul, chlor, strep 7
amp, trim, sul, chlor, spec 1
amp, trim, sul, chlor, gent 1
amp, trim, sul, amo/clav, strep 3
amp, trim, sul, amo/clav, spec 1
amp, sul, chlor, amo/clav, cef 1
amp, trim, sul, strep, spec 3
amp, trim, sul, strep, kana 3
trim, sul, chlor, strep, spec 1

5 (21)

amo/clav, gent, strep, amik, kana, spec 1
amp, trim, sul, chlor, amo/clav, strep 1
amp, trim, sul, chlor, strep, spec 2
amp, trim, sul, strep, kana, spec 1

6 (5)

amp, trim, sul, chlor, gent, kana, spec 1 7 (1)
amp, trim, sul, chlor, cef, amo/clav, strep, spec 1 8 (1)
amp, trim, sul, chlor, cef, gent, strep, kana, spec 1 9 (1)
Total  105 (105)
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7.2 Integrons and gene cassettes (study II & III) 

7.2.1 PCR for integrons (study III) 

Several PCR tests for the four different classes of integrons were performed on the 

entire material. Class 1 integrons were as expected the most common type, PCRs for 

these were performed with four different primer pairs. This was because the first two 

PCR assays were run with the reverse primers specific for the not always conserved 3’ 

region of the integron, the first four primers in Table 3. In a small number of integrons, 

the 3’ end is missing completely and consequently the first two primer pairs did in some 

of the tested samples not give rise to any products at all. Hence, several isolates were 

initially falsely negative for integrons in these PCRs, a circumstance that was evident 

when also experiments with combinations of three different primers specific for the 

integrase gene intI1 were performed, see Table 3. Since this gene is essential for the 

function of integrons, all strains positive for intI1 were also considered positive for 

integrons of class 1. The advantage of the first two primer pairs is that they amplify the 

entire integron including the variable cassette region, the sizes of the products can thus 

be used for estimation of the number of gene cassettes inserted in the integron.

In total, 55 integrons of class 1 and 10 integrons of class 2 were detected in 59 isolates. 

Three strains carried two integrons of class 1 of different sizes and three strains also 

carried one integron of class 1 and one of class 2 simultaneously. Of the isolates 

positive for class 1 integrons, 46 carried complete integrons where also the variable 

cassette region could be amplified. In nine strains only the integrase gene intI1 was 

detected. As expected, no class 3 or class 4 integrons were detected in the material. The 

class 3 integron has only been shown to be relatively commonly occurring in Japan and 

the only time it was detected in Europe was in a Portuguese isolate of Klebsiella

pneumoniae [50-52, 120]. The class 4 integron was originally detected in a Vibrio

cholerae isolate in India and has not been observed elsewhere since then [53]. 
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Figure 9. Gel-electrophoresis with examples of class 1 integrons of different 
sizes illustrating the clustering in three different product sizes. 

The amplification products of complete class 1 integrons varied in size between 1 and 2 

kb with three clusters around 1.05 kb, 1.3 kb and 1.8 kb. The integrons of class 2 were 

all of the same size, approximately 2.7 kb. This size is consistent with the total size of 

the four gene cassettes known to be included in the cassette region of the generally 

conserved class 2 integrons and the extra bases of the 5’ and 3’ conserved segments [54, 

55].

7.2.2 Integrons and antibiotic resistance (study III) 

Integron carriage is closely associated with resistance to several antibiotics of which 

trimethoprim and sulphonamides are very important examples [81]. The carriage of 

integrons was in these studies associated with resistance to in average 4.2 antibiotics 

while isolates negative for integrons were resistant to an average of 1.9 antibiotics. Of 

the 53 isolates resistant to four antibiotics or more, 43 were positive for integrons. This 

means that 10 multiresistant isolates remain in which an accumulation of resistance 

genes have occurred without the assistance of integron-mediated recombination, or by 

means of new variants of integrons which were not detected by our PCR methods. This 

could also be true for the eleven isolates which were resistant to trimethoprim and still 

negative for integrons. 
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The first three gene cassettes normally carried by class 2 integrons, dfrA1, sat1 and 

aadA1 encode resistance to trimethoprim, streptothricin which has rarely been used for 

agricultural purpose in Russia, and to streptomycin and spectinomycin. The resistance 

patterns of the isolates carrying class 2 integrons were however varying implying the 

carriage of several other resistance determining elements in these strains, as shown in 

Table 9. Noteworthy is the high incidence of sulphonamide resistance although only 

class 1 integrons are known to be connected to a sul-gene.

Table 9. Resistance patterns of isolates positive for integrons of class 2, all 
PCR products had the same size, approximately 2.7 kb.

Isolate trim spec strep sul amp kana chlor
U34 * R R R R R R  
U41 R R R     
U56 R R R R R  R 
U73 R R      
U75 R R      
U78 R  R R R R  
U83 * R R  R R   
U90 * R R R R R   
U98 R  R R R   
U100 R  R R    

* Isolates carry integrons of both classes 1 and 2. 

7.2.3 Other studies of integron prevalence 

In additional studies performed in our laboratory, on materials of E. coli collected from 

Peru, Bolivia and southern India analysed with the same methods, results were found to 

deviate from what could be concluded for the Swedish material. In the studies of the 

217 Latin American isolates, which had been isolated from faecal samples from healthy 

children up to six years of age, the prevalence of integrons in trimethoprim- and co-

trimoxazole-resistant isolates was fairly low. Only 45 % of the isolates were positive for 

integrons of class 1 or 2 in the collected materials, there was however an overweight for 

integrons in the Bolivian isolates compared with the ones originating from Peru  [121] 

(unpublished results). The samples from India were 58 E. coli from community-

acquired urinary tract infections. In this material however, all 28 co-trimoxazole 

resistant isolates carried at least one integron of class 1 or class 2 [122]. No class 4 
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integrons were detected either in the isolates from India although this was the country 

for the original discovery of this integron class [53]. The varying results on integron 

prevalence probably partly reflect differences in sample collections, clinical versus 

commensal bacterial strains, in which the latter, integrons appear to be less frequently 

occurring. The prevalence of integrons is probably also differing in these countries. The 

selective pressure from antibiotic use is probably lower in Sweden than in the other 

three countries compared here. In the study of the Indian isolates also resistance to a 

number of other antibiotics was shown to be associated with integron carriage and 

integron-positive strains were in general resistant to a higher number of antibiotics than 

the integron-negative strains [122]. 

7.3 Sequencing of integrons (study II & III) 

A selection of 19 integrons in 18 isolates was based on the comparison of sizes of 

integrons with resistance patterns and an attempt to get a material which was diverse 

both in terms of resistance and integrons, as seen in Table 10. 
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Table 10. Isolates selected for sequence analysis of class 1 integrons 

Isolate Species Resistant to 
U1 E. coli amp, sul, spec 
U25 E. cloacae trim, sul, amo/clav  
U42 E. coli amp, trim, sul, chlor, strep 
U43 K. pneumoniae amp, trim, sul 
U44 E. coli amp, trim, sul, chlor, amo/clav, strep 
U45 E. coli amp, trim, sul, chlor, cef, gent, strep, 

kana, spec 
U54 E. coli amp, trim, sul, amo/clav, strep 
U55 E. coli amp, trim, sul, strep 
U57 E. coli amp, trim, sul 
U67 E. coli amp, trim, sul, chlor, cef, amo/clav, 

strep, spec 
U69 E. coli amp, trim, sul 
U76 P. mirabilis trim, sul, spec 
U77 E. coli amp, trim, sul, strep 
U80 E. coli amp, trim, sul, chlor, gent 
U82 E. coli amp, trim, sul, strep 
U91 E. coli trim, sul 
U92 E. coli amp, trim, sul, chlor, strep 
U105 E. coli amp, trim, sul, strep 

The results from the sequence analysis of integrons are shown in Table 11 and Figure 

10. In total, seven different dfr-genes, dfrA1, dfr2d, dfrA5, dfrA7, dfrA12, dfrA17 and 

dfrA22, and three different aadA-genes, aadA1, aadA2 and aadA5 were detected. Of 

these, the dfr2d and the dfrA22 genes had not been described previously, the remaining 

five dfr-genes are well known and have been shown to occur in many studies of 

integron gene cassettes as mentioned earlier [82, 84-89]. Apart from the open reading 

frame orfX in two integrons, no gene cassettes other than dfr- and aadA-genes were 

found to be present in these isolates. Since all isolates but one are resistant to 

trimethoprim the high frequency of dfr-genes is not surprising. Also streptomycin and 

spectinomycin resistance is fairly common in these strains. Since these antibiotics have 

not been used in clinical practice in a very long time except for a low usage of 

streptomycin for tuberculosis and scarce treatment of gonorrhoea with spectinomycin, 

the high prevalence of aadA-genes and as a result this resistance is somewhat 

surprising. This indicates that the carriage and expression of aadA-gene cassettes in 

integrons might not confer a high biological cost to the bacteria. The integrons have the 

capacity of excising gene cassettes which are no longer useful for the bacterium 
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carrying the integron and despite this, these aadA-genes are so frequently occurring. 

Isolates resistant to the same antibiotics were shown to carry different integrons and 

isolates with integrons containing the exact same set of gene cassettes, on the contrary 

at times displayed differing antibiograms. 

These results also led to the conclusion that the increase in trimethoprim- and 

sulphonamide resistance observed at the clinical laboratory of Karolinska University 

Hospital is not a result of co-selection by use of other antibiotics for which resistance 

determinants are carried as gene cassettes in dfr-gene-containing class 1 integrons. Such 

co-selection could however still occur by genetic linkage of integrons with resistance 

genes located in the same transposons or on the same plasmids, or by association with 

the recently described common regions. 

Table 11. Number of isolates and description of gene cassettes inserted in the 
variable cassette regions of integrons for each resistance pattern found for the 
18 strains subjected to sequence analysis. 

Resistant to No Gene cassettes 
trim, sul 1 dfrA17, aadA5 
amp, trim, sul 3 dfrA17, aadA5 or dfrA7 
amp, sul, spec 1 aadA2
trim, sul, spec 1 aadA2
trim, sul, amo/clav  1 dfrA22
amp, trim, sul, strep 4 dfrA7 or dfrA5
amp, trim, sul, chlor, strep 2 dfrA7 or dfr2d 
amp, trim, sul, chlor, gent 1 dfrA12, orfX, aadA2 
amp, trim, sul, amo/clav, strep 1 dfrA7, aadA5 
amp, trim, sul, chlor, amo/clav, strep 1 dfrA1, aadA1 
amp, trim, sul, chlor, cef, amo/clav, strep, spec 1 dfrA12, orfX, aadA2 
amp, trim, sul, chlor, cef, gent, strep, kana, spec 1 aadA1 or aadA5 
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intI1 attI            attC     qacE 1, sul1, orf5 

U92

            dfr2d

U77, U105 

              dfrA5 

U42, U55, U57, U82

              dfrA7

U25

              dfrA22

U44

              dfrA1 aadA1 

U54

              dfrA7 aadA5 

                      U43, U69, U91

              dfrA17 aadA5 

U1, U76

               aadA2 

U45

               aadA1 

U45

               aadA5 

dfrA12 orfX       aadA2  U67, U80

Figure 10. Structures of the 19 integrons subjected to sequence analysis. The 
isolate U45 carried two class 1 integrons which were both sequenced. 

7.3.1 dfr2d (study II) 

The gene dfr2d, or dfrB4 (EMBL Accession number AJ429132 ) is the fourth gene in 

the unique group of now five dfrB-genes which are the only ones not related at all to 

other dihydrofolate reductases genes. Plasmid preparation, gel electrophoresis, 

electroporation and conjugation experiments were performed and results showed that 
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the dfr2d-containing integron is situated on a plasmid with a size over 20 kb which was 

not transferable in the electroporation and conjugation experiments.  

As mentioned earlier, all the remaining dihydrofolate reductases, housekeeping genes as 

well as resistance genes, are identical to at least 20 %, but this group of dfr2- or dfrB-

genes distinguish itself as completely different in terms of both sequence and structure 

[118]. The first three genes in this group were described in the early 1980’s and they all 

confer high-grade resistance to trimethoprim. Just as the preceding three dfr2-genes,

also dfr2d was carried as a gene cassette in a class 1 integron, this time as a single 

cassette also with a unique attC element, which is related to the ones of the formerly 

detected genes. This year, also a fifth dfr2-gene, dfr2e or dfrB5, has been described in 

two nearly identical integrons in Pseudomonas aeruginosa isolates in Brazil (EMBL 

Accession number DQ139278 and DQ139279). All the DHFR2-enzymes are formed by 

four identical peptides of 78 amino acids and the five enzymes are according to a 

Clustal W alignment identical to 65 % on amino acid level as shown in Figure 11.  

CLUSTAL W (1.83) multiple sequence alignment 

dfr2a            MERSSNEVSNPVAGNFVFPSNATFGMGDRVRKKSGAAWQGQIVGWYCTNLTPEGYAVESE 60 
dfr2e            MDQGRSEVSNPVAGQFAFPSNAAFGMGDRVRKKSGAAWQGQIVGWYCTKLTPEGYAVESE 60 
dfr2b            MGQSSDEANAPVAGQFALPLSATFGLGDRVRKKSGAAWQGQVVGWYCTKLTPEGYAVESE 60 
dfr2c            MDQHNNGVSTLVAGQFALPSHATFGLGDRVRKKSGAAWQGQVVGWYCTKLTPEGYAVESE 60 
dfr2d            MNEGKNEVSTSAAGRFAFPSNATFALGDRVRKKSGAAWQGRIVGWYCTTLTPEGYAVESE 60 
                 * .  . ..  .**.*.:*  *:*.:**************::******.*********** 

dfr2a            AHPGSVQIYPVAALERIN 78 
dfr2e            AHPGSVQIYPVAALERIN 78 
dfr2b            SHPGSVQIYPVAALERVA 78 
dfr2c            SHPGSVQIYPVAALERVA 78 
dfr2d            SHPGSVQIYPMTALERVA 78 
                 :*********::****:

Figure 11. Alignment of the five dfr2-genes using the Clustal W tool from 
EMBL-EBI, stars denote identical amino acids. Amino acid sequences used are 
from the EMBL database with accession numbers: U36276 (dfr2a), U12441 
(dfr2b), AY123252 (dfr2c), AJ429132 (dfr2d) and DQ139278 (dfr2e).

Primers specific for this new gene were designed and PCR performed on all remaining 

104 isolates in the material but no other isolate was positive for this gene (see Table 3. 

for primer sequences). Later the dfr2d gene has been described in isolates of Klebsiella
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pneumoniae and E. coli from China and an Aeromonas hydrophila from Taiwan. The 

Swedish patient infected with the dfr2d-carrying E. coli had a history of a traffic 

accident and subsequent hospital care and antibiotic treatment in Thailand 2 weeks 

preceding the infection. It is possible that the trimethoprim-resistant strain isolated from 

the urinary tract infection is really of Asian origin and that this gene is more prevalent 

in that part of the world. 

7.3.2 dfrA22 (study III) 

The second new dfr-gene detected in the sequence analysis was named dfrA22 (EMBL 

Accession number AJ628423) and also this gene appeared as a single gene cassette in 

the class 1 integron where it was detected. The DHFR22 enzyme was shown to be 88 %  

identical to DHFR13 and 84 % identical to DHFR12. Together with dfrA21, these three 

genes form a subfamily of dfrA-genes all encoding peptides of 165 amino acids with 79 

% amino acid identity as shown in Figure 12. The attC elements of the gene cassettes in 

this group are also closely related [123-125]. The dfrA12 gene has been shown to have a 

relatively close relationship with the dihydrofolate reductase gene of Neisseria

gonorrheae but this does not imply that this is the original source for this group of 

genes [118]. 
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CLUSTAL W (1.83) multiple sequence alignment 

DHFR13          MNPESVRIYLVAAMGANRVIGNGPDIPWKIPGEQKIFRRLTESKVVVMGRKTFESIGKPL 60 
DHFR21          MNPESVRIYLVAAMGANRVIGNGPDIPWKIPGEQKIFRRLTESKVVVMGRKTFESIGKPL 60 
DHFR22          MNPELVRIYLVAAMGANRVIGNGPDIPWKIPGEQKIFRRLTEGKVVVMGRKTFESIGKPL 60 
DHFR12          MNSESVRIYLVAAMGANRVIGNGPNIPWKIPGEQKIFRRLTEGKVVVMGRKTFESIGKPL 60 
                **.* *******************:*****************.***************** 

DHFR13          PNRHTVVLSRQAGYSAPGCAVVSTLSHVSPSTAEHGKELYVARGAEVYALALPHANGVFL 120 
DHFR21          PNRHTVVLSRQARYSAPGCAVVSTLSQAIAIAAEHGKELYVAGGAEVYALALPHANGVFL 120 
DHFR22          PNRRTVVLSRQASYSAAGCAVVSTLSQAIAIAAEHGKELYVAGGAEVYALALPRADGVFL 120 
DHFR12          PNRHTLVISRQANYRATGCVVVSTLSHAIALASELGNELYVAGGAEIYTLALPHAHGVFL 120 
                ***:*:*:**** * *.**.******:. . ::* *:***** ***:*:****:*.**** 

DHFR13          SEVHQTFEGDAFFPVLNAAEFEVVSSETIQGTITYTHSVYARRNG 165 
DHFR21          SEVHQTFEGDAFFPVLNAAEFEVVSSETIQGTITYTHSVYARRNG 165 
DHFR22          SEVHQTFEGDAFFPVLDEAEFEVVSAETVQATITYTHSVYARRNG 165 
DHFR12          SEVHQTFEGDAFFPMLNETEFELVSTETIQAVIPYTHSVYARRNG 165 
                **************:*: :***:**:**:*..*.*********** 

Figure 12. Clustal W alignment of the four enzymes encoded by the dfrA12-
group of trimethoprim resistance genes. EMBL Accession numbers for the used 
sequences are Z21672 (DHFR12), Z50802 (DHFR13) and AY552589 
(DHFR21) in addition to AJ628423 which was assigned to the dfrA22 gene. 

7.3.3 Additional studies 

In the aforementioned studies of Indian and Latin American co-trimoxazole-resistant E.

coli isolates, also sequence analysis of a number of integrons was done. Similar to the 

present studies the dominating gene cassettes carried by these integrons were dfr- and 

aadA-gene cassettes [121, 122]. In the Indian isolates dfrA1, dfrA7, aadA1 and orfX

were identified and in the Latin American samples also dfrA1 and aadA1 were common, 

confirming that these genes are as widespread globally as earlier suggested in studies 

performed in Europe, Canada, Australia and Korea [84-89]. In addition to these genes, 

the class 1 integron in one isolate from Bolivia also carried the gene cassettes catB3 and 

aacA4 which encode resistance to chloramphenicol and amikacin and related 

aminoglycosides. 
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7.4 Sulphonamide resistance determinants

7.4.1 Screening for sul-genes in urinary isolates (study I & III) 

PCR assays, initially specific for sul1 and sul2 were run on 66 of the 105 urinary 

isolates which were resistant to sulphonamides (primer sequences are shown in Table 

3). The two genes were present in 62 of the 66 isolates distributed on 14 strains carrying 

the sul1 gene, 23 which were positive for sul2 and 25 isolates that carried both genes. 

This result is in line with other more recent studies in the United Kingdom and in 

Denmark demonstrating that prevalence of sul2 has increased in comparison with that 

of sul1 [22, 71, 90]. In studies of 200 Salmonella isolates in Portugal, sul1 was however 

shown to be twice as common as sul2 [94]. Although sulphonamides are rarely used 

alone and the consumption of co-trimoxazole nowadays in Sweden and other countries 

such as the United Kingdom has decreased, resistance rates for sulphonamides in 

clinical isolates are persistently high and even increasing [71, 80, 90, 126]. This is not 

surprising considering the fact that dfr-genes and sul1 are closely connected by their 

location in class 1 integrons. An increase in prevalence of sul2-genes is unexpected and 

must hence be explained by linkage to other beneficial genetic elements. Recently sul2

was shown to be carried by a plasmid named p9123 which in conjugation and growth 

competition experiments increased the fitness of its host [110]. This location of sul2

together with linkage to other determinants for resistance to commonly used antibiotics 

on transferable plasmids can probably explain much of the dissemination of sul2

observed lately. 

One of the isolates was positive both for sul1 and sul2 in the PCRs despite the fact that 

it had been proven negative for class 1 integrons. This strain was investigated further by 

PCR with two forward primers specific for the qacE gene together with the Sul1-r 

primer (see Table 3.) and the resulting product showed that the array of both genes was 

present. Three plasmids with sizes of approximately 8.0, 4.4 and 1.5 kb were isolated 

from this strain and PCR for sul1 on each isolated plasmid revealed that only the largest 

of the three was positive for the gene. The sulphonamide resistance was however not 

possible to transfer to a recipient in repeated conjugation experiments. It is possible that 

this strain does carry an integron with an altered 5’ sequence which hinders its detection 

by PCR, or else the sul1 gene is truly occurring outside its conserved genetic context for 

the first time. 
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7.4.2 Sulphonamide-resistant isolates negative for sul1 and sul2 (study I) 

Four strains of E. coli were negative for both genes in the screenings for sul1 and sul2.

These isolates were subjected to several conjugation and electroporation experiments to 

determine the character of the unknown resistance mechanisms. Two of the isolates 

were shown to carry plasmids of sizes between 50 and 80 kb and restriction patterns 

after cleavage with PvuII, HindIII and SphI were different for the two plasmids isolated. 

Only one of the plasmids was further shown to be transferable and to co-transfer the 

sulphonamide resistance in the conjugation experiments. 

In 2003 the third horizontally transferable sulphonamide resistance gene, sul3, was 

described in E. coli from pigs in Switzerland [68]. PCR specific for this gene was hence 

performed for the four remaining isolates and two of them resulted positive. These two 

isolates were the ones which had been shown to carry plasmids. The detected genes 

were also subjected to sequence analysis and they were shown to be identical to the 

initially described gene. These two E. coli strains were the first isolates of human origin 

shown to carry the new sul3 gene. Also the remaining 62 sulphonamide-resistant 

isolates were tested with the sul3-specific PCR but no further sample resulted positive 

for this gene. 

Two isolates still remain in which the sulphonamide resistance mechanisms are 

unknown. These isolates do not seem to carry plasmids and hence the resistance 

determinants must be chromosomally located. These isolates are highly resistant to 

sulphonamides, both with disc diffusion inhibition zones of 6 mm. Mutations in the folA

gene has never earlier been observed to cause high-level resistance but mutations, 

possibly in combination with other alterations can not be excluded as the mechanism for 

resistance in these strains. Another explanation for the resistance might be an 

overproduction of pABA-synthetase, which would make the sulphonamide insufficient 

in the competitive inhibition of the dihydropteroate synthase. 

7.4.3 Screening for sul-genes in E. coli from pigs and chickens (unpublished 

results) 

The sul3 gene was detected in one third of the source material of 102 pathogenic 

sulphonamide-resistant E. coli from pigs in different parts of Switzerland where it was 
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first described [68]. Soon after its discovery it was also shown to be occurring in 13 of 

94 sulphonamide-resistant E. coli from pigs, cattle and poultry in Germany with 

dominance for pig sources, 8 isolates [91]. This led to the study of sul-gene prevalence 

in Swedish isolates of animal origin. E. coli from healthy pigs and chickens were 

screened for the three genes and results were fairly different for the animal groups. 

Unlike the German studies, no sul3 genes were detected in strains from chickens, while 

several pig isolates carried the gene. In the chicken strains sul2 dominated and as also 

for the pig isolates occurrence of both sul1 and sul2 in the same strains was low. 

Another interesting finding was that the proportion of strains negative for all three genes 

was fairly high for both chicken and pig isolates, 20 and 30 % respectively. For 

comparisons also with the tested material of human origin see Figure 11. 

Figure 13. Distribution of sul-genes in sulphonamide resistant clinical strains of 
Enterobacteriaceae, and in resistant E. coli from healthy pigs and chickens. 

In total, of 49 chicken isolates two carried only sul1, 35 carried only sul2 and two were 

positive for both genes. No sul3 genes were detected and 10 isolates were negative for 

all three genes. Of the 40 isolates collected from pigs eight carried only sul1, 14 only 
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sul2 and one isolate carried both genes. Five isolates were positive for sul3 while twelve 

isolates did not carry any of the tested genes.

Sulphonamides are still widely used in veterinary medicine and the high prevalence of 

sul3 in bacterial isolates of animal origin suggests that spread of this resistance 

determinant has mainly occurred from animals to humans and not in the opposite 

direction. In recent studies of sulphonamide resistance mechanisms in Salmonella

isolates in Portugal, the majority of the resistance was caused by carriage of sul1. Of 

200 isolates from human clinical samples, food products and a few strains from the 

environment, 152 carried sul1, 74 carried sul2 and 14 were positive for sul3. In these 

isolates 34 were positive for more than one of the genes and the dominating co-location 

was by sul1 and sul2 [94]. In contrast to the present results, none of the isolates was 

reported to be negative for all three genes. In similar studies from Germany, 22 of 512 

sulphonamide-resistant Salmonella strains were shown to carry sul3. The majority of 

these, 17, were from poultry, mainly turkeys and the remaining five isolates were from 

pigs and food products from pigs and poultry [93]. 

7.4.4 Other studies of sul-gene prevalence 

A screening for sul-genes has also been performed in the material of faecal E. coli from 

healthy children in Peru and Bolivia. In this material of 20 co-trimoxazole-resistant 

isolates, four carried sul1 alone, 12 carried sul2 alone, three carried sul1 and sul2 and 

one Peruvian isolate carried sul2 and sul3 [121]. This was the second time sul3 was

detected in human E. coli and this time it originated from a commensal isolate from a 

completely different part of the world. In the studies of Indian isolates mentioned above, 

no sul3 genes were detected. In this screening, 11 of 30 sulphonamide-resistant isolates 

carried sul1, 26 carried sul2 and eight of these isolates were positive for both genes, 

while one sulphonamide-resistant isolate remained negative for all three sul-genes tested 

for. A recent study has described the sul3 gene in Salmonella isolates in Brazil 

indicating its spread on the Latin American continent [127]. In the previously 

mentioned study from Portugal, six of the isolates positive for sul3 were of human 

origin and many of these also carried other sul-genes [94]. The prevalence of sul3 in 

clinical and commensal samples needs to be further studied before any conclusions can 

be drawn on its importance for resistance dissemination. Nevertheless, the occurrence of 
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the gene in animals and food products indicates that this gene might become more 

prevalent in the future.  

7.4.5 Isolates with unknown sulphonamide resistance mechanisms 

Shotgun cloning experiments were performed on the two isolates with unknown 

sulphonamide resistance mechanisms. These did however never result in growth of any 

new resistant clones on the selective plates. Further studies should be carried out to 

elucidate this intriguing circumstance. 

7.5 Trimethoprim resistance determinants (study III & 
IV)
After the screening for integrons was completed, eleven isolates remained which were 

resistant to trimethoprim and negative for carriage of integrons. In addition to these, two 

isolates were in the sequence analysis of integrons shown not to carry dfr-gene cassettes 

in the variable cassette region. 

7.5.1 PCR screening for cassette-independent dfr-genes (study III) 

Five genes, dfrA3, dfrA4, dfrA8, dfrA9 and dfrA10 were known not to be borne as gene 

cassettes in integrons [118, 128-131]. Screening for four of these genes were made by 

PCR, the DNA sequence of dfrA4 is not published and consequently no PCR primers 

could be designed for this gene, see Table 3. for primer sequences.  None of the thirteen 

isolates tested was however shown to carry any of these four genes and the conclusion 

drawn was that these isolates either carried previously unknown dfr-genes or dfr-gene-

containing integrons which had not been detected in the previous PCR assays for 

integrons.

7.5.2 Conjugation experiments 

For further information on the characteristics on the trimethoprim resistance 

mechanisms plasmid preparations, gel electrophoresis and conjugation experiments 
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were performed. Carriage of plasmids of different sizes could be shown for four of these 

strains and the trimethoprim resistance was transferred by conjugation for three isolates. 

7.5.3 Shotgun cloning (study IV) 

Shotgun cloning experiments were performed on all 13 strains of interest for 

trimethoprim resistance mechanisms. The majority of the experiments were successful 

with respect to growth of new clones. Only three strains did not give rise to any new 

clones in these experiments. These were the two isolates also subjected to cloning with 

selection for sulphonamide resistance mentioned above and one isolate of 

Stenotrophomonas maltophilia. The Stenotrophomonas strain was resistant to 

streptomycin, spectinomycin and cefuroxime in addition to trimethoprim but it did not 

grow on 1000 mg/l of trimethoprim. No plasmids have been possible to isolate from any 

of these three strains and it is possible that the observed resistance might be explained 

by other mechanisms than horizontally transferred dfr-genes.

Of the remaining ten successful experiments however, complete sequences of the 

inserted fragments have only been obtained for two isolates so far. Preliminary results 

were also obtained for two isolates although short stretches still seem to be missing to 

achieve overlapping sequences. Two previously unknown dfr-genes were detected in 

these studies, the other two genes were most likely one dfrA17 and one dfrA10. Both the 

known dfr-genes were detected in the two isolates which were positive for integron 

carriage but for which the sequence analysis had failed to reveal dfr-gene cassettes in 

the investigation performed in study III. The dfrA17 gene was found to be inserted in 

one of the two class 1 integrons which were carried by isolate U45. The sequence 

analysis of this integron had not been successfully performed and hence this gene was 

not detected at that stage. The dfrA10 gene was inserted downstream of orf513 and 

followed by qacE 1 and sul1, the same genetic context in which dfrA10 was first 

described [131]. Connection of this array of genes including dfrA10 with the detected 

integron of the isolate, U76, has not been demonstrated in these studies but it seems 

very likely that such a linkage exists. Duplications of the qacE 1 and sul1 genes of the 

3’ end of class 1 integrons has been described in a number of studies and much interest 

is now focused on the area between these duplications which also contains a 

recombinase (orf513) and is called the common region, CR1 [62-64]. 
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Six additional shotgun cloning experiments have resulted in growth of new 

trimethoprim resistant clones on the selective antibiotic plates. The reason for not 

obtaining sequences of inserted fragments containing the trimethoprim resistance 

mechanisms is that PCR and direct sequencing with primers specific for the cloning 

vector result in more than one product. It seems the competent cells have taken up more 

plasmids than the constructs containing the resistance determinants, probably they have 

also taken up ligated vectors without inserts. Plasmid preparations of the new clones 

were made and these were re-transformed to new competent cells. This additional step 

was however not enough to solve the problem and probably new cloning experiments 

including less DNA template initially are required to obtain the sequences of the 

trimethoprim resistance mechanisms which have apparently been possible to clone for 

these six described strains. 

7.6 New trimethoprim resistance genes not carried as 
gene cassettes (study IV) 
Two new genes, dfrA24 and dfrA26 were detected in the successful shotgun cloning 

experiments. Both genes are unrelated to integrons and are carried by isolates for which 

trimethoprim resistance was not transferred by conjugation in such experiments. 

7.6.1 dfrA24

The E. coli strain which carried the dfrA24 gene was highly resistant to trimethoprim 

and grew on 1000 mg/l of trimethoprim in ISO-agar plates. It was also resistant to 

ampicillin, sulphonamides, chloramphenicol, streptomycin, spectinomycin, norfloxacin 

and ciprofloxacin. At least three plasmids of different sizes, approximately 8.0, 4.4 and 

1.5 kb were detected in this isolate and the largest was shown to carry sul1 without 

obvious connection to a class 1 integron as described above. Isolation and 

electroporation of each of these three plasmids separately was not feasible and hence 

transferability of the trimethoprim resistance with a plasmid to a recipient cell has not 

been proven. The sequence of the cloned fragment was 927 bp long and contained an 

open reading frame of 558 bp which translates to a peptide of 185 amino acids. This 

peptide was in BLAST analysis shown to be 27 % identical to DHFR8 and 22 % to 

DHFR9 as shown in Figure 14. It was however related to housekeeping dihydrofolate 
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reductases of different organisms to about the same extent, the closest relationship was 

observed with Porphyromonas gingivalis (AE015924) with an amino acid identity of 28 

%.

CLUSTAL W (1.83) multiple sequence alignment 

DHFR9                   -----------MASLNMIVAVNKTGGIGFENQIPWH-EPEDLKHFKAVTMNSVLIMGRKT 48 
DHFR_Porphyromonas      -------------MISIVVAIAENGAIGYKNDLLWH-LPADLKRFKEMTTGHSIIMGSRT 46 
DHFR24                  MTYQLDVSKILSFDLEAIVAATENGGIGYKGDLPWR-LQGDLKRFREITQGGIVIMGAGT 59 
DHFR8                   -----------MIELHAILAATANGCIGKDNALPWPPLKGDLARFKKLTMGKVVIMGRKT 49 
                                      :  ::*   .* ** .. : *     ** :*: :* .  :***  * 

DHFR9                   FASLPK-VLPGRLHVVVSKTV---PPTQNTDQVVYVSTYQIAVRTASLLVDKP-----EY 99 
DHFR_Porphyromonas      FRSLPKGALPNRRNIVLSR------MQQDFPGAEWAASPEVALELVG-----------EE 89 
DHFR24                  YKSLPS-PLKDRINIVITKKSE--ISWTACYDVRVVNSPEDALRMVGRIIDEKEEQGRDR 116 
DHFR8                   YESLPV-KLEGRTCIVMTRQALELPGVRDANGAIFVNNVSDAMRFAQEES--------VG 100 
                        : ***   * .*  :*:::             .  . . . *:. .

DHFR9                   SQIFVIGGKSAYENLAAYVDKLYLTRVQLNT-QQDTELDLSLFKSWKLVSEVPTITENKT 158 
DHFR_Porphyromonas      AEAFVIGGAQVYEQMLPYTDKIYLTRVHADFPEADTFFPELDMSEWVELSRTEYPADEKN 149 
DHFR24                  PRVFVIGGASIYQALMPFVSTLHWTEVHVEQLPEEIGLDT-YIEDFLSLRGTSTPKRKSN 175 
DHFR8                   DVAYVIGGAEIFKRLALMITQIELTFVKRLY-EGDTYVDLAEMVKDYEQNGMEEHDLHTY 159 
                           :**** . :: :      :  * *:      :  .    : .            ..

DHFR9                   KLIFQIWINPNPISEEPTC 177 
DHFR_Porphyromonas      RYATTLLELIRDY------ 162 
DHFR24                  LVLPPTPTTP--------- 185 
DHFR8                   FTYRKKELTE--------- 169 

Figure 14. Alignment of the new trimethoprim-resistance dihydrofolate 
reductase DHFR24 (AJ972619) with DHFR8 (U10186), DHFR9 (X57730) and
the related housekeeping DHFR of Porphyromonas gingivalis (AE015924). The 
Clustal W tool from EMBL-EBI was used for comparisons of sequences. 

Surrounding the gene named dfrA24 were short sequences of various origins, these were 

related to sequences from Yarrowia lipolytica, Schizosaccharomyces pombe and to 

Methylobacterium extorquens as shown in Figure 15. Since the obtained sequenced 

fragment was so short, no insertion site for these sequences into the E. coli genome or 

plasmid could be detected. Nevertheless, no traces of integron or gene cassette 

sequences were observed in this cloned fragment. No in-frame stop codon was 

identified upstream of dfrA24, therefore an earlier start of the gene or a fusion with 

another open reading frame cannot be excluded although such circumstances seem 

rather unlikely. 
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Figure 15. Schematic overview of the cloned fragment from the integron-
negative isolate U21 containing the new trimethoprim resistance gene dfrA24.

7.6.2 dfrA26

The second new gene discovered in the shotgun cloning experiments, dfrA26, was also 

carried by an E. coli which was resistant to >1000 mg/l of trimethoprim. The strain was 

also resistant to ampicillin, sulphonamides, streptomycin and amoxicillin with 

clavulanic acid. No plasmids could be detected in this isolate and the sulphonamide 

resistance was conferred by a sul2 gene with unknown location. The inserted fragment 

analysed from this strain was 1100 bp long and contained the open reading frame of 552 

bp named dfrA26. The translated peptide of 183 amino acids was shown to be distantly 

related to DHFR9 and slightly more similar to housekeeping dihydrofolate reductases 

such as that from Bartonella quintana str. Toulouse (EMBL Accession number 

BX897700) with amino acid identities of 24 and 45 %, respectively, see Figure 16.

dfrA24

HindIII HindIII

927 bp 

bp 83-640 

Sequence related toYarrowia
lipolytica, 62 bp 

Sequences related to Schizosaccharomyces 
pombe, 114 bp and Methylobacterium 
extorquens, 99 and 60 bp 
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CLUSTAL W (1.83) multiple sequence alignment 

DHFR26               MADEEYDPLLDDDMEDAKVAVIAARAQNGCIGRHGKLPWKLPGDLKYFRERTWGKPIIMG 60 
DHFR_Bartonella      --------------MTFPVCLIAAVAENGVIGREGAMPWHLSTDLRRFKALTFGKPIIMG 46 
DHFR9                ---------------MASLNMIVAVNKTGGIGFENQIPWHEPEDLKHFKAVTMNSVLIMG 45 
                                       : :*.*  :.* ** .. :**: . **: *:  * .. :*** 

DHFR26               RKTWESLNGALPGRTNIVVTRQQ--GYEAEGARVVDSIEEAISLAQSIALIEAVDEIMVL 118 
DHFR_Bartonella      RKTWDSLGRALPGRTNIVITRNY--AFMAEGAVIAHSLSEACFIAKRVASQNGADAVFII 104 
DHFR9                RKTFASLPKVLPGRLHVVVSKTVPPTQNTDQVVYVSTYQIAVRTASLLVDKPEYSQIFVI 105 
                     ***: **  .**** ::*:::       :: .  . : . *   *. :.     . :::: 

DHFR26               GGGEIYTQALPQADILYLTEVHASVDGDAFFPDVDLSQYQETQRQDFEPSGGNPYPFSFV 178 
DHFR_Bartonella      GGGEIFQQGFNIADRIFLTEVLASIEGDSFFPVFDREMWTIVQTQYIPEGDKDSHRTRFV 164 
DHFR9                GGKSAYENLAAYVDKLYLTRVQLNTQQDTELDLSLFKSWKLVSEVPTITENKTKLIFQIW 165 
                     ** . : :    .* ::**.*  . : *: :     . :  ..       .       :

DHFR26               VYQRT------- 183 
DHFR_Bartonella      VYERNNNHL--- 173 
DHFR9                INPNPISEEPTC 177 

Figure 16. The enzyme encoded by the new dfrA26 in Clustal W alignment with 
the dihydrofolate reductases DHFR9 and that of Bartonella quintana
(BX897700).

Upstream of the dfrA26 gene two interesting findings were observed. First, the gene was 

preceded by a fragment of a thymidylate synthase gene. The gene for this enzyme is 

often connected to housekeeping dihydrofolate reductase genes and in some cases even 

the enzymes are connected as for example in Leishmania and Plasmodium since the two 

enzymes are involved in the same process of folic acid synthesis [21, 132]. 

Furthermore, also dfrA20 in Pasteurella multocida was recently shown to be preceded 

by traces of a thymidylate synthase [133]. The second finding in the sequence 5’ of 

dfrA26 was the breakpoint in which the thymidylate synthase gene and dfrA26 was 

inserted, which is identical to the recombination breakpoint found in several common 

regions. Downstream of dfrA26 a fragment of an insertion element, ISVs3 from Vibrio

salmonicida (AJ289135) was detected. The characteristics of the identified sequences of 

the cloned fragment from this strain are shown in Figure 17. 
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Figure 17.  The new dfrA26 gene conferring resistance to trimethoprim and its 
genetic surroundings including the recombination site which is identical for 
many genes inserted in common regions containing a large variety of 
accumulated resistance genes. 

The suggested insertion of dfrA26 into a common region illustrates a dissemination 

mechanism for dfr-genes of probable increasing importance. Common regions were first 

described in 1993 when two complex class 1 integrons were found to be followed by an 

orf513, a non-cassette antibiotic resistance gene, dfrA10 or catA2 and downstream of 

these a duplication of qacE 1 and sul1 from the 3’ sequence of the integron [63, 134]. 

Lately the interest for these elements has increased and several studies have reported on 

the accumulation in these elements of a large number of resistance genes. In addition to 

the mentioned trimethoprim and chloramphenicol resistance genes, for example several 

dfrA26

BamH1 BamH1

1100 bp 

bp 303-854 

bp 170-259
Thymidylate Synthase 

bp 894-992 
fraction identical with ISVs3

bp 148-190 
agggcgtttattcttcctatac/gtcattgaatcctgatgtga
- The breakpoint used for insertion into the common region
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types of -lactamase genes, including a metallo- -lactamase (blaCTX-M, blaVEB, blaCMY,

blaDHA, blaMOX, blaPER, blaSPM and blaOXA), the recently described mobile quinolone 

resistance gene qnr, the tetracycline resistance gene tetR, ereB encoding erythromycin 

resistance and the efflux pump qac are known to be located in this context [135]. 

Furthermore, also the sul2 gene has been associated with common regions, making the 

connection between trimethoprim and sulphonamide resistance even stronger. The 

recombinases responsible for this gene capture, for example the orf513 gene product, do 

not show high homology with other recombination or mobile elements. Its 

characteristics and some key motifs however, show similarities to those of an unusual 

family of insertion sequences of the type IS91. These elements use a rolling circle 

mechanism which makes them able to transpose themselves together with adjacent 

sequences without the association with a second copy of the element. The putative 

recombinase of the common regions is consequently probably a transposase and the 

common regions have now been suggested to be renamed “insertion sequence common 

regions”, ISCR elements, to illustrate their transposition function [64, 135]. The 

common region observed 3’ of the class 1 integron is now called CR1 and seems to be 

the most studied. Several other common regions have however been described in a large 

number of Gram negative isolates and also in a few Gram positives. The transposases of 

these elements are related to between 53 and 95% [64, 136]. The common regions are 

not only found on plasmids but also in the Salmonella genomic islands SGIs and on the 

SXT element, a conjugative element of Vibrio cholerae [137, 138]. The location of CR1 

in connection with class 1 integrons might make this group of common regions more 

competitive and hence facilitate their spread in pathogens, although the importance of 

other common regions might be underestimated due to difficulties in their detection and 

studies.

7.7 Division of dfr-genes as spread by integrons or 
common regions (study IV) 
The majority of the trimethoprim resistance dfr-genes can now be divided into the two 

groups of dissemination by location as gene cassettes in integrons or in common regions 

(see Table 12). At present, 29 dfr-genes are known and these are probably all causing 

the trimethoprim resistance of their host strains. Only four known dfr-types do not fall 
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into the two groups of dissemination mechanisms. The nucleotide sequence of dfrA4 is 

not known and hence its dissemination mechanism can not be explored. A special case 

is the composite transposon Tn5091 which is responsible for the spread of dfrA8 by the 

location of two IS26 elements on both sides of the gene [118]. For dfrA3 and dfrA24,

the genetic contexts have not been sufficiently mapped and their dissemination 

mechanisms are still unknown. Nevertheless, the absence of gene cassette-related 

sequences in the near proximity of the genes indicates that these are not carried by 

integrons.

Table 12. Summary of the 29 known dfr-genes and their association with 
integrons, intI1, or common regions, CR, as detected by analysis of the 
nucleotide sequences surrounding the genes. 

dfr gene 
type 

Integron/CR
linkage

Remarks

dfrA1 intI1
dfrB1 intI1
dfrB2 intI1
dfrB3 intI1
dfrB4 intI1
dfrB5 intI1
dfrA3 - 50% identical to E. coli folA
dfrA3b CR
dfrA4 - Nucleotide sequence missing 
dfrA5 intI1
dfrA6 intI1
dfrA7 intI1
dfrA8 - Borne on the IS26-flanked Tn5091
dfrA9 CR
dfrA10 CR
dfrA12 intI1
dfrA13 intI1
dfrA14 intI1 Original name dfrA1b
dfrA15 intI1
dfrA16 intI1
dfrA17 intI1
dfrA19 CR dfrA19 is identical to dfrA18
dfrA20 CR
dfrA21 intI1
dfrA22 intI1
dfrA23 CR
dfrA24 -  
dfrA25 intI1
dfrA26 CR
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At present, cassette-borne dfr-genes in integrons are dominating the list in Table 12. 

This distribution might however reflect the great interest in resistance genes spread by 

integrons during the last decade. The integron conserved sequences have offered 

convenient ways of studying resistance mechanisms and in many instances, as for 

example in the present studies, for detection of new resistance gene types. Now, with 

the recent focus on the common regions, their associated resistance genes and their 

functions, it is possible that a greater number of dfr-genes linked to common regions 

will be described in the future. Such a scenario also becomes more likely as the 

common region sequences exhibit tools similar to the integron sequences for 

identification of new resistance genes. Noteworthy is still, that no dfr-genes have been 

observed to switch between states of cassette-carriage and for example location in 

common regions. Probably both locations provide mechanisms which are efficient 

enough in their dissemination of the resistance genes they carry.

7.8 Trimethoprim Intervention Study County Kronoberg 
– TRICK (study V) 
In Kronoberg county in southern Sweden an ongoing project has introduced an 

intervention on trimethoprim use. All physicians in the county have agreed on a 

cessation on trimethoprim prescribing for urinary tract infections during two years. At 

the department of Clinical Microbiology at the Central Hospital of Växjö, which is the 

only microbiology laboratory in the county, all urinary isolates will be saved throughout 

the project. E. coli isolates from three months preceding the start of the intervention, 

from the two years of intervention and from the two years following the re-introduction 

of trimethoprim in clinical use will undergo several investigations. Resistance to various 

antibiotics will be followed thoroughly and also studies such as PhP typing and growth 

competition experiments will be performed on subsets of this collected material. 

In this sub-study of the Trimethoprim Intervention Study County Kronoberg, two 

multiplex PCR methods for screening of the most frequently occurring trimethoprim 

resistance genes have been developed. These tests will be used to be able to follow 

changes not only in resistance rates but also in resistance mechanisms which can 

possibly occur as a result of the decreased selective pressure. 
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The selected genes for screening were dfrA1, dfrA5, dfrA7, dfrA12 and dfrA17, since 

these genes have been described to occur more or less frequently in several studies from 

many parts of the world including the present studies [82, 84-89]. Since a gold standard 

method for identifying these genes was missing, the first step was to design primers 

specific for each of these genes and develop a reliable single PCR method for every 

gene. These primers are named dfr1s-f, dfr1s-r and so on and are listed in Table 5. In the 

same table also the primers used for the multiplex PCRs can be found. One regular 

multiplex PCR and one real-time PCR method were developed in parallel and both of 

them have their advantages. 

7.8.1 Standard multiplex PCR 

In the standard multiplex PCR method the most important difficulty was to distinguish 

dfrA7 and dfrA17 from each other. These genes are identical to 91 % and to design 

primers that were not only specific for each gene but which also generated PCR 

products of sizes differing enough to be clearly separated on electrophoresis gels was a 

great challenge. In the first step of this study, sequence analysis of the identified genes 

was considered the only way to distinguish between the two genes but after more efforts 

and tests of several primers the method was significantly improved. The solution was to 

use one primer pair specific for both genes and include a second reverse primer specific 

for only one of the genes, dfrA17. This resulted in one band always appearing on the gel 

when any of the two genes were present and another band which only appeared for 

dfrA17. In the standard multiplex PCR an internal control gene, the E. coli 16-S gene 

was included for control of the DNA template and the PCR reaction. For an example of 

the specific bands on electrophoresis gel, see Figure 18. 
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Figure 18. Standard multiplex PCR method run on two positive control strains 
for each tested gene, dfrA1, 5, 7, 12 and 17, and a positive control containing 
template for all the five genes. 

Validation of the method was done on the material of 105 Gram negative urinary 

isolates used in previous studies and in addition to these strains, the 98 trimethoprim-

resistant E. coli from the baseline material collected in the TRICK study which has been 

described previously in section 6.1.3 of Materials and Methods were used. Estimations 

on sensitivity and specificity of the method were done by comparison with the gold 

standard single PCR results and with results from sequence analysis of the identified 

genes. Sensitivity was tested on the Gram negative urinary isolates and specificity on 

the baseline strains. The first ten of each identified gene for dfrA1 and dfrA5, all six 

identified dfrA12 genes and all 27 genes in isolates positive for either dfrA7 or dfrA17 in 

the second validation material were sequenced. The primers used for the sequencing 

were the single PCR primers except for in the case of dfrA1 for which the multiplex 

PCR primers yielded a longer product and thus seemed more feasible. Results were 

completely concordant between the two methods for all genes and hence the sensitivity 

and specificity were both concluded to be 100 % in these validations of results from 

approximately 100 strains in each material. 
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7.8.2 Real-time multiplex PCR  

In parallel with the development of the standard multiplex PCR method a transfer of the 

protocol to real-time PCR was tested. With some modifications this attempt turned out 

to be successful. The real-time multiplex PCR method was based on the same set of 

primers with a few changes (see Table 5). Due to the different detection method used in 

real-time PCR, SYBR Green fluorescence, the need for differences in product sizes was 

eliminated and a reverse primer specific also for dfrA7 was possible to use instead of the 

common primer for dfrA7 and dfrA17. Still, the common forward primer was used and 

worked very well. SYBR Green detection however also prevented the use of the internal 

control gene, 16-S in the real-time multiplex PCR method. Since SYBR Green binds to 

all double-stranded DNA, competition in binding to more than one product for each 

tested strain makes the results unreliable. External control strains positive for all five 

genes were however always included in each PCR batch and all samples were run in 

two repeated runs. The resulting average melt-points for the five genes were 81.6, 85.3, 

78.1, 83.3 and 75.0 oC respectively (see Figure 19). 

Figure 19. Example of a real-time multiplex PCR run with samples positive for 
all the five genes and their respective melt-point curves. 
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The same materials and results were used for validation of the real-time multiplex PCR 

protocol. Also for this method the specificity resulted to be 100 %. Sensitivity decreased 

to 99 % due to the inability of the method to detect more than one PCR product from 

each sample. 

7.8.3 Preliminary results from screenings for the five dfr-genes

Results from the baseline material also used in validation of the methods have been 

compared with results from screening of the halftime material of 111 trimethoprim 

resistant E. coli described in the Materials section 6.3.1. The total proportion of 

resistance accounted for by carriage of any of these genes was the same, 87 % as seen in 

Table 13. The materials are so small that no conclusions can be drawn on the internal 

distribution of these genes, changes can be observed for frequencies of dfrA7 and 

dfrA12 between the baseline and the halftime but the total numbers of detected genes 

are too small for interpretation. These screenings are considered pilot investigations and 

the important result is that such a high proportion of resistance is conferred by these five 

genes. These materials are very limited regarding geographical coverage (one county) 

and time limits (one year) but when comparing to studies as the ECO-SENS study 

performed on E. coli isolates from 16 European countries and Canada, comparable 

figures and the presence of exactly the same genes are found [86]. This indicates that 

the use of these two developed multiplex PCR methods can be useful instruments in 

evaluation of effects of a decreased selective pressure attributable to the described 

trimethoprim prescription intervention. 
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Table 13. Results from screenings for the five dfr-genes by regular and real-
time multiplex PCRs in selected materials of trimethoprim-resistant E. coli from 
the Trimethoprim Intervention Study County Kronoberg. In parenthesis the 
percentages for each of the five genes are given. 

dfrA1
(%) 

dfrA5
(%) 

dfrA7
(%)

dfrA12
(%)

dfrA17
(%)

Total % of trimethoprim 
resistance

Baseline
(n=98)

33 (39) 18 (21) 2 (2) 6 (7) 26 (31) 85 87

Halftime
(n=111)

41 (42) 17 (18) 7 (7) 2 (2) 30 (31) 97 87

Blood
isolates
(n=66)

26 (50) 6 (11.5) 1 (2) 0 19 (36.5) 52 79

An additional collection of 66 E. coli from blood cultures from the last 20 years at the 

Växjö Central Hospital laboratory as described in section 6.1.3 of Materials and 

Methods was also screened for the five dfr-genes. This investigation was performed to 

get an overview of the natural variation in distribution of these genes. This material was 

collected between 1986 and 2005 and was too small to discern any differences with 

time. A division into five-year cohorts was made but the two first, 1986-1990 and 1991-

1995 only included nine isolates together. In the subsequent two groups of 21 and 36 

isolates, respectively, a tendency towards an increase in dfrA17 prevalence could be 

noticed. For a summary of the prevalence of the five genes in the material, see Table 13. 

In addition to these strain collections, 100 trimethoprim-susceptible isolates from the 

baseline were subjected to the same screening for the five dfr-genes. This was done to 

monitor the prevalence of dfr-genes not expressed in such a material and to decide 

whether susceptible strains should be included in further extensive screening for these 

genes in the continuation of the TRICK study. Only two of the 100 strains were 

however positive and consequently a screening of also susceptible isolates does not 

seem feasible. One opportunity is still to include isolates which are intermediately 

susceptible to trimethoprim and study both dfr-genes and integrons in such strains. 
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The prevalence of integrons and dfr- and sul-genes in a material of 105 Gram negative 

clinical urinary isolates have been studied and the distributions of these resistance 

determinants were found to be fairly comparable to those in studies performed in other 

parts of the world. This material has been collected in a limited time-period of two 

months and in a local area including isolates from both hospitalized patients and out-

patients.

No resistance genes other than dfr- and aadA-genes were inserted as gene cassettes in 

19 studied integrons of class 1, despite varying resistance patterns of the 18 integron 

host strains.  

Presence of the new sulphonamide-resistance gene sul3, was in the present studies for 

the first time described in two E. coli isolates of human origin. The prevalence of this 

gene was also investigated in a material of E. coli from healthy chickens and pigs and 

was there shown to be absent in chicken isolates, and in contrast, present in 13 % of the 

sulphonamide-resistant isolates from pigs. Several isolates have been shown to be 

negative for all three known sul-genes and there is hence a potential for finding new 

sulphonamide resistance determinants in these materials of human and animal isolates. 

It is noteworthy that in such a small and limited material, as many as four new dfr-

genes, dfr2d, dfrA22, dfrA24 and dfrA26 have been described in the present studies. Of 

these four genes, only the first two were found to be carried as gene cassettes in 

integrons. One, dfrA24, has an unknown dissemination mechanism and the last, dfrA26,

was shown to be located downstream of a site used for insertion of various unrelated 

resistance genes into the recently described common regions.  

Isolates positive for integrons have in the present studies been considered positive also 

for carriage of dfr-gene cassettes in the variable cassette region of their integrons. As 

exemplified in the present, as well as in other studies, it is possible that a proportion of 

these isolates rather carry cassette-independent dfr-genes in common regions associated 

with class 1 integrons. 
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The rather high number of isolates which were resistant to trimethoprim and negative 

for integrons in these studies are probably carrying new types of dfr-genes of which 

several also might be located in common regions. 

Carriage of dfrA1, dfrA5, dfrA7, dfrA12 and dfrA17 was shown to account for between 

79 and 87 % of the trimethoprim resistance in three tested materials of E. coli from 

Kronoberg county. This shows that the two multiplex PCR methods for screening for 

these five genes, which were successfully developed in the present studies, will be 

useful tools in the monitoring of changes in distribution of dfr-genes as a possible result 

of a minimised trimethoprim use during two years in the county. 
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ABSTRACT

Objectives: To develop a method for screening of the most prevalent trimethoprim resistance 

determinants in large collections of resistant isolates. Five integron-carried genes were 

selected, dfr1, 5, 7, 12 and 17 which have been demonstrated to be commonly occurring in 

several smaller studies of mechanisms for trimethoprim resistance. 

Methods: Single PCRs were first run on a validation material as a Gold standard to compare 

subsequent results with. Secondly primers and conditions for both standard multiplex PCR 

and real-time multiplex PCR were selected and tested. Two protocols using approximately the 

same primer pairs were established. 

Results: Both the standard and real-time mPCR protocols developed proved to be sensitive 

and specific for the five selected genes. The standard mPCR protocol also includes an internal 

control in the form of primers for the E. coli 16-S gene, this assures the quality of the DNA 

template from every sample. Results from screening with the two methods of three different 

collections of clinical isolates showed that these five genes account for between 75 and 86 % 

of the trimethoprim resistance in altogether 267 strains. 

Conclusions: Two multiplex PCR protocols have been developed with 100 or 99 % 

sensitivity and 100 % specificity compared with single PCR assays for the same five dfr-

genes. The standard mPCR is useful and available in most laboratories while the real-time 

mPCR demands more equipment and expensive reagents but on the other hand is very 

convenient for high-throughput screening of large bacterial sample collections 
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INTRODUCTION

Trimethoprim resistance in clinical Gram negative bacteria is usually caused by horizontally 

transferable resistance genes coding for alternative resistant dihydrofolate reductases. These 

genes are named dfr-genes and the majority of them are carried as gene cassettes by integrons 

[1, 2]. The integrons are parts of transposons which cause widespread dissemination of 

trimethoprim resistance. In studies of trimethoprim resistance gene prevalence, integron-borne 

dfr-gene cassettes are the most studied. Of the presently known 26 dfr-genes, a few types 

seem to dominate in most parts of the world. In a cross-sectional study of dfr-gene

distribution in uropathogenic E. coli in 16 European countries and Canada, dfr-gene cassettes 

carried by integrons of class 1 were studied. Of 90 integron-associated dfr-gene cassettes 36 

were of type dfr1, 8 were dfr5, 4 dfr7, 4 dfr12 and 28 were of type dfr17. No regional 

correlation could be shown for this gene type distribution [3]. Furthermore, the same dfr-gene

types except dfr5 were identified in 15 trimethoprim resistant non-pathogenic E. coli from 

food, animal and human origin in Spain [4]. In our earlier studies of gene cassette content in 

integrons from 17 trimethoprim resistant urinary Gram negative isolates, these five genes 

were identified in 13 isolates in addition to two new dfr-gene types in two isolates [5].

Nevertheless, very few studies have been made of the dfr-gene distribution in large bacterial 

collections, probably partly due to the lack of a convenient and fast method for screening for 

trimethoprim resistance genes. The number of dfr-gene types, both integron-associated and 

integron-independent is growing constantly. Of the known genes, some are very rare or seem 

to be geographically limited. It can therefore be difficult to select which genes to screen for in 

larger materials. With the results from the few studies published and our own experience we 

have chosen the five above mentioned dfr-genes (dfr1, dfr5, dfr7, dfr12 and dfr17) for the 

development of two multiplex PCR methods for screening large collections of bacteria for the 
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most common integron-associated dfr-genes. These genes caused 66 % of the trimethoprim 

resistance in the large European-Canadian study [3] and resistance in 15 of the 17 studied 

isolates in our aforementioned studies [5].

MATERIAL AND METHODS

Bacteria

Two different materials have been used for the validation of the two methods developed. The 

first was a collection from 2001 of 105 Gram-negative urinary isolates collected at the 

department of Clinical Microbiology at Karolinska University hospital in Stockholm, Sweden, 

71 of which were resistant to trimethoprim. A majority of the strains were E. coli (n=75), 

while the rest were different Gram negative species (n=30), mostly other Enterobacteriaceae.

The second material consisted of 98 trimethoprim resistant E. coli from urinary tract cultures 

collected between June and October 2005 at the department of Clinical Microbiology, Central 

Hospital, Växjö, Sweden. The first material was used to determine the sensitivity of the PCR 

assays, while the second material was also used to determine the specificity of the methods. A 

third material consisting of all trimethoprim resistant E. coli (n=66) from blood cultures over 

the last 20 years at the department of Clinical Microbiology in Växjö was used to further 

demonstrate the usefulness of the multiplex PCR method. All bacterial DNA templates used 

in PCR reactions were boiled lysates of bacterial material suspended in sterile-filtrated water 

(Sigma). 

Single and multiplex PCR  

For each reaction tube 1 μl DNA template and 24μl PCR master mix was prepared. PCR gold 

buffer, 10mM Tris-HCl and 50mM KCl (Applied Biosystems), MgCl2 with final 

concentration 1.6mM or 2.5mM (Applied Biosystems), 0.2mM dNTPs, pH 7.5 (Amersham 
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Biosciences) and 0.5μM of each primer was used. The primer concentration was doubled for 

primer dfr7&17-f to 1μM in the multiplex runs. Finally 0.6 U of AmpliTaqGoldTM (Applied 

Biosystems) was used for every sample. The final volume was obtained by adding sterile-

filtrated water (Sigma). The cycling program was designed as follows: 10 min. at 95ºC, 30 

cycles of 45 sec. at 94ºC followed by 45 sec. at 50-60ºC and 2 min. at 72ºC and finally one 

cycle of 10 min. at 72ºC. Different annealing temperatures were used for the single PCR 

reactions and varied between 50 and 64 oC. All primers used for the single and multiplex PCR 

protocol are described in Table 1. Detection of PCR products was done by gel electrophoresis 

in 1% agarose gels (Amersham Biosciences) stained with EtBr (5μg/ml gel), molecular size 

marker used was number VIII (Roche Diagnostics) and gels were run at 120 V for 40 minutes. 

Real-time multiplex PCR 

In the protocol for the real-time multiplex PCR the reaction volume was 20μl (18μl PCR 

master mix + 2μl template DNA). The master mix was prepared according to the first protocol 

in the QuantiTect SYBR Green PCR Handbook (November 2005): 1x QuantiTect SYBR 

Green PCR Kit (Qiagen), 0.3 μM – 0.6μM of each primer was used and the volume of 18μl

was gained by adding RNAse-free water (Qiagen). The real-time PCRs were performed in a 

Rotor-Gene RG-3000 (Corbett research) with software version Rotor-Gene 6.0.25. One initial 

initiation step of 15 min. at 95ºC started the reaction followed by 40 cycles of 20 seconds at 

94ºC, 20 seconds at 60ºC, 62ºC or 65ºC, 20 seconds at 72ºC and finally one cycle of 30 

seconds at 65ºC. A meltpoint analysis was performed after the 40 cycles and the programme 

run was FAM/sybr at the source of 470nm and detecting at 510nm. Once in every cycle, at the 

end of the extension-step, the fluorescence signals were measured. In general, the same 

primers were used in the real-time mPCR as in the regular mPCR method. 
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Table 1. Oligonucleotide primers used for PCR reactions and sequence analysis. 

Primer Locus Sequence (5´- to 3´) Product size 
dfr1-f 5´-dfr1 TGG TAG CTA TAT CGA AGA ATG GAG T 
dfr1-r 3´-dfr1 TAT GTT AGA GGC GAA GTC TTG GGT A      

425 

dfr5-f 5´-dfr5 AGC TAC TCT TTA AAG CCT TGA CGT A       
dfr5-r 3´-dfr5 GTG TTG CTC AAA AAC AAC TTC G               

341 

dfr7&17-f 5´-dfr7 and  
5´-dfr17 

ACA TTT GAC TCT ATG GGT GTT CTT C       

dfr7&17-r 3´-dfr17 and  
3´-dfr7 

AAA ACT GTT CAA AAA CCA AAT TGA A       

280 

dfr7-r 3´-dfr7 ACC TCA ACG TGA ACA GTA GAC AAA T 227 bp with  
dfr7&17-f 

dfr17-r 3´-dfr17 TCT CTG GCG GGG GTC AAA TCT AT            171 bp with  
dfr7&17-f 

dfr12-f 5´-dfr12 GAG CTG AGA TAT ACA CTC TGG CAC T      
dfr12-r 3´-dfr12 GTA CGG AAT TAC AGC TTG AAT GGT 

155 

16s-f 5´-16s GCG GAC GGG TGA GTA ATG T                      
16s-r 3´-16s TCA TCC TCT CAG ACC AGC TA 

200 

dfr1s-f 5’-dfr1 ATG GAG TGC CAA AGG TGA AC 
dfr1s-r 3´-dfr1 TAT CTC CCC ACC ACC TGA AA 

241 

dfr5s-f 5´-dfr5 TCA TTA ATG GCT GCA AAA GC 
dfr5s-r 3´-dfr5 CCT TTT GCC AAA TTT GAT AGC 

460 

dfr7s-f 5´-dfr7 TCT GCA ACG TCA GAA AAT GG 
dfr7s-r 3´-dfr7 TGC TCA AAA ACC AAA TTG AAA 

404 

dfr12s-f 5´-dfr12 TTT ATC TCG TTG CTG CGA TG 
dfr12s-r 3´-dfr12 TAA ACG GAG TGG GTG TAC GG 

457 

dfr17s-f 5´-dfr17 GAA AAT ATC ATT GAT TTC TGC AGT G 
dfr17s-r 3´-dfr17 TTT TTC CAA ATC TGG TAT GTA TAA TTT   

465 

Controls

Positive controls for all five genes were nine E. coli and one Klebsiella pneumoniae with 

previously identified and sequenced dfr-genes, two strains for each of the types dfr1, 5, 7, 12

and 17. These strains were included in every PCR batch. Primers specific for an internal 

control gene, E. coli 16-S were included in the regular multiplex PCR method while this was 

not achievable in the real-time multiplex PCR [6]. Negative controls containing sterile-

filtrated water instead of template were also included in all batches of PCRs in the study. As a 

further means of assuring the quality of results, all samples were run twice with the multiplex 

PCR protocols. Whenever a discrepancy between the two runs was identified the deviant 

sample was run again to ascertain the final result. 



7

DNA sequence analysis 

The sequence analysis was performed on PCR templates purified with the Jetquick spin 

column kit (Genomed). ABI Prism Big Dye Terminator Cycle Sequencing kit v. 3.1 (Applied 

Biosystems) was used for sequencing reactions according to the enclosed protocol and the 

analysis was performed on an ABI Prism 3100 Genetic analyzer. Analysis of achieved 

sequence data was done using the Sequencher software v.4.1.4 (Gene Codes Corporation). 

Subsequent nucleotide sequence analysis was performed with the BLAST tool available from 

NCBI.

RESULTS

Single PCR for all five genes 

Separate PCR assays were run in the first validation material for all five dfr-genes selected for 

inclusion in the multiplex PCR method. These were performed with primers optimally 

designed for screening for each gene separately and these primers were named dfr1s-f, dfr1s-

r, dfr5s-f, dfr5s-r, dfr7s-f, dfr7s-r, dfr12s-f, dfr12s-r, dfr17s-f and dfr17s-r. The identities of 

genes dfr7 and dfr17 had to be further assured by two additional PCR experiments with the 

specific primers dfr7&17-f, dfr7-r and dfr17-r (Table 1.). In these experiments 19 dfr1, 7 dfr5,

5 dfr7, 7 dfr12 and 15 dfr17 genes were detected and these as well as the subsequent dfr-gene

detection results are shown in Table 4. In total, 53 dfr-genes were detected in 71 

trimethoprim-resistant isolates; hence, the five genes were responsible for the trimethoprim 

resistance in 75 % of the strains in the first material. The results of these five single PCR 

experiments were considered the gold standard results, against which all subsequent results 

were compared. 
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Regular multiplex PCR for all five dfr-genes

New primers for the multiplex PCR were selected and several sets were tested in order to 

achieve a protocol for a PCR assay specific for the five selected dfr-genes. Twelve primers 

specific for the five genes and one internal control gene, the E. coli 16-S gene were included 

in the reaction mixture [6]. The primers should not interact with each other forming primer 

dimers or other three-dimensional conformations. Further, the products of the selected primer 

pairs should have sufficiently different size to be easily distinguishable on electrophoresis 

gels. Finally, to avoid false negative results and unspecific amplification products, adjustment 

of reaction conditions, such as the concentration of MgCl2, of primers and Taq polymerase as 

well as the annealing temperature was an important part of the method development. This 

work resulted in two variants of multiplex PCR protocols. In the first mPCR method, the 

genes dfr7 and dfr17 could not be distinguished because these genes are 91 % identical at 

nucleotide sequence level. This meant that the only way to assure the identity of dfr7 or dfr17

was by sequence analysis. An effort was later made to select and test new primers for these 

two genes which did not interact with the remaining primers in the PCR master mix and 

which still yielded products easily separated on the electrophoresis gels. The resulting 

protocol, with altogether eleven primers, contained one common forward primer for both 

genes, dfr7&17-f, one common reverse primer for both genes, dfr7&17-r, and one reverse 

primer specific for only dfr17, dfr17-r. Hence, the result for samples containing the dfr7 gene 

were two products, one for the positive control of 200 bp and one for dfr7 that was 280 bp. 

Samples containing dfr17 on the other hand, yielded in addition to these two bands a third 

product specific only for dfr17 of 170 bp. The result of this development was a second 

multiplex PCR method with the full capacity to distinguish between all five dfr-genes as well 

as the internal control gene without further sequence analysis. The final protocol for this 

method is shown in Table 2. 
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Table 2. The second and final standard mPCR protocol with optimal annealing temperature of 
60 oC.

Reagents  Final concentration 
PCR gold buffer 10 mM TrisHCl, 50 mM KCl
MgCl2 2.5 mM 
dNTP 0.2 mM 
dfr1-f 0.5 μM
dfr1-r 0.5 μM
dfr5-f  0.5 μM
dfr5-r 0.5 μM
dfr7-f      1.0 μM
dfr12-f  0.5 μM
dfr12-r  0.5 μM
dfr7&17-r  0.5 μM
dfr17-r  0.5 μM
16s-f  0.5 μM
16s-r  0.5 μM
Taq polymerase 0.6 U 
Total volume 25

The first material was only analysed with the second mPCR method while both mPCR 

protocols were used to analyse the second material. The final results of the multiplex PCR run 

on the first material were 19 dfr1-, 7 dfr5-, 5 dfr7-, 7 dfr12- and 15 dfr17-genes. These results 

were also concordant with results from the assays using the gold standard method (Table 4.). 

In the analysis of the second material using the first protocol and with sequence analysis as a 

second step to distinguish between dfr7 and dfr17, we identified 33 dfr1, 17 dfr5, 2 dfr7, 6 

dfr12 and 25 dfr17 genes. With two exceptions, the same strains were positive for the same 

genes in the analysis using the second protocol. One isolate was negative for all five genes 

with the first protocol and positive for dfr5 using the second protocol and another isolate was 

only positive for dfr1 with the first protocol while the second protocol detected a dfr17 gene 

in addition to dfr1. In total, including results from the run with the second multiplex protocol, 

85 dfr-genes were detected in 84 of the 98 strains, implying that these five genes account for 
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the resistance in 86 % of the tested isolates. The amplified products were in all runs clearly 

visible on the electrophoresis gels and no doubtful or unspecific bands were seen. 

Since the first material used for validation was not a homogenous collection of E. coli or even 

Enterobacteriaceae, six isolates were negative also for the internal control gene, 16-S.

However, the primers for the internal control were not specific only for E. coli and also 

species as Klebsiella, Proteus, Citrobacter, Enterobacter, Acinteobacter, Providentia and 

Hafnia resulted positive for this gene. The second validation material which consisted only of 

E. coli isolates did not encounter any such problems for the detection of the internal control 

gene.

Real-time multiplex PCR for all five dfr-genes

In the development of the real-time multiplex PCR different annealing temperatures were 

tested as well as the optimal proportion of the different primers. Furthermore, in two cases the 

specific dfr-primers had to be changed to achieve optimal reaction conditions. First, the 

primers for the internal control gene, 16-S, had to be taken out since the SYBR Green PCR 

protocol does not allow for reliable detection of more than one PCR product from every 

sample. Second, the common dfr7&17-r primer was exchanged for dfr7-r which is specific for 

only dfr7. This was possible since the method for analysing the PCR-product is different in 

real-time PCR, where the product meltpoints are used for identification instead of amplicon 

size. Melting temperatures were approximately 81ºC for dfr1, 85ºC for dfr5, 78ºC for dfr7,

83ºC for dfr12 and 75ºC for dfr17. The final protocol for the real-time mPCR method has 

been summarised in Table 3. 
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Table 3. Final real-time mPCR protocol with optimal annealing temperature of 62 oC.

The real-time multiplex PCR method was used on both materials. As in the former two 

multiplex PCRs the same isolates were positive for the same specific dfr-genes with the 

exception of one isolate carrying two different dfr-genes of which the real-time mPCR could 

only detect one. This weakness of the method is due to the competition in binding of the 

detection agent, SYBR green which binds unspecifically to all double-stranded DNA; hence 

two different products will cause disturbances in the registration of fluorescence. However, 

only rarely will strains carry more than one of the five dfr-genes and this weakness of the 

method can probably be accepted when taking into consideration the time savings achieved 

when using this protocol.

Sequence analysis of detected dfr-genes

For all isolates positive for dfr7 or dfr17 in the second material, the final identification of the 

correct dfr-type was done by sequence analysis of the entire gene. Primers used for the gold 

standard single PCR method were used for amplification of DNA template and as starting 

Reagents Final 
concentration/tube

2X QantiTect SYBR Green 
PCR Kit

10 μl

dfr1-f  0.33 μM
dfr1-r  0.33 μM
dfr5-f  0.33 μM
dfr5-r  0.33 μM
dfr7-f  0.33 μM
dfr7-r  0.33 μM
dfr12-f  0.33 μM
dfr12-r  0.33 μM
dfr17-r 0.33 μM
Sigma H2O ad 18 μl
Total volume 20 μl
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primers for sequence analysis. The final result of 2 dfr7- and 25 dfr17-genes as reported 

above was close to 100 % concordant with the run with the second, more specific standard 

mPCR protocol, where dfr1 and also dfr17 were detected in one single isolate. The result 

achieved is exactly the same as with the real-time mPCR results from the same material. All 

genes of the same type were identical in the mutual comparisons of nucleotide sequence, 

differing at most for four nucleotide bases. 

In the second material, the first ten identified dfr1- and dfr5-genes and all six dfr12-genes 

were subjected to sequence analysis as a validation of the specificity of the method. As 

earlier, the primers from the gold standard method were used for amplification and 

sequencing except for the dfr1 amplicons where the multiplex primers were used to achieve a 

larger product in this case. All three genes had in all cases been correctly identified by the 

multiplex PCRs and there were no differences in the nucleotide sequences with the exception 

of three base pairs for dfr1.

Sensitivity of the methods 

The sensitivity of the second and final regular multiplex PCR protocol is 100 % compared 

with the gold standard method used in the first material. In the second material, the first and 

second regular multiplex protocols yielded the same results with the exception that the second 

and final protocol detected two additional genes.

The real-time multiplex method was compared with the gold standard in the first material and 

with results for the regular protocol in the second material. The sensitivity was 100 % and 99 

%, respectively, where the lower figure was caused by the inability to detect two concurrent 

genes in the same strain. 
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Specificity of the methods 

The specificities of both the regular multiplex PCR and the real-time PCR methods were 100 

%. No false positive results were identified in the sequence analysis of 54 detected dfr-genes

in the second material and neither in the comparison of results from regular and real-time 

protocols in any of the materials.

Real-time multiplex PCR for screening of E. coli from blood isolates

When all validations were performed and evaluated and it was concluded that the regular 

multiplex PCR and the real-time multiplex PCR were equally sensitive and specific, the 

considerably faster and user-friendly real-time mPCR protocol was used to screen for the five 

dfr-genes in a clinical material of 66 trimethoprim resistant E. coli from blood cultures. Of 

these strains, 52 carried one of the five dfr-genes, distributed as 26 dfr1-, 6 dfr5-, 1 dfr7-, 0 

dfr12- and 19 dfr17-genes accounting for 79 % of the trimethoprim resistance. These results 

are in agreement with those obtained from materials one and two where a majority of the 

resistance was caused by dfr1 and dfr17. The complete lack of dfr12-genes was somewhat 

unexpected, although this gene has not been prevalent in other investigations either.  An 

attempt was made to divide the samples into five-year cohorts. However, the first two cohorts, 

1986-1990 and 1991-1995, contained nine isolates altogether and were excluded from further 

analysis. The 21 isolates from 1996-2000 carried 9 dfr1-, 2 dfr5- and 5 dfr17-genes while the 

36 isolates from 2001-2005 carried 11, 3 and 13 of the three respective genes and in addition 

to these also 1 dfr7-gene. The material is too small for firm conclusions on the epidemiology 

of these genes over time but also in these samples collected over a long time period, 79 % of 

the trimethoprim resistance was caused by one of these five genes with the same dominance 

of dfr1 and dfr17 as shown in previous investigations. 
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DISCUSSION

We have in this study developed two alternative multiplex PCR methods for detection of five 

of the most common dfr-genes causing trimethoprim resistance in Gram-negative bacteria. 

The two protocols published here, one regular multiplex PCR and one real-time multiplex 

PCR, are both of high quality, robust, sensitive and specific for the five selected genes and 

yielded nearly identical results in the validation processes in two different bacterial 

collections. The development of two equally reliable methods, basically built on the same set 

of primers and reaction conditions, makes it possible to choose the method most suitable for 

the current laboratory conditions. The regular multiplex PCR protocol can conveniently be 

performed in most laboratory environments, both clinical and research laboratories, while the 

real-time multiplex PCR requires more advanced and expensive equipment and reagents. 

However, the latter makes screening for trimethoprim genes of large collections of bacteria 

eve more feasible.  

Since no single PCR protocols designed for the detection of any of these five dfr-genes have 

been published we did not have a well-tried, dependable gold standard method to compare our 

results with in the development of the multiplex PCR methods. Hence we started our work by 

selecting primers optimal for the detection of each gene separately and ran single PCR-

reactions with these on the first validation material. Since the results from these runs agreed 

with the subsequent results with the two multiplex PCR methods, we strongly believe that the 

results from the gold standard method are very close to the true frequency of dfr-genes in the 

first material used for validation. However, in some cases we confirmed our results by 

running the single PCRs at a number of different annealing temperatures and MgCl2

concentrations to make sure that no false positive or negative results were recorded. For the 

difficult genes dfr7 and dfr17, which have very similar nucleotide sequences, we also ran 
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single PCRs with the primers selected for the multiplex PCR protocol to assure the correct 

identification of the two genes. 

One advantage of the standard multiplex PCR protocol is the inclusion of an internal control 

in the form of primers specific for the E. coli 16-S gene. With this control, the utility of the 

DNA template can be assured and no false negative results due to template quality 

insufficiency were recorded. In the real-time protocol, these primers could not be included 

since the detection of two products for the same sample will not work satisfactory due to the 

mechanism of SYBR Green fluorescence detection. External controls in the form of isolates 

positive for each of the genes which the method were designed to detect can not replace an 

internal control but were always included to serve as a control for the entire batch of reaction 

mixture. 

The frequencies of the five genes were comparable in the two materials used for validation 

(see Table 4). In the mixed material of Gram-negatives, 75 % of the trimethoprim resistant 

strains carried one of the five genes with major representation of dfr1 and dfr17. In the second 

material consisting of only trimethoprim resistant E. coli, 86 % of the resistance was 

conferred by one of the five genes.
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Table 4. Results from Gold standard (GS) single and regular and real time multiplex PCR 
(mPCR) assays. The first validation material consisted of 105 Gram negative isolates of 
which 71 were trimethoprim resistant. In parenthesis the relative distribution of each of the 
five genes within the tested materials is shown. 

 1st validation material (n=71) 2nd validation material 
(n=98)

Blood
isolates
(n=66)

Method GS single 
PCR

(% of the 5 
genes)

Regular
mPCR

(% of the 5 
genes)

Real-time
mPCR

(% of the 5 
genes)

Regular
mPCR

(% of the 5 
genes)

Real-time
mPCR

(% of the 5 
genes)

Real-time
mPCR

(% of the 5 
genes)

dfr1 19 (36 %) 19 (36 %) 19 (36 %) 33 (39 %) 33 (39 %) 26 (50 %)
dfr5 7 (13 %) 7 (13 %) 7 (13 %) 18 (21 %) 18 (21 %) 6 (12 %)
dfr7 5 (9 %) 5 (9 %) 5 (9 %) 2 (2 %) 2 (2 %) 1 (2 %)
dfr12 7 (13 %) 7 (13 %) 7 (13 %) 6 (7 %) 6 (7 %) 0
dfr17 15 (28 %) 15 (28 %) 15 (28 %) 26 (31 %) 25 (30 %) 19 (36 %)
Total 53 (100 %) 53 (100 %) 53 (100 %) 85 (100 %) 84 (100 %) 52 (100 %)
% of trim 
resistance 

75 % 86 % 79 %

A third material of 66 consecutive trimethoprim resistant E. coli blood culture isolates 

collected over the last 20 years was screened with the developed real-time multiplex PCR 

method. The material was not large enough to provide firm clues to the temporal 

epidemiology of trimethoprim resistance genes.  However, our results indicate that the 

relative rate of dfr1-genes has declined and that of dfr17-genes has increased.  

In conclusion, both multiplex PCR methods that were developed proved to be useful tools for 

the screening of the most prevalent trimethoprim resistance dfr-genes, dfr1, dfr5, dfr7, dfr12

and dfr17. All five of these have been reported from studies performed in different parts of the 

world [3-5]. This type of screening would be a sensitive and convenient method to detect 

possible changes in genotypic trimethoprim resistance and to determine the prevalence of 

different dfr-genes. For trimethoprim this is especially important since there are no 

phenotypic methods to indicate which gene confers resistance. Such changes in dfr-gene 
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distribution could possibly occur due to changes in the selective pressure and we have now 

developed a useful tool for this type of important studies.  
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