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CHAPTERR 2 

ANALYSISS OF RATE OF CHANGE OF \S6110 RFLP PATTERNS 
OFF MYOCBACTERIUM TUBERCULOSIS BASED ON SERIAL 
PATIENTT ISOLATES 

Annett ee S. de Boer , Martie n W. Borgdorff , Petra E.W. de Haas, 
Nicoo J.D. Nagelkerke , Jan D.A. van Embden , Dick van Soolinge n 

* * 
JJ  Infec t Dis 1999;180:1238-44 
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ABSTRAC T T 

Thee rate of change of \S6110 restriction fragment length polymorphism 
(RFLP)) patterns of Mycobacterium tuberculosis was determined in 
seriall isolates from 544 patients. In 25 patients (4.6%), the RFLP 
patternss of the follow-up isolates differed from the initial isolates. 

Patientss with different follow-up strains were less likely to cluster 
withh patients whose strains had indistinguishable RFLP patterns. 
Changess in RFLP patterns were more common for persons with 
extrapulmonaryy disease and for those who had both pulmonary and 
extrapulmonaryy isolates. Based on serial isolates spanning for the most 
partt less than 3 months, the half-life was extrapolated to be 3.2 years 
(95%% confidence interval, 2.1-5.0). 

Thee main implication of this study is that the rate of change of \S6110-
basedd RFLP of M. tuberculosis supports the use of \S6110 typing in 
epidemiologicc studies of recent transmission of tuberculosis. 
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Ratee of chang e of \S6110 of M. tuberculosis 

INTRODUCTION N 

Insertio nn sequenc e \S6110 is the geneti c marke r mos t frequentl y used 
too distinguis h clinica l Mycobacterium tuberculosis isolate s [1,2] . The 
\S61\S61 fO-associate d DNA polymorphis m in M. tuberculosis is usuall y 
visualise dd by Souther n blotting . Such DNA "fingerprints" , or restrictio n 
fragmen tt  lengt h polymorphis m (RFLP) patterns , of clinica l isolate s are 
remarkabl yy polymorphous , even in restricte d geographi c areas [3-9] . 
Becaus ee littl e RFLP is observe d in non-repetitiv e DNA in 
M.M. tuberculosis strains , the ISóffO-associate d DNA polymorphis m is 
though tt  to be caused by mobilit y of the insertio n elemen t in the 
chromosom ee of Ai. tuberculosis. 

"Clustered ""  strain s wit h indistinguishabl e \S6110 RFLP pattern s are 
though tt  to deriv e fro m a commo n ancesto r in the recent  past . This 
vieww is consisten t wit h the observatio n tha t outbrea k strain s almos t 
invariabl yy  show indistinguishabl e RFLP pattern s [10,11] . Furthermore , 
population-base dd studie s have show n tha t clusterin g is relate d to well -
know nn risk factor s for transmissio n of tuberculosi s [6,12,13] . Thus , 
sharin gg of RFLP pattern s is commonl y interprete d as evidenc e for 
recen tt  transmissio n betwee n person s [13-17] , These data sugges t tha t 
thee \S6110 pattern s do not chang e withi n a perio d of one to two years , 
thee tim e windo w of mos t studie s to date . This is supporte d by studie s 
inn whic h M. tuberculosis isolate s were seriall y passage d in vitr o or in 
viv oo for > 6 month s [18,19] . Also , anecdota l data on the stabilit y of 
\S6110\S6110 pattern s show tha t no or few mino r change s occu r in pattern s 
off  seria l isolate s withi n tim e interval s of 5 month s to 7 years [20-23] . 
However ,, \S6110 typin g of isolate s afte r a larg e outbrea k of the 
multidrug-resistan tt  W strai n in the Unite d States over a 3-year perio d 
showe dd a significan t divergenc e of \S6110 RFLP [24] , indicatin g tha t 
withi nn a few years a significan t fractio n of the M. tuberculosis progen y 
mayy change . Yeh et al . [25] conclude d tha t DNA genotype s of 
M.. tuberculosis chang e at a relativel y rapi d rate . In 49 patient s wit h > 
22 isolate s separate d by 90 days to almos t 3 years , 12 (24%) had 
successiv ee isolate s wit h change d \S6110 patterns , but no associatio n 
wass foun d betwee n the occurrenc e of change d pattern s and time . 

Forr  the correc t interpretatio n of molecula r typin g in the epidemiolog y 
off  tuberculosis , i t is essentia l to know how fast \S6110 RFLP pattern s 
change ,, as an estimate d rate of chang e may or may not suppor t the 
utilit yy  of \S6110 RFLP typin g for identifyin g tuberculosi s cases 
associate dd wit h recen t transmission . This informatio n is particularl y 
critica ll  when long-ter m population-base d studie s are conducted . If the 
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pacee of the \S6110 molecular clock is more rapid than the window for 
epidemiologicc investigations, linked cases will be missed. Conversely, 
long-termm stability of \S6110 patterns may lead to an overestimate 
off recent transmission. 

Inn this study, we attempted to estimate the rate of change of \S6110 
RFLPP by comparing repeat isolates with initial isolates from 
tuberculosiss patients. 

METHODS S 

Wee analysed \S6110 RFLP patterns of M. tuberculosis isolates received 
att the National Institute of Public Health and the Environment in The 
Netherlandss from mid-1986 to December 1996. Until 1993, isolates 
weree sent for referral and research purposes only, whereas after 
Januaryy 1993 all isolates from tuberculosis patients were subjected to 
RFLPP typing. Strains were considered indistinguishable if no 
differencess were found in the \S6110 banding patterns. Computer-
assistedd analysis of \S6110 RFLP patterns was done with GelCompar 
software,, version 4.0 for Windows (Applied Maths, Kortrijk, Belgium) 
[26]. . 

Forr this study, 5433 Mycobacterium tuberculosis isolates were 
available;; however, 165 isolates from 151 patients were excluded 
becausee of laboratory cross-contamination, leaving 5268 isolates for 
inclusionn in this study. One isolate was available from 4011 
tuberculosiss patients; > 2 isolates were available from 546 patients. If 
thee initial and the repeat isolate had indistinguishable RFLP patterns, 
thee strain was labelled "invariant". If the repeat isolate had a 
differentt fingerprint than the initial isolate, the strain was labelled 
'Variant".. Strains with few \S6110 bands were not excluded. 

Assumingg that the decay of IS6Ï10 RFLP patterns is a stochastic 
processs with a constant probability of change per unit time, one would 
expectt that the rearrangements in the number of original banding 
patternss is exponential over time, similar to radioactive decay. 
Therefore,, the stability of M. tuberculosis was determined with 
exponentiall survival analysis. With this method, one estimates the 
probabilityy of a set of objects (strains) changing over a period of time 
basedd on the proportion of changed objects over the total number of 
objectss per time unit. Survival analysis takes into account that not all 
objectss are observed for the same time period and that observations 
mayy be censored. 
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Ratee of change of \S6110 of M. tuberculosis 

Ass the starting time of observations in the survival analysis, we used 
thee isolation date of a patient's first M. tuberculosis isolate, assuming 
thatt changes in the strain, if any, occurred after the date the first 
isolatee was taken. Interval censoring was taken into account [27], that 
is,, observations were censored in the interval between the first and 
lastt isolate. A survival function was derived from the observations with 
maximumm likelihood. We calculated the half-life of the \S6110 DNA 
RFLPP patterns from the survival function by computer software (Proc 
Lifereg;; SAS Institute, Cary, NC). 

Demographic,, socioeconomic, clinical, and treatment data for patients 
weree obtained from the National Tuberculosis Register, an electronic 
databasee of anonymous patient records held by the Royal Netherlands 
Tuberculosiss Association. The laboratory results and data from the 
Nationall Tuberculosis Register were matched by postal code, birth 
date,, and gender. Matching was successful in 3307 cases (73%). In 
addition,, detailed information was collected through the Municipal 
Healthh Services on 23 (92%) of 25 patients with a variant 
M.M. tuberculosis strain. 

Too identify differences between patients with single and serial isolates 
andd between patients with variant and invariant strains, we compared 
patientt characteristics (age, gender, nationality, human 
immunodeficiencyy virus [HIV] status, history of tuberculosis, 
treatmentt failure, extrapulmonary disease, being in a cluster of 
patientss with indistinguishable M. tuberculosis RFLP patterns based on 
thee first isolate, resistance profile, number of IS6710 copies per RFLP 
pattern,, time interval between isolations, and isolation site). 
Differencess between patients with single and serial isolates were 
testedd for statistical significance with x2-test and differences between 
patientss with variant and invariant strains with Fisher's exact test. 
Differencess in the distribution of age, number of IS6770 copies per 
RFLPP pattern, and interval between isolations were tested with the 
mediann two-sample test (normal approximation). An odds ratio (OR) 
andd 95% confidence interval (CI) was calculated for the association 
betweenn > 2 isolates per patient and the occurrence of variant strains. 
Byy multiple logistic regression, adjusted ORs were calculated for the 
simultaneouss effect of clustering and having both an extrapulmonary 
andd a pulmonary isolate on finding variant strains. Extrapulmonary 
diseasee was not included in the multiple logistic regression model 
becausee of the large overlap between patients with extrapulmonary 
diseasee and patients with both an extrapulmonary and a pulmonary 
isolatee of M. tuberculosis. P<0.05 was considered statistically 
significant. . 
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RESULTS S 

Differencess in the \S6110 RFLP patterns between the initial and the 
follow-upp isolate were found for 27 out of the 546 patients with serial 
isolates.. In two patients, the RFLP patterns of the repeat isolates 
weree completely different from the primary isolate. Because this may 
havee been due to exogenous re-infections or multiple infections, these 
weree excluded from analysis. For one of these patients, re-infection 
wass documented [28]. Thus, serial isolates were available for analysis 
fromm 544 patients; 25 patients (4.6%) had \S6110 RFLP patterns of 
repeatt isolates that differed from the patterns of the primary isolates 
{figuree 1). Changes in these variant strains were minor. One additional 
bandd was found in repeat isolates of 9 patients, and there was a loss 
off one band in repeat isolates of 14 patients. In successive isolates of 
onee patient, a loss and gain of one band were observed; in isolates of 
anotherr patient, a loss of one and a gain of three bands were 
observed.. Two patients had a second isolate with an RFLP pattern that 
differedd from that of the first isolate, while a third isolate had an 
RFLPP pattern indistinguishable from the first. We categorised both 
patientss as patients with variant serial strains. This seemingly 
reversedd change of RFLP pattern was not found among other patients 
withh serial isolates. The time interval between the first isolate and 
thee isolate with the changed pattern was used in the survival analysis. 

Tablee 1 shows the number of serial isolates per patient for subjects 
withh invariant and variant strains. Patients with variant strains more 
oftenn had >2 serial isolates taken than patients with invariant strains 
(OR=2.55 (CI95%: 1.0-1.6); P<0.05). In figure 2, the fraction of invariant 
andd variant strains is compared by time interval between the serial 
isolates.. Variant patterns were almost equally represented among 
isolatess that were taken 0 to 29 days after the initial isolate (68% of 
variantt vs. 67% of invariant strains). Most frequently, variant patterns 
weree found among isolates obtained 30 to 89 days after the first 
isolatee (24% of variant vs. 21% of invariant strains). 
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Figur ee 1. Original \S6110 restriction fragment length polymorphism patterns of 
seriall M. tuberculosis isolates from 25 patients. Lane 1-14, loss of 1 band; lanes 15-
23,, gain of 1 band; lane 24, loss and gain of 1 band; lane 25, loss of 1 and gain of 3 
bands. . 
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Tabl ee 1 . Number of serial isolates of M. tuberculosis in patients with 
invariantt and variant \S6110 RFLP patterns of serial isolates. 

Numberr  of seria l isolate s of M. tuberculosis 

Invariant t 
RFLP P 
Variantt RFLP 

Total l 

2 2 
(%) (%) 

409 9 
(78.8) (78.8) 

15 5 
(60.0) (60.0) 

424 4 
(77.9) (77.9) 

3 3 
(%) (%) 

81 1 
(15.6) (15.6) 

10 0 
(40.0) (40.0) 

91 1 
(16.7) (16.7) 

4 4 
(%) (%) 

23 3 
(4.4) (4.4) 

23 3 
(4.2; ; 

5 5 
(%) (%) 

4 4 
0.8J J 

4 4 
(0.7) ) 

6 6 
(%) (%) 

1 1 
(0.2; ; 

1 1 
(0.2) (0.2) 

7 7 
(%) (%) 

1 1 
(0.2; ; 

1 1 
0.2; ; 

Total Total 
W W 

519 9 
(95.4) (95.4) 

25 5 
(5.6) ) 

544 4 

nay y 

Figuree 3 shows the survival curve of \S6110 RFLP patterns as derived 
fromm the time-dependent variation seen in the serial isolates. 
Assumingg an exponential relation and a constant rate of change, the 
probabilityy during the first 3 months after diagnosis of finding 
indistinguishablee \S6110 RFLP patterns in M. tuberculosis isolates from 
thee same patient was as follows: P = exp (-0.215 * T), where P is the 
probabilityy or survival function estimate and T is the time in years. 
Thiss can be extrapolated to an apparent half-life of the \S6110 RFLP of 
M.M. tuberculosis in the observed serial isolates of 3.2 years (CI95%: 2.1-
5.0). . 
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Figur ee 2. Percentage of isolates per time interval between first and changed/last 
isolatee of M. tuberculosis. 
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Figur ee 3. Survival curve for changes in DNA restriction fragment length 
polymorphismm patterns in serial M. tuberculosis isolates. 
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Patientss with single isolates did not differ from those with serial 
isolatess with respect to age, sex, nationality, history of tuberculosis, 
compliancee with therapy, level of resistance of the isolated strain, or 
mediann number of \S6110 copies in the first RFLP pattern. The 
percentagee of HIV-positive persons was higher among patients with 
seriall isolates than among those with single isolates (P<0.01). This was 
alsoo true for the percentage of patients clustering with other 
tuberculosiss patients (P<0.05). The relative number of patients with 
extrapulmonaryy disease was lower in subjects with serial isolates than 
inn those with single isolates (P<0.05) (Table 2). 

Tablee 2. Characteristics of patients with single or serial isolates of 
M.M. tuberculosis. 

Mediann age in years (P5;P95) 
Males s 
Non-Dutchh nationality 
HIV-positive e 
TBB diagnosed before 
Treatmentt incomplete 
Extrapulmonaryy disease 
Clustered d 
Drug-resistantt isolate 
Mediann number of \S6110 
bandss in first isolate 
(P5;P95) ) 

Patient ss wit h 

n n 

4011 1 
3790 0 
3044 4 
3044 4 
2723 3 
2625 5 
3044 4 
4011 1 
3687 7 
4011 1 

isolate s s 
# # 

35 5 
2312 2 
1699 9 
109 9 
313 3 
216 6 

1182 2 
2054 4 
483 3 

10 0 

singl e e 

(%) (%) 

(18;82) ) 
(61.0) (61.0) 
(55.8) (55.8) 
(3.6) (3.6) 
(11.5) (11.5) 
(8.2) (8.2) 
(38.8) (38.8) 
(51.2) (51.2) 
(13.1) (13.1) 
(2;17) ) 

Patient ss wit h seria l 

n n 

544 4 
524 4 
241 1 
241 1 
231 1 
231 1 
241 1 
544 4 
511 1 
544 4 

isolate s s 
# # 

35 5 
337 7 
128 8 
26 6 
29 9 
19 9 
76 6 

299 9 
76 6 
10 0 

(%) (%) 

(19;80) ) 
(67.3) (67.3) 
(53.1) (53.1) 
(10.8)" (10.8)" 
(13.3) (13.3) 
(9.1) (9.1) 

(31.5)" (31.5)" 
(57.6)(57.6)b b 

(15.5) (15.5) 
(2;; 16) 

o:P<0.01;b:P<0.05; ; 

Amongg patients with serial isolates, there were no differences 
betweenn those with invariant and variant RFLP patterns of 
M.M. tuberculosis in age, sex, nationality, HIV status, history of 
tuberculosis,, compliance with therapy, drug resistance profile, median 
numberr of \S6110 copies in the first RFLP pattern, and median time 
intervall between the first and the last (or changed) isolate (Table 3). 
However,, patients with a variant M. tuberculosis strain more often 
hadd extrapulmonary disease (P<0.05) and were less often clustered 
(P<0.05).. Variant M. tuberculosis strains were also more frequent 
amongg patients from whom both a pulmonary and an extrapulmonary 
isolatee had been obtained (P<0.01). 
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Tablee 3. Characteristics of patients with serial isolates of M.tuberculosis 
withh invariant and variant \S6110 RFLP patterns of serial isolates. 

Patientss with serial isolates 
Invariantt \S6110 RFLP Variant ISO f 10 RFLP 

nn # (%) n # (%) 

Mediann age in years 
(P5;P95) ) 
Males s 
Non-Dutchh nationality 
HIV-positive e 
TBB diagnosed before 
Treatmentt incomplete 
Extrapulmonaryy disease 
Clustered d 
Drug-resistantt isolate 
Mediann number of \S6110 
bandss in first isolate 
(P5;P95) ) 
Mediann time in days for 
firstt to last/changed 
isolatee (P5;P95) 
Pulmonaryy plus 
extrapulmonaryy origin 
amongg serial isolates 

519 9 

501 1 
218 8 
218 8 
218 8 
208 8 
218 8 
519 9 
489 9 
519 9 

519 9 

435 5 

35 5 

337 7 
112 2 
26 6 
29 9 
19 9 
64 4 

299 9 
76 6 
10 0 

14 4 

67 7 

(19;80) ) 

(67.3) (67.3) 
(51.4) (51.4) 
(11.9) (11.9) 
(13.3) (13.3) 
(9.1) (9.1) 

(29.4) (29.4) 
(57.6) (57.6) 
(15.5) (15.5) 
(2;16) ) 

(0;364) ) 

(15.4) (15.4) 

25 5 

23 3 
23 3 
23 3 
23 3 
23 3 
23 3 
25 5 
23 3 
25 5 

25 5 

25 5 

40 0 

14 4 
16 6 
0 0 
4 4 
5 5 

12 2 
8 8 
3 3 

11 1 

5 5 

9 9 

(14;77) ) 

(60.9) (60.9) 
(69.6) (69.6) 
(0.0) (0.0) 
(17.4) (17.4) 
(21.7) (21.7) 

(13.6) (13.6) 
(7;; 15) 

<0;362) ) 

(36.0)(36.0)b b 

aa : P<0.05; b : P<0.01 

Multiplee logistic regression showed that in patients with 
extrapulmonaryy disease, the occurrence of variant strains more than 
doubledd (OR=2.6; CI95%: 1.1-6.3). Patients in a cluster with other 
tuberculosiss patients less often had variant strains (OR=0.4; CI95%: 
0.2-0.9). . 

DISCUSSION N 

Byy assuming that the \S6110 RFLP of M. tuberculosis strains change at 
aa constant rate, we extrapolated from data on serial isolates spanning 
mostlyy <3 months that an apparent half-life of the \S6110 RFLP of 
M.M. tuberculosis is 3.2 years (CI95%: 2.1-5.0). It should be noted that 
thee stability of \S6110 RFLP of M. tuberculosis might be different in 
actuall transmission chains. To validate the extrapolation of this rate 
off change to periods beyond our observations, more serial isolates 
spanningg a longer period need to be investigated. 
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Althoughh the calculation of the rate of change depends on several 
assumptions,, we consider a quantification of the phenomenon of 
changee in IS6/70 RFLP patterns of M. tuberculosis necessary to draw a 
moree qualitative conclusion about the usefulness of the typing 
method.. Apart from limitations related to the assumptions outlined in 
thee Methods section, we would like to raise specific issues that need 
too be addressed in future research. 

First,, our choice of the starting point of the survival curve may have 
ledd to an overestimation of the rate of change. We assumed that 
changess occurred between the dates that serial isolates were 
obtained.. However, given the chronic nature of tuberculosis, it is 
plausiblee that the time span of studied serial isolates only represents a 
fractionn of the time the patient has been infected. Thus, there may 
havee been an opportunity for variants to arise prior to the culture of 
thee first isolate. 

Second,, the survival analysis on serial isolates was based on bacteria 
lodgingg in the body of individual persons. Therefore, bacteria were 
subjectedd to tuberculostatic treatment. This treatment may have 
exertedd a selective advantage for variant microorganisms, thereby 
increasingg the apparent rate of change, or to fewer cell replications 
andd a decreased rate of change. 

Third,, although we assumed that changes in \S6110 RFLP patterns of 
M.M. tuberculosis are time dependent, multiple sampling of isolates of 
persistentt infections will also result in the detection of variant strains. 
Thee association we found between the number of serial isolates per 
patientt and the level of genotypic variation plus the finding that two 
patientss had an M. tuberculosis strain with a seemingly reversed RLFP 
patternn provide an indication of the latter. Still, an increase in the 
occurrencee of changes in the bacterial progeny over time seems 
plausible,, and therefore our survival analysis, assuming a constant 
probabilityy of change, seems the best way to analyse this type of 
data.. With this sensitive method we could calculate a rate of change, 
althoughh the increase in the occurrence of changes over time was not 
clearr when simply presenting the number of isolates per time interval 
betweenn the first and changed or last Ai. tuberculosis strain (Figure 
2).. A carefully designed study that takes into account both the number 
off isolates per patient and the time interval between isolates in a 
givenn patient population could shed light on this matter. 

Despitee these difficulties, we have indications that the order of 
magnitudee of our extrapolated rate of change of \S6110 genotypes of 
M.M. tuberculosis is correct. With survival analysis we reanalysed data 
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onn serial isolates published by Yeh et al. [25] (original data on 49 
patientss with sequential isolates separated by > 90 days and on 51 
patientss with sequential isolates obtained within 5 days of one 
another;; P. Small, personal communication). We found that the 
apparentt half-life in their original data was 2.0 years (CI95%: 1.2 -
3.5).. This half-life has the same order of magnitude as the half-life 
calculatedd from our data, despite possible discrepancies between 
patientt populations and laboratory methods and despite the fact that 
thee San Francisco data included more patients with a relatively long 
timee interval between successive isolates. 

Inn the San Francisco study, patients had been selected to fall into two 
groups,, each with a specific time interval between serial isolates. It is 
likelyy that the present study was less influenced by selection bias, as 
alll patients in The Netherlands with serial isolates were included since 
thee early 1990s, regardless of the interval between isolates. Yet our 
resultss can not be generalised to all tuberculosis patients, because we 
foundd that patients with serial isolates differed from those with single 
isolates.. Another difference between our observations and the San 
Franciscoo study is that in the latter, serial isolates spanning > 90 days 
weree recultured. This may have induced changes in the DNA, whereas 
inn our study, original DNA RFLP patterns were compared and the 
laboratoryy practices remained the same throughout the study [1], 

Inn addition, results from this study suggest that the rate of change of 
IS6Ï100 RFLP patterns can differ for M. tuberculosis isolates from 
differentt patients. We found that variant M. tuberculosis strains were 
moree common in persons with extrapulmonary disease and in patients 
withh both a pulmonary and an extrapulmonary isolate (suggestive of 
disseminatedd disease) and in non clustered patients (presumably 
patientss with long-term or reactivated tuberculosis). The latter two 
effectss were independently associated with the occurrence of a 
variantt RFLP pattern in serial isolates. It is unclear whether these 
findingss can be explained by characteristics of the bacteria or of the 
patientss involved. Alito et al. [29] found that the molecular clock of 
\S6110\S6110 RFLP varies among different multidrug-resistant strains of 
M.M. tuberculosis. Perhaps the rate of change of the \S6110 RFLP 
patternss of Al. tuberculosis is associated with the duration of 
infection,, the growth rate of the bacteria under different conditions, 
thee size of the bacterial population, and the possibility of multiple 
infections.. Unfortunately, we did not have data to evaluate the effect 
off large pulmonary cavities, indicative of a large bacterial population. 
AA study of the stability of the \S6110 RFLP patterns in different, well-
describedd human populations could clarify such matters. In contrast 
withh findings from our study, our interpretation of data from San 
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Franciscoo (P. Small, personal communication) showed that changes in 
thee genotype of M. tuberculosis were not related to cultures having 
beenn obtained from different body sites. The stability of RFLP 
patternss under different growing conditions needs further study. In 
addition,, animal models may clarify the rate of change during latent 
infectionn and during the incubation period of M. tuberculosis 
infection. . 

Ourr study did not support a putative association between the 
occurrencee of changes in the RFLP pattern of M. tuberculosis and the 
numberr of \S6110 [25]. This justifies the pooling of \S6110 RFLP 
patternss from different M. tuberculosis strains to study their stability. 
Consistentt with earlier reports [3,21,25,30-32], we did not observe a 
relationn between antibiotic resistance in M. tuberculosis strains and a 
changedd RFLP pattern. 

WeWe conclude that the present study, yielding an estimated rate of 
changee of IS6/70-based RFLP of Al. tuberculosis based on serial 
isolates,, supports the appropriateness of \S6110 typing for detecting 
recentt transmission. 
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