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1.1. Introduction 

Tuberculosis,, a disease caused by microorganisms belonging to the 
MycobacteriumMycobacterium tuberculosis complex, has been a continuous burden on mankind 
everr since the beginning of written history. Despite the discovery and usage of 
variouss agents with an inhibitory or lethal effect on the bacterium, tuberculosis still 
accountss for almost two million deaths annually, which makes M. tuberculosis the 
secondd most important infectious cause of death after HIV. Most deaths and 
diseasess due to M. tuberculosis occur in Sub-Saharan Africa, South-East Asia, and 
formerr Communist countries in Eastern Europe and the former Soviet Union. M. 
tuberculosistuberculosis strikes mainly in areas of poverty and in economically disadvantaged 
segmentss of wealthier nations. Especially children and young adults are affected as 
welll as people with a seriously compromised immune system, e.g. AIDS patients. 

Thee genus Mycobacterium is unique among pathogenic bacteria in many 
ways.. Its thick lipid cell wall renders it difficult to stain by conventional staining 
methodss and hence invisible in conventional microscopy. It is also responsible for 
thee resistance of mycobacteria to most sterilizing agents as well as a number of 
classess of conventional antibiotics. In addition, mycobacteria are very slow growers 
-- it can take up to a few months for a culture to become positive - eliminating 
culturee as a rapid means of diagnosis. The difficulties with staining and growing 
mycobacteriaa has slowed down the search for a cure for tuberculosis and still pose 
aa great challenge in modern laboratory diagnostics. 

Althoughh it was expected that tuberculosis would gradually be overcome as 
thee use of antibiotics, and the rapid discovery of new drugs kept the disease more 
orr less under control, it is now becoming clear that on the one hand mycobacteria 
aree learning to defend themselves against the existing drug regimens and that on 
thee other hand new chemotherapeutic agents are not being introduced as fast as 
wass anticipated. This has led to the emergence of (multiple) drug resistant strains 
off M. tuberculosis that pose a real threat to the world health and are a major 
challengee for attending physicians. 

2.2. Mycobacteria 

Mycobacteriaa are characterized by a complex lipid cell wall, rich in mycolic 
acids,, peptidoglycans, and arabinogalactans. Many cell wall components are of 
pathogenicc significance: e.g. lipoarabinomannan (LAM) stimulates monocyte pro-
inflammatoryy activity. Because of the lipids in their cell wall, mycobacteria do not 
readilyy take up dyes and cannot be visualized with normal stains (e.g. the Gram-
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stain).. When, under special circumstances, they do take up dyes, mycobacteria 
cannott be decolorized with acid-ethanol; hence mycobacteria are called acid-fast. 
Thiss phenomenon, which is shared with some Legionella, Rhodococcus, and 
NocardiaNocardia spp., is taken advantage of in mycobacterial staining procedures and 
allowss mycobacteria to be distinguished from (most) other bacteria in contaminated 
clinicall specimens, such as sputum (see 4.1 Microscopy). Their cell wall also 
renderss mycobacteria resistant to dehydration, acids and alkalis, as well as to 
variouss classes of conventional antibiotics. 

Mycobacteriaa are facultatively aerobic, non-spore-forming, non-motile, 
slightlyy curved rods, measuring 0.2 to 0.6 urn by 1.0 to 10 urn. Most species adapt 
readilyy to growth on relatively simple substrates, using ammonia or amino acids as 
nitrogenn sources and glycerol as a carbon source in the presence of mineral salts. 
Growthh of mycobacteria is stimulated by carbon dioxide and by fatty acids, which 
mayy be provided in the form of egg yolk (as in Löwenstein-Jensen and Ogawa 
media,, see 4.2 Culture). Optimum growth temperature for mycobacteria is 35-

.. Mycobacteria are very slow growers: time to positivity of cultures ranges 
fromm weeks to months. Colonies are irregular, waxy, and buff colored, with bacteria 
piledd up into clumps or ridges. 

Thee genus Mycobacterium, within the order of Actinomycetales, is divided 
inn the Mycobacterium tuberculosis complex, M. leprae and nontuberculous 
mycobacteriaa (NTM). The genus Mycobacterium includes human pathogens, 
opportunistss and saprophytes. The major ecological niches of M. tuberculosis 
complexx and M. leprae are the tissues of humans and warm-blooded animals. M. 
lepraeleprae is an obligate human pathogen, which has never been cultured in an 
inanimatee environment; the nine-banded armadillo (Dasypus novemcinctus) is the 
onlyy known animal host in which M. leprae can be grown for research purposes. M. 
lepraeleprae is the causative agent of leprosy: a chronic, granulomatous and debilitating 
disease.. Its principal manifestations include skin lesions and peripheral 
neuropathy. . 

Thee nontuberculous mycobacteria are free-living bacteria and are usually 
foundd in association with watery habitats. Some of these NTM can be isolated from 
thee skin, upper respiratory, intestinal, and genital tract in asymptomatic individuals, 
althoughh they do not belong to the normal bacterial flora of humans (or animals). A 
largee number of species belong to the NTM (e.g. M. avium complex and M. 
kansasii),kansasii), some are involved in human diseases, mainly as opportunists, and 
otherss are non-pathogenic. 

M.M. tuberculosis is part of the M. tuberculosis complex. Other members of 
thiss group are M. bovis (including the vaccine strain M. bovis BCG), M. africanum, 
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M.M. microti, and M. canetti. M. tuberculosis is the main causative agent of 
tuberculosiss in humans, but is also pathogenic for guinea pigs and monkeys. M. 
bovisbovis causes tuberculosis in warm-blooded animals such as cattle, dogs, cats, 
parrots,, but also primates and humans. Human disease is very similar to that 
causedd by M. tuberculosis and therefore treated similarly. The bacillus Calmette-
Guérinn (BCG) is an attenuated mutant of M, bovis and is used as a vaccine in 
manyy parts of the world, where people are highly exposed to M. tuberculosis. M. 
africanumafricanum is a cause of human tuberculosis in tropical Africa. M. microti causes 
tuberculosiss in vole and other warm-blooded animals. And it has recently been 
identifiedd as a rare causative agent of tuberculosis in both immuno-competent and 
immuno-compromisedd humans (95). M. canetti is the youngest member of the M. 
tuberculosistuberculosis complex (199). It has been found to be the causative agent of 
lymphadenitiss in a child and of tuberculosis in an HIV-infected patient (both in 
Africa)) (127, 199). 

3,3, History of tuberculosis and antituberculous therapy 

Thee most ancient factual evidence of a person suffering from tuberculosis 
datess back to 3400 b.C: an Egyptian mummy was found to have spinal deformities 
suggestivee of Pott's disease (tuberculous spondylitis). From these injuries, 
mycobacteriall DNA, resembling M. tuberculosis complex sequences, could be 
amplifiedd (45). Similar lesions have also been reported in skeletons from 300 A.D., 
whichh were exhumed from house mountains ("terpen") in Groningen, The 
Netherlandss (94). 

Studiess on single nucleotide polymorphisms (168) and deleted regions of 
DNAA of bacteria belonging to the Mycobacterium tuberculosis complex (28) 
suggestt that M. tuberculosis has been a human pathogen since 15,000 to 20,000 
yearss ago or evolved from a common ancestor that was already a human pathogen 
andd is therefore even older. 

Thee origin of the word tuberculosis dates back to relatively recent times. 
However,, in "Of the Epidemics" Hippocrates already made mention of a 
widespreadd disease that followed a protracted course and was characterized by 
fevers,, a cough that hardly ever subsided and was ultimately fatal in almost all 
patients.. He named this disease phthisis: consumption in English (79). 

Inn the old testament of the bible the Hebrew word schachepheth, that is 
translatedd as consumption and is nowadays still used as the Hebrew word for 
tuberculosis,, is found twice (Leviticus 26:16, Deuteronomy 28:22) to refer to a 
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chronicc wasting disease that almost certainly is tuberculosis, since this disease was 
amongg the most common wasting illnesses of that time (46). 

Throughoutt history many names and descriptions are given to the disease, 
likee "the white plague", "the King's evil" and - perhaps the most beautiful - "the 
captainn of all these men of death" by John Bunyan (32), before the word 
tuberculosustuberculosus is actually written down for the first time as an adjective in 1841 by 
Krauss (93). Before Kraus, in 1679, Sylvius already described the abscesses and 
cavitiess in the lung as actual tubercles (176). The Latin word tuber, derived from 
thee verb tumesco, means "degenerative protuberances". Its diminutive tuberculum 
iss already used in ancient medical texts to describe the anatomical lesions caused 
byy mycobacteria (Plinius and Celsus). The name for the disease then evolved from 
phthisisphthisis pulmonaris tuberculosa to just tuberculosis, which is actually a 
grammaticallyy incorrect term since it is a Latin noun with a Greek ending. 

Ourr understanding of tuberculosis gradually increased with a few very 
importantt landmarks since Hippocrates onwards. Hippocrates described 
tuberculosiss as a disease that mainly affected people of a certain constitution: "The 
formm of body peculiarly subject to phthisical complaints was the smooth, the 
whitish,, that resembling the lentil; the reddish, the blue-eyed, the leucophlegmatic, 
andd that with the scapulae having the appearance of wings: and women in like 
manner,, with regard to the melancholic and subsanguineous, phrenitic and 
dysentericc affections principally attacked them" (79). 

Thee infectious character of the disease was first philosophized upon by the 
Italiann Gerolamo Fracastoro in 1546, who recognized that "the seeds of contagion 
remainn in such bodies as articles of clothing and bed sheets used by the infected" 
thatt should therefore be avoided (63). Two centuries later a British physician, 
Benjaminn Martin, also questioned Hippocrates' views on constitution as a causative 
factor:: "This must not be taken as a general rule because we often find robust and 
strongg men fall into this distemper and such weakly tender persons as above 
describedd many times exempted from it" (106). He further speculates that 
tuberculosiss might be caused by "wonderfully minute living creatures" and that "It 
mayy be therefore very likely that by an habitual lying in the same bed with a 
consumptivee patient, constantly eating and drinking with him, or by very frequently 
conversingg so nearly as to draw in part of the breath he emits from the lungs, a 
consumptionn may be caught by a sound person." Further evidence for the 
contagiouss nature of tuberculosis came from the French military doctor Jean-
Antoinee Villemin who demonstrated in 1865 that tuberculosis could be passed on 
fromm humans to cattle and from cattle to rabbits, which drew him to postulate that a 
specificc microorganism was the cause of the disease (202). It would take 17 more 
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yearss before Robert Koch, a German bacteriologist, eventually visualized the 
causativee organism with a new staining technique with Ehrlich's methylene blue 
andd a counter-stain of Bismarck brown (92). Koch's discovery led to great 
worldwidee excitement because now the fight against the captain of all these men of 
deathh could finally start. 

Beforee Koch the only specific treatment for tuberculosis was the 
sanatorium.. Hermann Brehmer, a Polish botany student suffering from 
tuberculosis,, was advised by his doctor to travel to a healthier climate. He found 
thiss climate in the Himalayas, where he further pursued his botany studies, and it 
provedd effective: he returned home cured. Inspired by these events he began to 
studyy medicine and eventually presented his dissertation, boldly titled 
"Tuberculosiss is a curable disease". He went on to build an institution on the foresty 
mountainss of Gorbersdorf where patients were fed well and exposed to continuous 
freshh air. The effect of such a sanatorium was dual: the sick were isolated from the 
populationn to prevent transmission and they received plenty of rest, proper 
nourishmentt and a regular hospital life. Sanatoria were soon to be found 
throughoutt Europe and the United States. 

Severall surgical techniques also provided a new impulse for the treatment 
off tuberculosis. Although collapse of the lung was already suggested as treatment 
byy Hippocrates, it was not until 1888 that the Italian physician Carlo Forlanini 
successfullyy first established this by artificially inducing a pneumothorax. Other 
wayss to collapse the lung where also used with varying degrees of success, e.g. 
cuttingg off one of the phrenic nerves to cause paralysis of half the diaphragm 
(phrenicotomy),, or removal of several ribs (extrapleural thoracoplasty). More 
advancedd surgical techniques like the removal of a lung lobe (lobectomy) or an 
entiree lung (pneumectomy) are still used nowadays as a last resource in the 
treatmentt of incurable infections with multiple drug-resistant mycobacteria. 

Inn France Albert Calmette and Camille Guérin tried to tackle tuberculosis 
fromm another angle. From 1908 tot 1919 they serially passaged M. bovis 230 times. 
Thee resulting strain, Bacille Calmette-Guérin (BCG), was found to be non-
pathogenicc in guinea-pigs, rabbits, cattle and horses. Subsequent administration to 
humanss in 1921 showed successful protection against infection with M. 
tuberculosistuberculosis (35). BCG vaccination nowadays is among the world's most widely 
usedd vaccines, but because of lack of consistent efficacy also the most 
controversial.. It is only used in tuberculosis negative persons, especially travelers 
andd children, with an unavoidable intense exposure to tuberculosis. Protection is 
estimatedd to be approximately 75%. 
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Thee great breakthrough in tuberculosis therapy came with the discovery of 
thee first effective mycobactericidal antibiotic. An American microbiologist named 
Selmann Waksman was working on the isolation of antimycobacterial substances 
fromm soil organisms. After the discovery of actinomycin and streptothricin, that were 
highlyy toxic and hence not fit for use, Albert Schatz, one of his employees, purified 
streptomycinn from Streptomyces griseus (158). On November 20th, 1944 
streptomycinn was administered for the first time to a young woman suffering from 
tuberculosis,, who subsequently made a full recovery. From that day onward 
numerouss antimycobacterial substances were isolated (para-aminosalicylic acid 
1946,, isoniazid 1952, pyrazinamide 1954, ethambutol 1962 and rifampicin 1963) to 
aidd in the fight to remove the captain of all these men of death from the troops (see 
5.. Resistance in Mycobacterium tuberculosis). 

However,, it soon became apparent that treatment of tuberculosis was 
differentt from that of any other infectious disease. Prolonged regimens with 
multiplee drugs were and still are required in order to cure patients and to prevent 
thee development of resistance. Unfortunately, revolutionary anti-tuberculous drugs, 
too shorten and simplify the therapy, have not been discovered in the last decennia. 
Inn addition, the vaccination with BCG is far from fully protective, necessitating 
researchh into other and better vaccines. New clues are anticipated from the 
completionn of the sequence analysis of two strains of M. tuberculosis. These data 
mightt eventually provide new insights into mycobacterial pathogenesis, new targets 
forr antimycobacterial therapy and new antigens for vaccine development (40, 61). 

AtAt present tuberculosis is relatively under control in western countries, 
whilee it is still very active in parts of the world with less economic resources which 
limitss access to proper health care and adequate chemotherapy. At these sites the 
co-incidencee of HIV infection further worsens the situation. In the western world 
emergencee of resistance and continuing import and transmission of tuberculosis 
throughh travel and immigration makes the eradication of tuberculosis within a short 
periodd of time highly unlikely. 

Inn the words of Sir William Osier, at the British Congress on Tuberculosis in 
1901:: "The captain had been reduced to a lieutenant and would soon be brought 
downn to an ensign and from thence to the ranks. But finally to drum him out of the 
regimentt was too much to expect" (British Congress on Tuberculosis, First General 
Meeting.. Br. Med. J. 2:205, 1901). Unfortunately, although a lot has changed since 
hee spoke these words, they are still true. 
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4.4. Diagnosis of tuberculosis 

Thee diagnostic tools for tuberculosis can roughly be divided according to 
thee approaches they follow: direct or indirect. The indirect approach is used to 
detectt humoral or cellular responses of the host to establish a recent or past 
encounterr with M. tuberculosis. Humoral responses can be detected by means of 
Enzymee Linked Immuno-Sorbent Assays (ELISA) that measure specific 
antimycobacteriall antibodies in the serum of the host. These assays have shown 
promisingg results, but necessitate further research and development before they 
cann be introduced in laboratory practice (90, 140). Cellular responses can be 
measuredd by the Tuberculosis Skin Test (TST): mycobacterial antigens are 
injectedd intradermal^ to evoke the patient's delayed-type hypersensitivity reaction. 
Thiss test is mainly useful for screening purposes and is not a reliable tool for 
clinicall diagnosis. An alternative is the In vitro Gamma Interferon Release Assay 
(IGRA)) that measures IFN-y release from whole blood cultures incubated with 
mycobacteriall "skin test antigens" or mycobacterial antigens that are present in M. 
tuberculosistuberculosis but not in M. bovis BCG, to discriminate vaccinated and infected 
patientss (15, 20, 27). Problems that arise with assays like these are the cross-
reactivityy of host antibodies induced by environmental mycobacteria, the difficulty 
too purify mycobacterial antigens, the low sensitivity of single antigens and non-
reactivityy of hosts with impaired immune systems, e.g. AIDS patients. In the 
Westernn world indirect tests are mainly used for screening purposes. 

Thee direct diagnostic approach is aimed at the detection of living 
mycobacteriaa or components thereof, through e.g. microscopy, culture, nucleic acid 
amplification,, gas-iiquid chromatography-mass spectrometry for detecting specific 
mycobacteriall lipids and immunoassays for detecting antigen. 

4.14.1 Microscopy 

Afterr the discovery of the tubercle bacillus by Koch, Ziehl and Neelsen 
subsequentlyy developed a staining technique to specifically visualize mycobacteria 
(130,, 222): the Ziehl-Neelsen or ZN stain. With this technique mycobacteria are 
stainedd with carbolfuchsin. The slide and the dye are heated to allow the dye to 
penetratee the lipid cell wall. Subsequently, the slide is decolorized with acid-
alcohol.. As a result, only acid-fast bacteria remain stained. Finally, counter-staining 
iss done with methylene blue. 

Inn spite of modern advances, this method is still one of the mainstays of 
tuberculosiss diagnostics. It is rapid and cheap and, though not very sensitive, 
identifiess the most infectious cases of tuberculosis. Modification of this technique 
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withh fluorescent stains (auramine and rhodamine) considerably shortens the time 
neededd for microscopical scanning of the slide because this staining allows the use 
off a lower magnification (73, 110, 125, 144, 190). A positive ZN or auramine stain 
meanss that a mycobacterium (or other acid-fast bacterium) is present but is not 
diagnosticc for tuberculosis. 

Thee detection limit of both stains is approximately 5-10  10 
mycobacteria/mll (80). Microscopy can be performed on most clinical samples like 
sputum,, bronchial washing, cerebrospinal fluid, tissue biopsies, urine, and feces, 
butt not on blood. Sensitivity is optimal on respiratory samples (102), but reported 
sensitivityy rates of both staining methods vary widely between and around a range 
fromm 50 to 70% (13, 14, 44, 68, 72, 163). 

Importantt factors in determining the yield of microscopy for diagnosis are 
thee number of smears that are scanned per patient, the way samples are 
processedd before making the smear and the population of patients that is being 
studied.. Most frequently three sputum smears per patient are examined, although 
somee studies conclude that examination of a third smear is not warranted both in 
termss of transmission risks as well as cost-effectiveness (43, 74, 109, 203, 213). 
Pretreatmentt with sodium hypochlorite or sputolysin to liquefy the sample and 
subsequentt centrifugation to concentrate it is reported to improve the sensitivity of 
ZNN smears, and is recommended by Dutch and international guidelines. However, 
somee authors found no positive effects on sensitivity (12, 155, 194, 207). 

Otherr factors influencing the use of microscopy are co-infection with HIV, 
andd young age. HIV co-infection is reported to have a negative effect on sensitivity. 
Thiss is most likely due to a predisposition for atypical or disseminated forms of 
diseasee in HIV patients {29, 86, 153). In children, sputum samples are difficult to 
obtainn in children and alternative samples like laryngeal swabs, induced sputum or 
gastricc or bronchial lavages - besides being cumbersome and/or unpleasant - tend 
too have a low yield (6, 103, 166, 217). 

4.24.2 Culture 

Culturee is still regarded as the 'gold standard' for the diagnosis of 
tuberculosis,, in spite of its enormous disadvantage: the long time to positivity. Due 
too the slow in vitro growth rate of mycobacteria, with an optimal doubling time of 
aroundd 15 hours (204), incubation times range from 3 weekss to 8 weeks (at 35-37 
CC under 5% C02) depending on the number of bacteria present in the sample 

(160).. The introduction of fully automated systems with fluid media containing 
reporterr dyes has considerably shortened time to detection. The preferred sample, 
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again,, is sputum. Sputum induction is an alternative when no sputum is produced, 
ass well as broncheoalveolar lavage (BAL) or gastric lavage (for children). 

Traditionally,, respiratory samples are liquefied, prior to incubation, with the 
mucolyticc agent /V-acetyl-f.-cysteine (NALC) and treated with a sterilizing agent like 
sodiumm hydroxide (NaOH), to which mycobacteria are resistant, in order to kill 
rapidlyy growing respiratory tract bacteria present in the sample, which may 
overgroww the mycobacteria. The most widely used protocol for this was described 
byy Kubica et al. (96). Samples collected from sterile sites (e.g. cerebrospinal fluid, 
blood,, synovial fluid etc.) need not be decontaminated and can be inoculated on 
thee media directly. 

Mycobacteriaa are best cultured on solid egg-based media like Löwenstein-
Jensen,, Coletsos and Ogawa, agar-based media like Middlebrook 7H10 and 7H11, 
andd liquid media like Kirchner and Middlebrook 7H9. A large variation in quality of 
commerciallyy available solid media has been observed; due to the lack of 
internationall quality standards (D. van Soolingen, personal communication). On 
solidd media mycobacterial colonies have a characteristic appearance while liquid 
mediaa just turn whitishly turbid upon mycobacterial growth. Liquid media are 
reportedd to be more sensitive. For confirmation of mycobacterial growth, both on 
solidd and in liquid media, it is required to perform a ZN smear of the colonies or the 
pelletedd bacteria, respectively. It is recommended practice to culture mycobacteria 
onn both solid and liquid media, because some rare strains of M. tuberculosis only 
groww on solid slants, extra information can be gained through the observation of 
colonyy morphology, and because solid slants are useful to detect mixed 
mycobacteriall infections (1). 

Thee microcolony method that combines culture on thinly poured 
Middlebrookk 7H11 medium with frequent microscopic examination to detect 
microcoloniess shortens the time to detection, but requires more 'hands-on' time by 
laboratoryy personnel (115, 205). 

Furtherr shortening of detection time was achieved with the use of 
radiometricc or fluorimetric reporter substances which allow the use of semi- or fully 
automatedd culture systems. Several commercial systems have been developed 
sincee the introduction of 14C-labeled Middlebrook 7H12 medium (118). 

Thee BACTEC 460 TB system (Becton Dickinson, Franklin Lakes, New 
Jersey,, U.S.A.) was the first semi-automated system. It is a radiometric system that 
detectsdetects bacterial growth by the production of 14C02, which is metabolized from Re-
labeledd palmitic acid in the medium. Although faster than conventional means, this 
systemm still requires a lot of 'hands-on' time, is relatively expensive and has the 
disadvantagee of the use of radioactive isotopes that demand cumbersome means 
off handling, storage and disposal. 
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TABLEE 1. Major studies with commercial (semi-) automated culture systems for the rapid detection of 
M.. tuberculosis 

Stud y y 

Che»» el 3/ 1998 138 i 

Pfyfferr et al 1997 (134) 

Piersimonii et al 1997 (137) 

Rohnerr et al 1997 [147) 

Somoskovii et at 2000 (165) 

Tortolii et al 1998 (185) 

Tortohh et al 1999 (166) 

Wilhams-Bouyere/a// 2000(210) 

Vann Gnethuysen etui 1996(195) 

Numbe rr  of 
specimen s s 

603 3 

3095 5 

1766 6 

1078 8 

377 7 

2673 3 

2567 7 

3151 1 

2005 5 

%% +vea 

128 8 

144 6 

100 1 

66 7 

150 0 

8.2 2 

9.2 2 

7.3 3 

100 1 

System s s 

MGIT T 

BACTEC4600 TB 

LJ J 

Middlebrook7H11 1 

BACTECC 460 TB 

Soiidd media 

BACTECC 9000 

BACTECC 460 TB 

Sdlidd media 

MB.'BacT'Alertt 3D 

BACTECC 460 TB 

LJ J 

MBB BacTAIert 3D 

BACTECC 460 TB 

Solidd media 

MGITT 960 

BACTECC 460 TB 

LJ J 

ESPP Culture System II 

BACTEC460TB B 

LJ J 

MGITT 960 

BACTECC 460 TB 

LJ J 

MGITT 960 

ESPP Culture System II 

Middlebrook7H11 1 

BACTECC 9000 

Septi-chekk AFB 

LJ J 

Recover yy rate 

MTB b b 

92.0 0 

977 0 

95.0 0 

766 0 

900 0 

790 0 

833 5 

91.9 9 

85.5 5 

911 3 

978 8 

788 3 

933 6 

84.1 1 

966 4 

922 7 

81.8 8 

85.3 3 

97.7 7 

822 9 

88.0 0 

920 0 

744 0 

844 6 

73.8 8 

877 7 

966 7 

811 5 

833 5 

MOTTc c 

500 0 

677 0 

588 7 

766 1 

33.6 6 

511 6 

677 7 

477 1 

166 6 

33.3 3 

500 0 

1000 0 

100.0 0 

500 0 

700 0 

770 0 

377 8 

611 2 

711 6 

644 0 

664 4 

688 0 

552 2 

799 5 

766 9 

577 0 

all l 

933 0 

955 0 

877 0 

755 0 

699 0 

755 0 

86.5 5 

67 7 

78 8 

87 7 

64 4 

86 6 

91 1 

79 9 

96 6 

93 3 

80 0 

79 9 

89 9 

64 4 

80 0 

85 5 

71 1 

63 3 

71 1 

61 1 

6 6 

8 8 

1 1 

2 2 

3 3 

8 8 

5 5 

5 5 

0 0 

7 7 

0 0 

0 0 

4 4 

0 0 

0 0 

0 0 

9 9 

2 2 

8 8 

911 6 

800 2 

79.9 9 

Tim ee to detectio n 

MTBb b 

ZNaa -
*ve** ve' 

222 0 

140 0 

277 0 

277 3 

155 2 

122 2 18 1 

9.33 156 

2844 28 5 

1155 199 

88 3 168 

1177 21 3 

1266 158 

1388 17 7 

200 1 42 2 

19.0 0 

186 6 

288 6 

144 3 

144 9 

250 0 

128 8 

188 7 

192 2 

7 5 5 

142 2 

100 7 

MOTTc c 

155 1 

177 3 

31.3 3 

19.6 6 

166 6 

277 8 

126 6 

12.1 1 

18.9 9 

all l 

222 0 

144 0 

277 0 

122 5 

159 9 

154 4 

277 2 

177 5 

14.3 3 

132 2 

166 8 

366 2 

9.3 3 

178 8 

277 8 

133 3 

144 8 

257 7 

13.1 1 

16.9 9 

19.2 2 

8.7 7 

136 6 

122 2 

33+ve+ve = positive. MTB - Mycobacterium tuberculosis. cMOTT = Mycobacteria other than M. tuberculosis. 
*ZN*ZN - Ziehl-Neelsen. e-ve = negative 

Thee newer fully automated MGIT 960 and BACTEC 9000 MB (Becton 
Dickinson)) systems both make use of MGITs (Mycobacteria Growth Indicator 
Tube).. In these tubes oxygen, dissolved in the broth, quenches the emission of a 
fluorescentt compound, embedded in the bottom of the tube. Fluorescence 
increasess upon bacterial consumption of oxygen and is measured by an ultraviolet 
lightt source. The MB/BacT/Alert 3D (bioMérieux, Marcy L'étoile, France) system is 
alsoo a fully automated system. The culture bottles have a colorimetric sensor in the 
bottomm that changes from dark green to bright yellow when C02 is produced. 
Thesee systems are fully automated and don't require any specific precautions for 
thee handling and disposal of the detector substances. 
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Thee results of 9 major studies in which different culture systems are 
comparedd are displayed in table 1 (53). Roughly, studies have shown that the time 
too detection of M. tuberculosis is shortened from approximately 27 days on solid 
mediaa to 14 days in automated systems. For non-tuberculous mycobacteria 
significantt shortening is also achieved. Furthermore, recovery rates are higher in 
automatedd culture systems than on solid media. Among the tested systems, the 
BACTECC 460 appears to have the best performance, in terms of time to positivity 
andd sensitivity. However, the BACTEC 460 is not fully automated, is more prone to 
contaminationn (41, 200) and produces radioactive waste. 

Off the utmost importance when using these systems are the experience 
andd the skills of the personnel operating the equipment. Contamination rates have 
beenn high when inexperienced and untrained staff used these systems. 

4.34.3 Nucleic Acid Amplification Techniques 

Nucleicc acid amplification techniques (NAT) are based on the logarithmic 
amplificationn of a selected specific target sequence in the DNA or RNA, with two 
complementaryy oligonucleotides (primers) that function as a starting point for an 
NAA polymerase. Amplification by the polymerase chain reaction (PCR) - the most 
widelyy used NAT - is established by cyclic temperature changes that enable either 
annealingg of the primers to the target DNA, extension of the primers by DNA 
polymerasee or denaturing of (formed) double-stranded DNA. Ideally, in 40 
temperaturee cycles 1012 replicas (amplicons) of each target sequence are formed. 
Byy starting with a reverse transcriptase step before the PCR, RNA can serve as a 
targett as well. Other techniques like transcription mediated amplification (TMA) or 
strandd displacement amplification (SDA) use multiple enzymes in an isothermal 
process.. Detection of amplified targets takes place during (real-time PCR) or after 
thee amplification process. Depending on what degree of specificity is required 
detectionn can be performed by agarose gel electrophoresis and staining with NA 
bindingg dyes (ethidium bromide or SYBR green), real-time staining with SYBR-
green,, (real-time) hybridization to a labeled third complementary oligonucleotide 
(probe),, or - ultimately - sequencing of the amplicon. A multitude of different kinds 
off labels (e.g. biotin/streptavidin, enzymatic, radioactive, fluorescent, or 
electrochemiluminescentt labels), probes (e.g. FRET-probes, TaqMan probes, 
molecularr beacons) and ways for detection (e.g. southern blot, real-time) of 
ampliconss is available. Specificity can be further enhanced by the use of labeled 
substratee molecules (e.g. biotin labeled primers or nucleotides) for the amplification 
processs that can be captured and isolated afterwards. 
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Inn theory the sensitivity of an NAT is 1 copy of the target gene, while the 
specificityy is determined by the uniqueness of the primer sequences and the 
reactionn conditions (temperature, Mg2+ concentration). In practice, however, the 
sensitivityy of each NAT is hampered by the presence of inhibitory substances in 
patientt samples and the impossibility of extracting "all the NA, the intact NA, and 
nothingg but the NA" from these samples. Inhibitory substances can be checked for 
byy using either an internal or an external control for amplification. Furthermore, for 
eachh kind of sample the optimal NA extraction protocol should be applied, which 
includess an extraction control. On the other hand, 100% specificity is a hard goal to 
reachh because of the near inevitability of 'carry-over' of minute amounts of formed 
amplicons,, which are omnipresent in a lab where NATs are performed, into 
subsequentlyy processed samples in which they act as targets. 

Forr a clinical microbiology laboratory it is mandatory to take measures to 
preventt amplicon contamination of samples. Measures to be taken can include: 

1)) the use of a dUTP-UDG system: by using the nucleotide dUTP as a 
polymerasee substrate instead of dTTP and by adding uracil-DNA-glycosylase 
(UDG)) to each reaction, amplicons from prior reactions can be degraded before the 
amplificationn process starts. 

2)) the physical separation of different steps in the amplification process: 
usingg different, separated work areas, e.g. a 'clean' pre-amplification area where 
amplificationn mixtures and reagents are handled and stored, an extraction area 
wheree NAs are extracted from clinical samples and added to the amplification 
mixturee and a 'dirty' post-amplification area where the actual amplification process 
iss performed and where amplicons are detected and analyzed. To further avoid 
contaminationn it is also necessary to apply positive pressure in 'clean' areas and 
negativee pressure in 'dirty' areas. Staff should be instructed not to enter or to bring 
equipmentt or samples to a 'clean' room after they have been in a 'dirty' room. 

3)) the use of aggressive environmental inactivation procedures: cleaning 
workk areas (rooms, cabinets, equipment) after each work session with bleach and 
ultraviolett irradiation. 

Inn mycobacterial diagnostics the goals of an NAT can include: assessment 
off an infection by mycobacterial species (16S rRNA or 16S-23S ITS, see 4.4 
Identification),, assessment of an infection by M. tuberculosis complex (\S6110 or 
16SS rRNA) and, if the infection has been diagnosed: assessment of a resistance-
associatedd mutation (see 4.6 Susceptibility testing) or quantification of the amount 
off bacteria present to monitor the treatment response (see 4.5 Monitoring of the 
treatmentt response). 
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AA multitude of ïn-house' NATs for M. tuberculosis complex has been 
described.. The insertion sequence \S6110, which is specific for M. tuberculosis 
complex,, is the most widely used target. An advantage of this target is that it is a 
multi-copyy target, which enhances sensitivity. However, incidentally strains have 
beenn described that are deficient in \S6110 (150, 198, 216) and a large percentage 
off strains from India, Vietnam and some Western European countries only carry 
onee \S6110 copy (7). 

Threee commercial kits for NAT-based diagnosis are available at the 
moment;; a fourth has been taken off the market: 
1.. Gen-Probe amplified Mycobacterium tuberculosis direct test (aMTD, Gen-

Probe,, San Diego, California, U.S.A.), the first available commercial kit that is 
approvedd by the US Food and Drug Administration (FDA) for both Ziehl-
Neelsenn positive (4) and negative (3) pulmonary samples. Amplification takes 
placee by means of TMA (Figure 1), an isothermal reaction in which amplicons 
aree formed by the actions of three different enzymes: from the RNA target an 
RNA/DNAA hybrid is formed by reverse transcriptase, the RNA part is degraded 
byy RNase H, and subsequently the remaining ssDNA serves as a template for 
RNAA polymerase. With the resultant RNA the cycle can start again. The target 
off this kit is the multi-copy 16S rRNA and detection is carried out with 
acridiniumm ester-labeled DNA probes. This kit has no internal control and its 
usee is not automated. 

FIGUREFIGURE 1 (Page 28). Schematic representation of Transcription Mediated Amplification. Black line: 
RNA.RNA. Grey line: DNA. Squares: primers. The bars on the lines and squares represent bases. Filled 
blackblack circle with arrow: reverse transcriptase. Pacman: RNase H. Open circle with arrow: RNA 
polymerase.polymerase. P1: primer 1. P2: primer 2. 

FIGUREFIGURE 2 (Page 29). Schematic representation of the Ligase Chain Reaction. Black line: DNA. 
Squares:Squares: primers. The bars on the lines and squares represent bases. Black square with arrows: DNA 
ligase.ligase. P1: primer 1. P2: primer 2. etc. 

FIGUREFIGURE 3 (Page 30-31). Schematic representation of Strand Displacement Amplification. Black line: 
DNA.DNA. The bars on the lines and squares represent bases. Two squares attached by a line: primers 
elongatedelongated with a non-complementary sequence, which includes a recognition site for a restriction-
modificationmodification enzyme. Filled black circle: DNA polymerase. Black bars: recognition site for a restriction-
modificationmodification enzyme. Scissors: restriction-modification enzyme. Filled black circles with long arrow: exo-
KlenowKlenow DNA polymerase (a polymerase without exonuclease activity). P1: primer 1. P2: primer 2. 
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1.. dsDNA target 
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6.. Formation of amplicons with restriction sites 

7.. Restriction 
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2.. Roche Amplicor Mycobacterium tuberculosis test (Roche Diagnostics, Palo 
Alto,, California, U.S.A.) is FDA approved for Ziehl-Neelsen positive pulmonary 
sampless (5). It is a conventional PCR reaction with dUTP-UDG that uses 
single-copyy 16S DNA as a target. An internal control is included. Ampiicons are 
detectedd with horse radish peroxidase (HRP) labeled probes. Amplification and 
detectionn are fully automated. 

3.. Becton Dickinson BDProbeTec ET Mycobacterium tuberculosis assay. An M. 
tuberculosistuberculosis complex-specific fragment of \S6110 and a genus specific part of 
16SS DNA are amplified by means of strand displacement amplification (SDA, 
Figuree 3): in this technique primers are used that contain a 5' overhang, the 
resultingg ampiicons contain a restriction site, this site is cut by a restriction 
enzymee which creates a 'nick' in the DNA that subsequently serves as a 
startingg point for exo- Klenow DNA polymerase. The resulting ampiicons also 
containn this restriction site and enter a new cycle. This system is not (yet) FDA 
approvedd but (the newer version) is fully automated (135). 

4.. Abbott LCx Mycobacterium tuberculosis test (Abbott Laboratories, Abbott Park, 
Illinois,, U.S.A.). This kit is based on yet another principle (ligase chain reaction, 
Figuree 2) in which ampiicons are generated by 4 primers that anneal in pairs 
nextt to each other on complementary strands that are subsequently ligated by 
aa DNA ligase for amplification of a fragment of a 38kDa protein encoding M. 
tuberculosistuberculosis complex-specific gene; resulting ampiicons were labeled with 
carbazoll that was detected with antibodies. This kit, however, is not 
commerciallyy available anymore. Interestingly, some isolates were described 
withh a deletion in the gene that is the target of the LCx. This caused false 
negativee LCx results (67). 

Inn genera!, all kits show comparable results. Performance is always better 
onn ZN positive samples, as well as on pulmonary samples, as opposed to ZN 
negativee and extra-pulmonary samples. The BDProbeTec and Amplicor have the 
advantagee of an internal control and of being fully automated, compared to the 
aMTD,, and are therefore easier to implement in a routine laboratory. In contrast, 
thee aMTD is FDA-approved for both ZN positive and negative samples, the 
Amplicorr only for positive samples and the BDProbeTec is not FDA approved. 

Shortlyy after the introduction of NATs it was expected that eventually they 
wouldd fully replace the 'old-fashioned' microscopy and culture, however, the 
performancee of the tested kits is not - yet - good enough. Furthermore, ZN is still 
neededd for detection of non-tuberculous mycobacteria. Not until a fast, sensitive 
andd robust NAT becomes available, that can detect the genus Mycobacterium and 
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thee species belonging to the M. tuberculosis complex specifically, will the time 
consumingg ZN smear and the long lasting mycobacterial culture become obsolete. 

TABLEE 2. M ĵor studies with commercial nucleic acid amplification-based detection systems for M. 
tuberculosis tuberculosis 

Noo Resp* X-f 
Senss Spec PPV NPV Suns Spec PPV~ NPV' Sens Spec: PPV* NPV 

4866 296 

A M T D D 

MM A m p l i c o i 

A W T DD I R ' I 
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1 9 9 7 ( 8 3 , , 
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i.'' 2 3 0 j - 1 2 

723 3 

530 0 

523. . 

799 9 

6 0 0 0 

515 5 

855 5 

351 1 

5 3 0 0 

5 2 .. < 

799 9 

6 0 0 0 

3 3 1 1 

5 6 ' ' 

' 5 5 

372 2 

184 4 

B D P r o b e T e c c 

B D P r o b e T e c c 

B D P r o b e T e c c 

B D P r o b e T e c c 

B D P r o b e T e c c 

B D P r o b e T e c c 

B D P r o b e T e c c 

B D P r o b e T e c c 

B D P r o h e T e c c 

B O P r o c s T e c c 

B B 8 8 

822 7 

500 7 

944 7 

100 0 

977 7 

933 8 

944 5 

922 3 

 i 

966 9 

988 5 

966 7 

999 8 

999 2 

966 5 

999 6 

999 6 

1 0 0 C C 

988 i 

33RespResp = respiratory sample, bX-resp = extra respiratory sample, cSens - sensitivity, dSpec = specificity, 
eePPVPPV = positive predictive value, fNPV = negative predictive value, g+ve = positive, h-ve = negative. 'M = 
manual.manual. 'C = automated. kR = respiratory. 'X = extra-respiratory. mna - not available. 

4.44.4 Identification 

Oncee smear or culture positivity is established it must be ascertained that 
thee bacteria belong to the genus Mycobacterium and, if so, they must be assigned 
too a certain species. Classical identification is based on biochemical characteristics 
off the bacterium. The minimal requirements for assignment of a strain to the genus 
MycobacteriumMycobacterium are acid-alcohol fastness, a DNA GC content in the range of 61 to 
71%% and presence of mycolic acids. Features of M. tuberculosis complex include 
sensitivityy to isoniazid, urease activity, and the presence of a mycolic acid 
spectrumm containing a-mycolate, methoxymycolate, ketomycolate, and C2e 
pyrolysiss esters. M. tuberculosis differs biochemically from the other species 
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belongingg to the complex in its resistance to thiophene-2-carboxylic hydrazide, 
nitratee reduction, pyrazinamidase activity, and niacin production. Biochemical 
identificationn requires 3 to 6 weeks (100). 

Sophisticatedd chromatography based methods (high performance liquid 
chromatographyy or thin layer chromatography) to determine the mycolic acid 
patternn that is specific for each mycobacterial species (70) or PCR-restriction 
endonucleasee analysis (PRA) of the hsp65 gene (181) are very accurate, but these 
methodss require considerable expertise and expensive equipment and are 
thereforee only performed in reference and research laboratories. Furthermore, 
thesee methods do not discriminate between the different species within the M. 
tuberculosistuberculosis complex. 

Identificationn time of M. tuberculosis complex, M. avium complex, M. 
intracellular,intracellular, M. kansasii and M. gordonae can be shortened considerably with the 
usee of the fluorescent species-specific AccuProbe DNA-probes (Gen-Probe). 
Thesee probes identify mycobacteria directly from broth or solid culture within hours. 
However,, false positivity with the M. tuberculosis complex probe is reported for 
(slow-growing)) M. terrae and M. celatum species (34, 62). 

AA similar method is the INNO-LiPA Mycobacteria (Innogenetics, Ghent, 
Belgium).. In this line probe assay the mycobacterial 16S-23S rRNA spacer region 
iss amplified by means of PCR from broth or solid culture. Subsequently the 
amplificationn product is incubated with a strip on which 14 probes are immobilized 
thatt produce an enzymatic color reaction upon hybridization. Probes specific for M. 
tuberculosistuberculosis complex, M. avium-intracellulare complex, M. avium, M. intracellular, 
M.M. scrofulaceum, M. kansasii, M. chelonae complex, M. gordonae and M. xenopi 
aree included, along with a genus-specific probe. Compared to the AccuProbe, with 
thiss assay it is possible to identify more species with just one test, while with the 
AccuProbee each species is tested separately. However, this assay takes longer (6 
hourss vs. 2 hours) and is more difficult to perform. In early studies sensitivity and 
specificityy were reported to be very high, although there were some discrepancies 
withh species belonging to the M. avium-intracellulare complex and M. gordonae. 
Also,, trained personnel is required, since the hybridization procedure necessitates 
veryy stringent temperature conditions, and color reactions can be ambiguous (156, 
188).. In a newer version (Inno-LiPA Mycobacteria v2) of this assay the number of 
probess is increased to 24, and both hybridization and scanning are fully automated 
(W.. Mijs, C. Catry, M. Vandijck, M. van Brussel, P. Valente, L. Rigouts, F. Portaels 
andd R. Rossau, Poster 23rd Ann. Congr. Eur. Soc. Mycobacteriol., Dubrovnik, 
Croatiaa - June 23-26, 2002). The AccuProbe and the Inno-LiPA do not discriminate 
betweenn the individual species of the M. tuberculosis complex. An alternative for 

34 4 



Chapterr 1 

thee Inno-UPA Mycobacteria test is direct sequencing of the 16S-23S DNA spacer 
regionn followed by blasting against a mycobacterial database (30). 

Otherr methods for the identification of M. tuberculosis complex from culture 
aree immunoassays with poly- or monoclonal antibodies that detect mycobacterial 
antigenss (65, 201) and the BACTEC NAP test that employs p-nitro-a-acetyl-amino-
(5-hydroxypropiophenonee (NAP), which inhibits the growth of M. tuberculosis 
complexx but not of non-tuberculous mycobacteria (162). 

Inn a low resource setting the BACTEC NAP method would suffice. 
Otherwise,, however, depending on whether it is necessary to assess the presence 
(orr absence) of M. tuberculosis complex or to identify the causative 
mycobacterium,, the - faster - AccuProbe or Inno-LiPA mycobacteria can be used, 
respectively. . 

Thee differentiation of M. tuberculosis and other members of the complex is 
donee on biochemical grounds (see above) or by means of epidemiological tools: 
suchh as IS6770-RFLP, spoligotyping or VNTR-analysis (197). The exact 
mechanismss of these techniques fall beyond the scope of this introduction. 

Recently,, an assay was made available that identifies the different species 
withinn the M. tuberculosis complex with a technique similar to the Inno-LiPA tests 
(seee above): the Genotype MTBC (Hain Lifesciences GmbH, Nehren, Germany). In 
thiss assay fragments of the 23S rRNA (genus specific), gyrB (species specific) and 
RD11 (deleted in M. bovis BCG) are amplified from cultured isolates and hybridized 
onn a strip with 14 immobilized probes. A first evaluation showed promising results 
(145). . 

4.54.5 Monitoring of the treatment response 

Tuberculosiss requires a prolonged and complex treatment compared to 
thatt of most other infectious diseases. Treatment consists of a regimen of four 
drugss (in The Netherlands rifampicin, isoniazid, ethambutol and pyrazinamide are 
mostt widely used), which are given for a period of 6 months. More prolonged 
regimenss are required for extrapulmonary tuberculosis (9-12 months), and 
treatmentt of (multi) drug-resistant tuberculosis necessitates an even longer course 
off more and other agents. 

Sincee tuberculosis patients are contagious and isolation measures are 
requiredd during hospitalization, tools for monitoring the response to treatment are 
useful,, firstly, to assess when a patient is not contagious anymore and thus 
isolationn precautions are not needed anymore, and secondly, to detect treatment 
failuree caused by resistance or non-compliance. Currently, no laboratory tests are 
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available,, and isolation measures are stopped after two weeks when the clinical 
responsee is good {defervescence, weight gain). 

Monitoringg progressive reduction in the number of acid-fast bacilli by smear 
examinationn is very crude, since a large percentage of all new cases of pulmonary 
tuberculosiss are smear negative upon diagnosis, the quality of sputum samples is 
veryy variable and microscopy does not distinguish between viable and dead M, 
tuberculosis.tuberculosis. It is not specific for M. tuberculosis and it is insensitive (5-10 • 103 

mycobacteria/mll (80)). Conversion of sputum cultures to M. tuberculosis-negative 
statuss is more sensitive and specific, but very time-consuming - culture results take 
moree than the required isolation period to become available - and, therefore, 
supplementaryy rapid methods are required. NATs would in theory be more 
sensitivee than microscopy, however, mycobacterial DNA is very stable and can be 
detectedd in patient sputum long after culture conversion (49, 78, 98). In vitro 
studiess on M. smegmatis showed a strong correlation between the presence of 
16SS rRNA and viability (192), however, this correlation was poor for M. tuberculosis 
rRNA,, since rRNA was also detected after smear and culture conversion (124, 
184). . 

Ann assay that targets mycobacterial mRNA, which has a half-life of 3 min 
(10),, would provide an indication of mycobacterial viability, in contrast to one that 
targetss the stable DNA and rRNA. Furthermore, results would be available within a 
feww days. Several articles have been published in which authors have tried to set 
upp an assay for mycobacterial mRNA that encodes the abundant a-antigen (85B 
protein),, which constitutes 41% of the total mycobacterial protein in supematants 
(206).. In these assays either RT-PCR or RT-SDA were used. Studies on the use of 
thiss target in mycobacterial cultures and in spiked sputum samples, with and 
withoutt isoniazid, showed promising results: sensitivity was high and there was a 
goodd correlation with mycobacterial viability. A simultaneously performed PCR 
aimedd at the \S6110 element remained positive after culture conversion (76, 87). 
Threee clinical studies confirmed these results (50, 51, 77): a-antigen mRNA could 
bee amplified from 22 of 23 patients prior to treatment, mRNA levels rapidly declined 
afterr initiation of treatment and became negative after 2 weeks to 2 months while 
rRNAA and DNA (either a-antigen or \S6110) levels remained positive. One patient 
experiencedd a relapse, 13 months after treatment initiation. This patient also had 
thee highest levels of mRNA in the first two weeks as well as the longest detectable 
mRNAA levels (60 days). Unfortunately, mRNA levels were not measured shortly 
beforee and during the relapse. 

Althoughh this is an elegant and fast method to measure treatment 
responsee and failure, no commercial system to detect mRNA has yet been 
introducedd and the only experience in this field comes from 'in-house' assays. 
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Whenn setting up an assay like this it is important to consider that mRNA molecules 
aree very instable and prone to degradation by environmentally ubiquitous RNases. 
Clinicall samples should be processed as quickly as possible (mRNA degradation is 
observedd within 72h when it is stored at , 'mRNA-friendly' decontamination 
andd extraction protocols should be employed (50), working conditions should be 
strictlyy RNase free, and contamination prevention measures as described above 
shouldd be taken. 

4.64.6 Susceptibility testing 

Susceptibilityy testing is important for appropriate patient management. It 
shouldd be done on all initial isolates, and should be repeated if a patient still has a 
positivee culture after 3 months of treatment or if a patient does not respond to 
treatment.. The Centers for Disease Control and Prevention (CDC) recommend that 
susceptibilityy results be available within 28 days of receipt of a specimen (183). 
Routinee laboratory susceptibility tests are performed for the four primary 
tuberculostatics;; secondary drugs are tested in reference laboratories. In The 
Netherlands,, most of the clinical laboratories send their isolates to a reference 
laboratoryy (RIVM, Bilthoven). Tests should be performed with standard 
methodology,, such as that recommended by the National Committee for Clinical 
Laboratoryy Standards (NCCLS) (129). 

Testingg can be performed directly on a decontaminated or sterile positive 
patientt sample or indirectly on a primary culture or subculture. Routine testing is 
mostt frequently applied on cultured isolates. 

Thee agar proportion susceptibility test is performed on solid or broth 
mediumm with concentrations of 0.2 and 1 ug/ml isoniazid, 1 ug/ml rifampicin and 5 
andd 10 ug/ml ethambutol. Isolates are classified as susceptible if the number of 
coloniess on the drug-containing medium is <1% than on the control (drug-free) 
medium,, and resistant if the number of colonies is >10%. With the introduction of 
thee BACTEC 460 radiometric system (Becton Dickinson) and newer non-
radiometricc automated systems (see 4.2 Culture) came the development of the 
proportionn method for this system. With the ratio of growth indices obtained by 
inoculationn of the test isolate in drug-containing medium and inoculation of one-
hundred-foldd dilution (1%) of the isolate in drug-free medium, susceptibility can be 
determinedd faster. In The Netherlands, isolates are considered resistant when the 
minimall inhibitory concentrations (MIC) are equal to or greater than 0.2 ug/ml of 
isoniazid,, 1 ug/ml of rifampicin and 5 ug/ml of ethambutol (Kristin Kremer, personal 
communication). . 
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Forr pyrazinamide the BACTEC broth-based methodology is the reference 
method.. Since pyrazinamide is only active at low pH, susceptibility should be 
measuredd at pH 6.0 (pH 5.5 is optimal, however, most mycobacteria grow poorly at 
thiss acidity) (152). In The Netherlands, isolates are considered resistant if the MIC 
off pyrazinamide is equal to or greater than 50 ug/ml (Kristin Kremer, personal 
communication).. Care should be taken with the interpretation of results especially 
whenn isolates are only identified to the level of the M. tuberculosis complex: M. 
bovisbovis and M. bovis BCG are intrinsically resistant to pyrazinamide whereas most 
M.M. tuberculosis isolates are susceptible. 

Resultss from broth cultures can be obtained faster with the microscopic 
observationn drug susceptibility assay (MODS) (37). The difference between 
conventionalconventional methods and MODS is that cultures are frequently checked for growth 
off microcolonies under a microscope in MODS. 

Susceptibilityy test results should be reported to the requesting physician 
withoutt delay. Especially rifampicin and isoniazid resistance have consequences 
forr the treatment of the patient (25). 

Novell faster methods for susceptibility testing include mycobacteriophage-
andd PCR-based tests that can either be used on cultures or directly on clinical 
samples.. Jacobs et at. developed a method in which they demonstrate the 
presencee of viable mycobacteria in drug-containing medium by infecting them with 
luciferase-expressingg mycobacteriophages, which only replicate within viable 
mycobacteria.. These produce light upon infection by the phages, death of 
mycobacteriaa due to drug susceptibility leads to cessation of light production (84). 
Thiss method has been further developed to a 'low-tech' microtiter format called the 
'Bronx-box'' and has been tested directly on clinical samples. The use of this "box" 
reducess turnaround time to 54 to 96 hours (75). 

Ann alternative phage-based approach is that of the PhaB (phage amplified 
biological)) assay. In this assay a culture of mycobacteria in drug-free or drug-
containingg medium is infected with mycobacteriophages. The phages outside the 
mycobacteriamycobacteria are subsequently inactivated, whereas the intracellular phages 
replicatee within viable mycobacteria and eventually lyse the host cell. The released 
phagess are then plated onto a solid culture of M. smegmatis where their presence 
cann be assessed after overnight incubation as clear areas of lysis (211). Evaluation 
off this test for first and second line drugs with cultured isolates from clinical 
sampless showed fast turnaround times (2-4 days) and a correlation with the 
proportionn method of 87-100% (57). 

PCR-basedd methods are aimed at the amplification of genes that encode 
drugg targets and drug-converting enzymes, and subsequent detection of deletions 
andd mutations that are associated with drug resistance. Many assays have been 
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describedd based on different methods for post-PCR detection, that can be applied 
too either culture or clinical samples (see 5. Resistance in Mycobacterium 
tuberculosis). . 

4.74.7 Quality control 

Too check whether a clinical microbiology laboratory is capable of providing 
reliablee results, periodical internal or external quality control studies are essential. 
Inn The Netherlands, the Foundation Quality Control Medical Laboratory diagnostics 
(SKML)) is charged with this task. One of the goals of this foundation is to improve 
thee quality of clinical microbiology laboratories by sending test samples, which 
coverr the whole spectrum of infectious agents, to all national laboratories, to 
evaluatee the findings with the involved laboratories, and to define criteria on each 
sample,, disease, or organism, which all involved laboratories should meet. 

5.5. Resistance in Mycobacterium tuberculosis 

Mycobacteriaa are intrinsically resistant to some classes of conventional 
antibiotics.. They produce a wide-spectrum (S-lactamase, which causes resistance 
too most penicillins and cephalosporins. In addition, members of the M. tuberculosis 
complexx carry ermMT. a gene encoding a methyltransferase that methylates the 
23SS rRNA, which causes resistance to macrolides, lincosamides and 
streptogramins.. Non-tuberculous mycobacteria do not carry this gene and are 
susceptiblee to these classes of antibiotics (33). Thus, treatment of M. tuberculosis 
infectionss is based on agents, which are a specifically active against M. 
tuberculosistuberculosis or mycobacteria and some broad-spectrum antibiotics. 

Drugg resistance is a spontaneously occurring phenomenon in M. 
tuberculosis.tuberculosis. Mutations leading to rifampicin resistance occur at a rate of 1CT10 per 
celll division, and at a rate of 10"7 to 10"9 for isoniazid, resulting in a prevalence of 
resistantt organisms of 1 in 108 and 1 in 106, respectively. Accordingly, 1 in every 
10144 mycobacteria would theoretically be multidrug-resistant (resistant to at least 
rifampicinn and isoniazid). Since lung cavities contain approximately 107 

mycobacteria,, resistant bacteria will emerge naturally without antibiotic pressure 
andd will be selected during antimycobacterial chemotherapy (47). In the 1940s and 
50ss it was noted that resistance rapidly developed during streptomycin or isoniazid 
monotherapyy (31, 81, 117, 132, 173, 177, 215). From then on it was realized that 
tuberculosiss could only be successfully treated, let alone eradicated, when a 
treatmentt with multiple drugs was instituted. In addition to poor prescription other 
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reasonss for treatment failure are poor patient compliance, insufficient drug quality, 
andd inadequate supervision of the patient by physicians and health authorities. 

Drug-- and multidrug-resistance is a relatively small problem in The 
Netherlands.. The percentages of isolates resistant to isoniazid, rifampicin and 
ethambutoll in 2001 were 6.3, 1.1, and 0.5% for new cases, and 9.3, 1.2, and 0.0 
forr previously treated cases, respectively. The overall prevalence of multidrug 
resistancee was 0.6%. Physicians should be aware, however, that in some countries 
percentagess of resistant isolates have reached 40 to 60%, and should be 
suspiciouss of drug resistance when immigrants from those countries or people who 
havee visited those countries fall ill with tuberculosis. High-incidence countries are 
thee Baltic States {Estonia, Latvia and Lithuania) and the rest of Eastern Europe 
(including(including Russia), China, India, Thailand and Iran, but data from a large number 
of,, especially developing, countries are lacking. As a general rule, physicians 
shouldd consider multidrug-resistance in all patients from Eastern Europe and Asia. 
Inn the developed countries, but also in Africa and South America, the prevalence of 
multidrugg resistance is considerably lower (58, 59). A single strain, the Beijing or 
WW strain, is particularly associated with drug- and multidrug-resistance. This strain 
recentlyy originated in South-East Asia, has disseminated in a large part of Asia 
wheree it is now the predominant strain (71) and frequently causes epidemics of 
multidrug-resistantt tuberculosis in various parts of the world. Epidemics in New 
Yorkk City (24, 64) and the Canary Islands (36) have been described. 

Drugg resistance in M. tuberculosis is always caused by the (stepwise) 
acquisitionn of point mutations or deletions in genes coding for drug targets or drug 
convertingg enzymes. In contrast to most other bacteria, the action of enzymes that 
inactivatee antibiotics or the plasmid-mediated conjugation of resistance genes has 
neverr been described for mycobacteria. In the rest of this chapter, the mechanism 
off action of the most important tuberculostatic agents and their respective 
mechanismm of resistance is described (Table 3). 

5.15.1 Treatment regimens and adverse effects 

Nowadays,, in The Netherlands, treatment (of uncomplicated pulmonary 
tuberculosis)) regimens consist of a 2 month initiation phase, during which the four 
first-linee drugs (isoniazid, rifampicin, ethambutol, and pyrazinamide) are given 
daily,, followed by a continuation phase of 4 months with 2 agents (isoniazid and 
rifampicin).. Mono-resistant tuberculosis should be treated with 3 agents initially 
(withh the omission of the drug against which the bacterium is resistant), and the 
continuationn phase should be prolonged with 3 months. Fluoroquinolones are the 
firstt drug of choice when additional agents are required. Multidrug-resistant 
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tuberculosiss is treated for a period of 18-24 months with 3 or 4 still active drugs 
(196).. Exact recommendations for each situation fall beyond the scope of this 
introduction. . 

TABLEE 3. Antituberculous agents: mode of action and main mechanisms of resistance 

Agen t t 

Streptomycin n 

Amikacin n 

Isoniazid d 

Rifampicin n 

Ethambutoll low 

Ethambutoll high 

Pyrazinamide e 

Fluoroquinolones s 

Effec t t 

bactericidal l 

bactericidal l 

bactericidal l 

bactericidal l 

bacteriostatic c 

bactericidal l 

bactericidal l 

bactericidal l 

Localizatio n n 

extracellular r 

extracellular r 

intracellular r 

extracellular r 

intracellular r 

extracellular r 

semi-dormant t 

intracellular r 

intracellular r 

extracellular r 

Bacteria ll  Targe t 

translation n 

translation n 

mycolicc acid synthesis 

transcription n 

arabinogalactann synthesis 

arabinogalactann synthesis 
? ? 

DNAA supercoiling 

Gene e 

rpsL rpsL 

rrs rrs 

rrs rrs 
katG katG 

inhA inhA 

rpoB rpoB 

7 7 

7 7 

pncA pncA 
gyrA gyrA 

Amin o o 

loops s 

Aci dd Position s 

43.. 88 

aroundd 530 and 915 

1400 0 

315 5 

rbsa a 

516,, 526.531 

wholee gene 
88-94 4 

aarbsrbs = ribosomal binding site 

Threee of the four first-line drugs of the initiation phase can give rise to 
hepatotoxicity.. isoniazid and pyrazinamide can cause hepatitis with elevation of 
liverr enzymes (ASAT, ALAT), and rifampicin can cause hepatitis with a cholestatic 
pattern.. It is therefore wise to monitor the liver enzymes (ASAT, ALAT, y-GT, AP) 
andd bilirubin during treatment. Isoniazid can cause pyridoxine-deficiency (vitamin 
B6);; supplementation is recommended. Ethambutol is the most harmless of the 
fourr first-line drugs but can cause neuritis optica. Rifampicin causes orange 
discolorationn of body fluids, for which patients should be warned (2, 25) 

5.25.2 Streptomycin and Amikacin 

Streptomycinn was the first substance to be isolated that was fit for use in 
patientss (see 3. History of tuberculosis and antituberculous therapy). Although the 
firstt cures of tuberculosis were considered a miracle worldwide, that eventually 
broughtt Selman Waksman the Nobel-prize in 1952, resistance was observed within 
aa few years (172). Streptomycin is an aminoglycoside: a group of broad-spectrum 
antibiotics,, active against most Gram-positive and -negative bacteria. In contrast to 
otherr tuberculostatics, streptomycin and other aminoglycosides cannot be 
administeredd orally and should be given to the patient intramuscularly or 
intravenously. . 
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Streptomycinn is actively taken up by the bacterium. Intracellular^, it binds 
too the 16S rRNA, inhibits translational initiation and affects translational fidelity 
(120).. In 65-75% of streptomycin resistant isolates, point mutations are identified in 
thee 16S rRNA gene (rrs) and in a gene coding for ribosomal protein S12 (rpsL) (60, 
169).. Bacteria belonging to the M. tuberculosis complex have, in contrast to most 
otherr bacteria, only one copy of the rRNA genes (21). Hence, single nucleotide 
polymorphismss in these genes can easily produce antibiotic resistance. 

Highh level resistance (MIC > 500ug/ml) to streptomycin is caused by point 
mutationss at position 43 and 88 of rpsL in -50% of resistant isolates; intermediate 
levell (MIC < 250ug/ml) resistance by mutations found in the loops around amino 
acidss 530 and 915 of rrs in -15% (42, 114, 169). These loops are located adjacent 
too each other and interact with the ribosomal S12 protein (174). The remainder 
(-30%)) of the streptomycin-resistant isolates are mainly low level resistant, they 
havee no mutations in the two ribosomal genes; a cell wall permeability barrier is 
suggestedd to be responsible for resistance in these isolates (114). Streptomycin 
resistancee is not associated with reduced virulence (26). 

Inn The Netherlands, streptomycin is no longer available for clinical use 
becausee of its severe adverse effects: mainly ototoxicity. Amikacin, a synthetic 
analoguee of kanamycin, an aminoglycoside produced by Streptomyces 
kanamyceticus,kanamyceticus, has fewer side effects and is now used as a second line drug to 
treatt resistant isolates of M. tuberculosis. It was synthetized in 1972 by a Japanese 
groupp (89), and has the same mode of action as streptomycin. Because amikacin 
iss not frequently used and cross-resistance with streptomycin is not found (191), 
resistancee to amikacin is rare. High-level resistance to amikacin is associated with 
aa mutation at amino acid position 1400 of rrs (8). The mechanism for intermediate-
andd low-level resistance is unknown. 

5.35.3 Isoniazid (INH) 

Thee antimycobacterial action of isonicotinic acid hydrazide (isoniazid or 
INH),, a substance already synthetized in 1912 (116), was simultaneously 
discoveredd by three groups in 1952 (52, 56, 146). In the same year patients were 
successfullyy treated for the first time with INH; alone (39), or - more successful - in 
combinationn with streptomycin (126). INH is only active against M. tuberculosis 
complexx and has been and still is one of the mainstay drugs in tuberculosis 
treatmentt (25); INH is strongly bactericidal against replicating bacteria and causes 
aa decimation of bacterial numbers in the first days of treatment. However, in the 
samee year of its discovery, INH resistance was observed in the laboratory and in 
patientss receiving monotherapy (see above). Within two years, Middlebrook et al. 
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foundd a relation between INH resistance and a loss of catalase activity (117). Now, 
halff a century later, the mechanism of action of INH and of resistance to INH has 
stilll not been fully elucidated. 

Thee current model is that INH binds to the catalytic site of a catalase-
peroxidase,, encoded by katG, and is subsequently converted into an active 
compound,, the nature of which remains unknown (220). This compound binds to 
ann enoyl acyl carrier protein reductase, encoded by inhA, which is part of the fatty 
acidd synthase II complex (FASH), a number of enzymes involved in the elongation 
off mycobacterial mycolic acids (16, 17). INH thus interferes with the formation of 
thee mycobacterial cell wall. In the 1990s, deletions of katG and point mutations 
weree found to be associated with INH resistance (128, 218). In addition, mutations 
inn inhA and its ribosomal binding site and in another gene belonging to the FASH 
complexx (kasA) were found in INH resistant isolates (113). Numerous other genes 
havee been proposed to play a part in INH resistance, but the prevalence of these 
mutationss is relatively low, the mechanism of resistance is not fully understood and 
thee evidence of an association with resistance is incomplete. 

Thee complete deletion of katG causes high-level resistance to INH, but this 
iss a rare phenomenon. The most frequently (in The Netherlands, 55% of all INH-
resistantt isolates had this mutation, this thesis) encountered causative mechanism 
forr resistance is a mutation at amino acid 315 of katG (A315). The - wild-type -
serinee at position 315 is located at the catalytic site of the mycobacterial catalase-
peroxidasee and is important for the binding of INH to the enzyme. The serine is 
substitutedd with a threonine in >95% of all A315 isolates (this thesis) causing steric 
hindrancee and a loss of affinity for INH (88). Several other - less frequent -
mutations,, small insertions and deletions in katG have also been described in INH-
resistantt isolates (142). 

Variouss authors have shown that mutations and, even more so, complete 
deletionss of katG have deleterious effects on the bacterium. The catalase-
peroxidasee helps the bacterium to survive within the hostile environment of the 
macrophagee phagosome (131). Absence or dysfunctioning of this enzyme leads to 
reducedd virulence, as has been shown in guinea pigs (101). The A315 mutation, 
however,, abolishes the catalase-peroxidase-mediated conversion of INH to its 
activee compound, while part of the catalase and peroxidase activity of the enzyme 
remainss intact (148). In accordance, the aforementioned loss of virulence is not 
observedd in these isolates (141). Furthermore, this mutation is of particular 
importancee because it is associated with high-level resistance (89% of all INH-
resistantt isolates with an MIC of > 2 ug/ml have this mutation), with maintained 
transmissibilityy in humans and with resistance to other agents (this thesis). 
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Mutationss in the ribosomal binding site of inhA are thought to be associated 
withh higher levels of expression of its gene product, while mutations in the gene 
itselff or in kasA cause affinity changes for the converted INH. The frequency of 
thesee mutations is relatively low, they are associated with low-level resistance to 
INHH (18, 105, 164). 

5.45.4 Rifampicin (rifampin) and other Rifamycins 

Inn 1963 the drug company Lepetit (Gruppo Lepetit SpA, Milan, Italy) 
discoveredd a new class of drugs: the rifamycins, among which was rifamycin B, 
producedd by Amycolatopsis mediterranei. Chemical manipulation by 
pharmaceuticall company Ciba (Ciba Specialty Chemicals Inc., Basel, Switzerland) 
resultedd in rifampicin (a.k.a. rifampin, in the U.S.A.), a drug of strong potency 
againstt mycobacteria. Today, rifampicin - together with INH - is the basis of 
successfull tuberculosis treatment (25). Besides against mycobacteria, rifampicin is 
alsoo active against most Gram-positive bacteria and Haemophilus and Neisseria 
speciess (2). Rifampicin has a very good penetration in all tissues and is both active 
againstt actively replicating and semi-dormant intracellular mycobacteria. 

Rifampicinn binds to the p-subunit of the mycobacterial RNA-polymerase 
andd inhibits transcription initiation (99). Similar as in Escherichia coli, resistance to 
rifampicinn is caused by point mutations in the central region of the gene coding for 
thiss enzyme, rpoB (119, 180). A meta-analysis of various articles in which rpoB 
wass sequenced showed that 96% of rifampicin-resistant M. tuberculosis isolates 
hadd mutations in an 81 base pare long region, encompassing amino acids 507-
533.. The most frequent mutations are found at amino acid positions 516 (9%), 526 
(36%)) and 531 (41%). Especially mutations at amino acid 513 (-2%), 526 and 531 
aree correlated with high-level resistance. The remaining 4% do not have any 
mutationss in another part of rpoB and their mechanism of resistance remains 
unknownn (142). 

Threee other rifamycins are available for clinical use: rifapentine, rifalazil 
andd rifabutin. Rifabutin is mainly used for M. avium infections, because of the very 
loww MIC of rifabutin of this bacterium. These other rifamycins are of limited use as 
aa second choice for tuberculosis treatment when rifampicin resistance has 
developedd because of cross-resistance. Isolates with a mutation at position 513 
andd 531 are co-resistant to all three other rifamycins, those with a mutation at 
positionn 516 only to rifapentine. Most isolates with a mutation at position 526 are 
alsoo resistant to all rifamycins, with the exception of a fraction of isolates in which 
thee histidine is replaced by leucine (8% of 526-mutants), glutamic acid (<1%), or 
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asparaginee (<1%) (121, 154, 208). In summary, more than 70% of rifampicin 
resistantt isolates are resistant to all 4 rifamycins. 

5.55.5 Ethambutol 

Ethambutoll was synthetized in 1961 at Lederle laboratories (Lederle 
Laboratoriess Division, Pearl River, New York, U.S.A.); it is a useful drug for 
treatmentt of both M. tuberculosis complex and other mycobacterial infections. All 
otherr bacteria are completely resistant. Ethambutol is bacteriostatic in lower 
dosages,, but bactericidal against actively replicating bacteria in higher dosages 
(25mg/kg).. Ethambutol also interferes with the mycobacterial cell wall formation: it 
inhibitss the polymerization of cell wall arabinan by targeting an enzyme that 
transferstransfers arabinose to the cell wall acceptor: arabinosyl transferase (19, 178, 182, 
212).. This transferase is encoded by the embCAB gene cluster. 

Resistancee results from an accumulation of genetic events determining 
overexpressionn of the enzymes encoded by embCAB, structural mutations in 
EmbB,, or both (182). In one of the first studies, point mutations in embB have been 
identifiedd in 70% of ethambutol-resistant strains, among which 89% are located at 
aminoo acid position 306 (171). A prevalence ranging from 50-70% of this mutation 
amongg resistant strains has been reported (69, 123, 143). In contrast, other groups 
havee found this mutation in a high percentage of ethambutol-sensitive isolates. 
However,, the mutation is almost only found in multidrug-resistant isolates and 
neverr in fully susceptible ones, suggesting that this mutation is more a marker of 
resistancee in general than of ethambutol resistance in particular (123, 139). 
Therefore,, most likely, other - yet unknown - mechanisms play a role in 
ethambutoll resistance. 

5.66 Pyrazinamide 

Pyrazinamide,, a derivative of nicotinamide, was discovered in 1952. Like 
INH,, it is a pro-drug and it is only active against M. tuberculosis (e.g. most strains 
off M. bovis lack the converting enzyme pyrazinamidase, and are inherently 
resistant).. The precise mechanism of action of pyrazinamide is unknown. Recent 
studiess have shown that pyrazinamide enters M. tuberculosis by passive diffusion, 
iss converted to an active compound, pyrazinoic acid, by mycobacterial 
pyrazinamidase,, and is then excreted by a weak efflux pump. Protonated 
pyrazinoicc acid is reabsorbed into the bacilli under acid conditions and 
accumulates,, because the efflux pump is inefficient under those conditions, 
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causingg cellular damage and a decrease of membrane potential (219). Other 
authorss propose that pyrazinoic acid targets enzymes that belong to the 
mycobacteriall fatty acid synthase I (FASI) complex (223). Pyrazinoic acid appears 
too accumulate within macrophages and to lower the pH in those cells, which might 
explainn why pyrazinamide is particularly active against intra-cellular semi-dormant 
mycobacteriaa (151, 167). 

Approximatelyy 75% of pyrazinamide-resistant isolates is reported to have 
mutationss in the gene encoding pyrazinamidase (pncA), suggesting this is an 
importantt mechanism of resistance but also the existence of at least on other - yet 
unknownn - mechanism. The reported mutations were all scattered across the 
wholee 186 codons-long gene without a single one standing out. No mutations have 
everr been detected in susceptible isolates. Interestingly, a large percentage of the 
mutationss involved replacement of the original amino acids with a proline residu. 
Althoughh the exact significance of this observation is not understood, it is probable 
that,, if these changes occur in a-helical regions, protein structure would be altered 
(proliness cannot be integrated in a-helices) and enzyme activity would be damaged 
(107,, 159, 170). 

5.77 Fluoroquinolones 

Nalidixicc acid was the prototype of a new group of synthetic antibiotics that 
wass isolated from a distillate during chloroquine synthesis by Lesher et al. (97). 
Numerouss new analogs have been synthetized and together these agents are 
referredd to as the quinolones, with the newer agents being fluoroquinolones. 
Ciprofloxacin,, a third generation quinolone, is regarded as the classic 
fluoroquinolone,, due to successful widespread clinical experience. Ciprofloxacin is 
bactericidall to some Gram-positive and most Gram-negative bacteria. Furthermore, 
Mycoplasma,Mycoplasma, Legionella, Chlamydia and Mycobacterium species are sensitive. 
Fluoroquinoloness are used in tuberculosis treatment as a second line drug, in 
casess where resistance to first line agents is detected. Studies in mice have shown 
thatt moxifloxacin is the most bactericidal fluoroquinolone, followed by sparfloxacin, 
levofloxacinn and ofloxacin, respectively (104). 

Fluoroquinoloness interfere with bacterial supercoiling, a mechanism of 
breakingg and rejoining DNA strands that bacteria employ to fit the chromosome into 
thee bacterial cell (82). The targets of fluoroquinolones are topoisomerase II (not 
expressedd by mycobacteria) and DNA gyrase, a tetramer consisting of two A and 
twoo B subunits, encoded by the genes gyrA and gyrB, respectively (40). 
Fluoroquinoloness function by binding to the bacterial enzyme-DNA complex, but 
thee precise mechanism of killing is not fully understood. 

46 6 



Chapterr 1 

Thee quinolone resistance determining region (QRDR), a conserved region 
off gyrA (320bp) and gyrB (375bp), is involved in the interaction with 
fluoroquinolones,, in all bacteria that are sensitive to fluoroquinolones. In M. 
tuberculosis,tuberculosis, missense mutations in codon 88-94 of gyrA have been identified that 
aree associated with fluoroquinolone resistance; mutations in gyrB have so far not 
beenn found (9, 91, 133, 175, 179, 209, 214). Only 42-85% of resistant isolates 
havee gyrA mutations in the QRDR. Therefore, another mechanism for resistance 
mostt likely exists. 

AA mutation at position 94 of the QRDR of gyrA is most frequently found. 
Differentt mutations are associated with different levels of resistance and high-level 
resistancee appears to be generated in a stepwise process of additive mutations 
{91,, 214, 221). Most mutations cause resistance not only to one fluoroquinolone 
butt to all (149). 

Besidess the agents mentioned in the above sections, linezolid, an agent 
fromm a novel class of antibiotics (the oxazolidinones), has shown promising results 
againstt mycobacteria in vitro and in a murine model (11, 161). The clinical 
significancee of these data is yet to be evaluated. 

5.85.8 Considerations for diagnosis of resistance 

Althoughh the mechanisms of mycobacterial resistance to first- and second-
linee drugs are far from being fully elucidated and the numbers of genes and 
mutationss involved are far too large to justify a complete mutation analysis for each 
patient,, still, some mutations are excellent targets for diagnosis in some situations. 

Theree is no urgent need, apart from prevention of useless exposure of 
patientss to adverse effects causing drugs, to quickly identify mono-resistant M. 
tuberculosis,tuberculosis, since adaptation of the treatment regimen merely consists of omitting 
onee drug from the initiation phase of treatment and prolonging the continuation 
phasee (see above). However, multidrug-resistance should be diagnosed as fast as 
possiblee because the initiation phase of treatment is inadequate when both INH 
andd rifampicin are inefficient. Therefore, it might be prudent to consider screening 
off patients from high- incidence countries (see above) for the presence of the A315 
mutationn and for rpoB mutations in the 81 bp region described above, directly after 
diagnosiss of tuberculosis. A PCR-based assay for detection of the A315 mutation in 
clinicall samples is described in this thesis; other authors have developed assays 
forr detection of rpoB mutations (55, 122, 193). These assays can be performed on 
culturedd colonies, to shorten the time to diagnosis of resistance. A commercial 
assayy for the detection of rpoB mutations on cultures is available from Innogenetics 
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(Inno-LiPAA Rif.TB, Innogenetics, Ghent, Belgium). An evaluation of this assay, 
whenn applied directly to clinical samples also showed promising results (108). 

Determiningg the sequence of rpoB to assess which mutation is present can 
alsoo be of value when rifampicin resistance is detected by conventional or 
molecularr means, to check for the possible applicability of rifabutin or rifalazil in 
patientt treatment {see above). 

6.6. Outline of this thesis 

Thee aim of this study was threefold: firstly, to assess whether the 
performancee of two available commercial kits for PCR-based tuberculosis 
diagnosiss could be enhanced by introducing an alternative method to extract and 
purifyy nucleic acids from mycobacteria in respiratory patient samples (chapter 2). 
Secondly,, to make an inventory of the mutations associated with INH resistance in 
Thee Netherlands and their clinical relevance. The mutations at amino acid position 
3155 and 463 of katG are the subject of chapters 3, 4, and 5. And thirdly, to design 
aa rapid PCR-based method to identify the presence of such mutations in clinical 
sampless from patients with tuberculosis; this is described in chapter 6. 

Inn Chapter 7 the results of this thesis are summarized. 
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