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Discovery of genotypic markers associated with increased transmissibility in Mycobacterium tuberculosis
would represent an important step in advancing mycobacterial virulence studies. M. tuberculosis strains may
be classified into one of three genotypes on the basis of the presence of specific nucleotide substitutions in
codon 463 of the katG gene (katG-463) and codon 95 of the gyrA gene (gyrA-95). It has previously been reported
that two of these three genotypes are associated with increased IS6110-based clustering, a potential proxy of
virulence. We designed a case-control analysis of U.S.-born patients with tuberculosis in San Francisco, Calif.,
between 1991 and 1997 to investigate associations between katG-463 and gyrA-95 genotypes and epidemiolog-
ically determined measures of strain-specific infectivity and pathogenicity and IS6110-based clustering status.
We used a new class of molecular probes called molecular beacons to genotype the isolates rapidly. Infectivity
was defined as the propensity of isolates to cause tuberculin skin test conversions among named contacts, and
pathogenicity was defined as their propensity to cause active disease among named contacts. The molecular
beacon assay was a simple and reproducible method for the detection of known single nucleotide polymor-
phisms in large numbers of clinical M. tuberculosis isolates. The results showed that no genotype of the
katG-463- and gyrA-95-based classification system was associated with increased infectivity and pathogenicity
or with increased IS6110-based clustering in San Francisco during the study period. We speculate that
molecular epidemiologic studies investigating clinically relevant outcomes may contribute to the knowledge of
the significance of laboratory-derived virulence factors in the propagation of tuberculosis in human communities.

The epidemiologic and clinical consequences of infection
with Mycobacterium tuberculosis are dependent on an interplay
of host, environmental, and bacterial factors. In contrast to our
understanding of host and environmental influences on infec-
tion and disease (1, 3, 6, 9, 11), little is known about the
bacterial factors that contribute to these processes. Two bac-
terial properties that affect transmissibility and virulence can
be epidemiologically and clinically measured: (i) infectivity, the
capacity of the organism to establish an infection in the human
host, and (ii) pathogenicity, the capacity of the bacterium to
produce disease.

Recent reports have suggested that certain differences in the
epidemiology and the apparent virulence of specific M. tuber-
culosis strains can be explained by the genetic variability of the
organism. For example, an M. tuberculosis strain that was
found to be highly transmissible in humans also appears to
grow more rapidly than virulent laboratory strains in mice (15).
In a study of selected M. tuberculosis isolates from Texas and
New York, specific genotypes were associated with increased
rates of IS6110-based clustering, a potential measure of in-
creased virulence (12). In this study, M. tuberculosis isolates
were classified into three genotypic groups on the basis of the
presence of single nucleotide polymorphisms in codon 463 of
the katG gene (katG-463) and codon 95 of the gyrA gene
(gyrA-95). If confirmed, the discovery of three distinct M. tu-

berculosis lineages with variable epidemiologic and clinical
manifestations would have important implications for public
health control strategies, studies of bacterial virulence, and
mathematical modeling of tuberculosis epidemiology.

We examined the ability of newly described reporter mole-
cules called molecular beacons (13) to be used in an assay that
would rapidly determine the katG-463 and gyrA-95 genotypes
of M. tuberculosis isolates. Molecular beacons are detector
probes that fluoresce when they hybridize to amplified copies
of a target sequence synthesized in real-time PCR assays (10,
14) and that are able to distinguish sequence differences as
small as a single nucleotide substitution. In the present study
we investigated the associations between the three katG-463
and gyrA-95 genotypes and the epidemiologically and clinically
measured properties of infectivity and pathogenicity in a pop-
ulation-based sample of tuberculosis patients in San Francisco,
Calif. We also studied the association between katG-463 and
gyrA-95 genotypes and IS6110-based clustering.

MATERIALS AND METHODS

Study subjects. The study base was all patients with tuberculosis reported in
San Francisco from 1991 through 1997 (n 5 2,096). Epidemiologic data were
collected prospectively on a routine basis as a component of the tuberculosis
control program of the Division of Tuberculosis Control, San Francisco Depart-
ment of Public Health. The information that was collected included age at
diagnosis, sex, race or ethnicity, country of birth, date of diagnosis, and sputum
smear status. For patients for whom tuberculosis was diagnosed prior to 1993,
information on human immunodeficiency virus (HIV) serostatus was obtained by
linking the tuberculosis registry to records from the San Francisco AIDS Office.
HIV infection status data for patients whose tuberculosis was reported after 1993
were obtained from the Report of a Verified Case of Tuberculosis. Individuals
for whom HIV serostatus was unknown were considered to be HIV negative
because these patients were less likely to have risk factors for HIV infection.
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Contact investigation data were collected by standard methods by trained dis-
ease-control investigators for all patients treated by the Division of Tuberculosis
Control. Contact investigations for patients receiving care elsewhere were car-
ried out either by the treating physician or by tuberculosis control personnel. M.
tuberculosis isolates were collected from patients, DNA was extracted, and the
isolates were fingerprinted by IS6110-based restriction fragment length polymor-
phism (RFLP) analysis as described previously (16). Additional polymorphic
guanine-cytosine-rich repetitive sequence (PGRS) fingerprinting was performed
on isolates with fewer than six IS6110-hybridizing bands.

Epidemiologic determination. Measurement of infectivity and pathogenicity
was done by using contact investigation data for each patient and the patient’s
corresponding isolate. Infectivity was determined by calculating the proportion
of contacts with a positive tuberculin skin test result plus those found to have
tuberculosis at the time of contact investigation among contacts who were not
lost to follow-up after initial screening. Pathogenicity was determined by calcu-
lating the proportion of contacts found to have tuberculosis at the time of contact
investigation plus those who subsequently developed tuberculosis during the
study period among all screened contacts. Because foreign-born populations
have a high prevalence of tuberculin skin test positivity and the contacts of
foreign-born patients are also likely to be foreign born (2, 7), there was a high
probability that the infecting strain in these contacts was not related to the strain
in the case patient. We therefore limited the study to patients who were born in
the United States and who had at least one named contact. An IS6110-clustered
strain was defined as a strain whose IS6110 RFLP pattern had an identical or a
one-band different IS6110 RFLP pattern among isolates from all patients with
tuberculosis in San Francisco during the study period. For statistical analyses,
each clustered strain was represented only once.

Molecular beacon genotyping. DNA samples that had previously been ex-
tracted and frozen were used for each study subject except for 21 (5.0%) of 419
individuals for whom cultured specimens but not stored DNA were available. For
the cultured specimens, DNA was extracted from Lowenstein-Jensen slants.
Four molecular beacons were designed. Each contained a 15- to 19-nucleotide
probe region that was perfectly complementary to one of the four possible
katG-463 or gyrA-95 alleles described previously (12). Molecular beacons were
synthesized from modified oligonucleotides. The quencher 4-(49-dimethylamino-
phenylazo)-benzoic acid (DABCYL; Molecular Probes, Eugene, Oreg.) was co-

FIG. 1. Genotyping by molecular beacon sequence analysis. Each PCR well contained two molecular beacons complementary to both possible alleles of either
katG-463 or gyrA-95. One molecular beacon for each allele was labeled with fluorescein (broken line), and the other molecular beacon in the pair was labeled with
tetrachlorofluorescein (solid line). Characteristic sequence-dependent fluorescent curves are shown for each group. The presence of a specific nucleotide sequence was
indicated by an increase in fluorescence of the complementary molecular beacon during a real-time PCR. Group 1 strains were defined by fluorescence of the katG-463
CTG tetrachlorofluorescein and the gyrA-95 ACC fluorescein molecular beacons, group 2 strains were defined by fluorescence of the katG-463 CGG fluorescein and
gyrA-95 ACC fluorescein molecular beacons, and group 3 strains were defined by fluorescence of the katG-463 CGG fluorescein and gyrA-95 AGC tetrachlorofluo-
rescein molecular beacons.

TABLE 1. Comparison of characteristics of U.S.-born patients in
the study sample and eligible study subjects for whom

there was no DNA sample

Characteristic Study sample
(n 5 415)

Eligible subjects
without DNA

(n 5 108)

P
value

Mean (SD) age (yr) 44.2 (16.3) 35.1 (22.0) ,0.05a

No. (%) of subjects
Female 84 (20.2) 38 (35.2) ,0.05a

Male 331 (79.8) 70 (64.8)

Asian 22 (5.3) 20 (18.5) ,0.05a

Black 164 (39.5) 34 (31.5) 0.13
Hispanic 33 (8.0) 12 (11.1) 0.30
White 193 (46.5) 42 (38.9) 0.16
Other 3 (0.7)

HIV positive 188 (45.3) 25 (23.1) ,0.05a

HIV negativeb 227 (54.7) 83 (76.9)

Ever smear positive 227 (54.7) 26 (24.1) ,0.05a

Always smear negative 68 (16.4) 49 (45.4) ,0.05a

Fewer than three
sputum smears

120 (29.0) 33 (30.5) 0.74

a Denotes a statistically significant difference at an a-level of 0.05.
b Includes subjects whose HIV status is unknown.
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valently linked to one arm, and either fluorescein or tetrachlorofluorescein was
linked to the other arm. A detailed protocol is available on the Internet (7a.).
The molecular beacon sequences were fluorescein-59-CGAGGCCTACGACAc
CCTGGTGCGCCTCG-39-DABCYL (gyrA-95 ACC), tetrachlorofluorescein-59-
CGAGGCCTACGACAgCCTGGTGCGCCTCG-39-DABCYL (gyrA-95 AGC),
fluorescein-59-CGAGGTCCCGATGCCcGGATCTCCTCG-39-DABCYL (katG-
463 CGG), and tetrachlorofluorescein-59-CGAGGGATGCCaGGATCTGGCC
TCG-39-DABCYL (katG-463 CTG), where underlines indicate the arm se-
quences and lowercase letters identify the nucleotide that is complementary to
the single nucleotide polymorphism.

PCR assays were performed in sealed 96-well microtiter plates (Perkin-Elmer,
Foster City, Calif.). Each M. tuberculosis DNA sample was aliquoted into paired
wells containing 13 PCR buffer and 2.5 U of AmpliTaq Gold DNA polymerase
(Perkin-Elmer) with 4 mM MgCl2, 0.5 mM each appropriate gyrA (59-GACCG
CAGCCACGCCAAGT-39 and 59-CGTCGATTTCCTCAGCATCTCCA-39) or
katG (59-GCGAGATACCTTGGGCCGCTGGTC-39 and 59-CGCCGCCGCGC
TTGTCGCTACC-39) primer, and 0.13 to 0.15 mM each appropriate molecular
beacon in a total volume of 50 ml. Each paired well contained molecular beacons
for both possible target alleles for one of the two genes being assayed. One
contained the molecular beacons gyrA-95 ACC and gyrA-95 AGC and the other
contained the molecular beacons katG-463 CGG and katG-463 CTG. Amplifi-
cations were performed with a spectrofluorometric thermal cycler (Applied Bio-
systems 7700 Prism; Perkin-Elmer) for 40 cycles, as follows: denaturation for 30 s
at 95°C and then annealing and extension for 60 s at 64°C. The fluorescent signal
was measured independently during the 60-s annealing and extension step for
each molecular beacon and was automatically plotted for each sample. Because
each well was expected to contain one of two possible target alleles, one molec-
ular beacon was expected to hybridize to the amplicon in every PCR. Hybrid-
ization resulted in a characteristic increasing fluorescent signal with an emission
spectrum that was specific for one of the two molecular beacons present in the
reaction tube. Negative and positive controls for each allele were included in
every assay.

Samples were assigned to one of three genotypes according to which of the
katG-463 and which of the gyrA-95 molecular beacons gave a signal (see Fig. 1):
group 1 (katG-463 CTG, gyrA-95 ACC), group 2 (katG-463 CGG, gyrA-95 ACC),
or group 3 (katG-463 CGG, gyrA-95 AGC). The results for isolates in which
fluorescence was observed in only one of the two paired wells were classified as
indeterminate. Isolates that reproducibly lacked fluorescence in either well were
confirmed to contain insufficient DNA and were excluded from further analysis.
Interpretation of results and assignment of each isolate to group 1, group 2, or
group 3 were done by investigators blinded to the identities of the samples.

Statistical analyses. Comparison of patient characteristics for differences in
proportions or means was done with EpiInfo software (version 6.12). Contin-
gency tables of infectivity, pathogenicity, IS6110-based clustering status, and
katG-463 and gyrA-95 genotypes were constructed for analysis. Chi-square tests
of an association between the three genotypes and the outcome measures on 2
degrees of freedom and odds ratios with exact 95% confidence intervals (CIs) for
the respective comparisons were also calculated with EpiInfo software. An a-
level of 0.05 was used to determine statistical significance.

RESULTS

There were 757 (36.1%) U.S.-born patients, of whom 523
(69.1%) had named at least one contact. These patients com-
prised the eligible study subjects and were more likely than
ineligible patients to be female and Asian (data not shown). Of
the eligible patients, 82 (15.7%) were culture-negative patients
and 22 (4.2%) were culture-positive patients for whom DNA
or culture was no longer available. The eligible patients were
younger and were more likely than the remaining 419 patients
(528 isolates) to be female, Asian, and HIV negative and to
ever have had a positive sputum smear result (Table 1).

The katG-463 and gyrA-95 genotypes of all 528 M. tubercu-
losis isolates were determined by the molecular beacon assay
(Fig. 1). Thirteen (2.5%) samples failed to produce a fluores-
cent signal in the presence of any of the four molecular bea-
cons. Reaction products from these assays did not contain
sufficient DNA for visualization with ethidium bromide-
stained agarose gels, confirming that these samples either had
insufficient DNA for detection by PCR or contained PCR
inhibitors. Data for the four study subjects corresponding to
these 13 samples were excluded from further analysis. Of the
remaining 515 samples, 508 (98.6%) were assigned to one of
the three genotypes. Seven (1.4%) samples with indeterminate
results gave a fluorescent signal in only one of the two paired

TABLE 2. Infectivity, pathogenicity, and IS6110-based clustering according to katG-463 and gyrA-95 genotypea

Parameter

No. of patients infected with
isolates in group: x2b (P)

Odds ratio (95% CI) for genotype group comparison

1 2 3 1 vs 2 1 vs 3 2 vs 3

Infectivity 0.85 (0.65) 0.88 (0.45,1.68) 0.73 (0.33,1.57) 0.83 (0.48,1.44)
.30.0% 20 99 34
#30.0% 34 148 42

Pathogenicity 0.16 (0.92) 0.92 (0.30,2.43) 0.82 (0.23,2.68) 0.88 (0.39,2.14)
.10.0% 6 29 10
#10.0% 50 223 68

IS6110
$2 people 0.76 (0.68) 1.09 (0.52,2.28) 1.43 (0.57,3.61) 1.31 (0.60,2.90)

Clustered 22 48 16
Unique 26 62 27

$5 people 0.08 (0.96) 1.07 (0.38,2.87) 1.17 (0.34,4.07) 1.09 (0.40,3.22)
Clustered 9 20 8
Unique 26 62 27

$20 people 0.50 (0.78) 2.38 (0.03,190.14) 1.04 (0.01,84.50) 0.44 (0.01,35.44)
Clustered 1 1 1
Unique 26 62 27

a Contingency tables are presented without marginal totals. The total number of patients used for determination of infectivity was 377, which excluded 38 patients
for whom follow-up screening of contacts was incomplete. The total number of patients used for the determination of pathogenicity was 386, which excluded 29 patients
for whom initial screening of named contacts was incomplete. Analyses of IS6110-based clustering were performed for all unique isolates and clusters of 2 or more
people (201 distinct patterns), clusters of 5 or more people (152 distinct patterns), and clusters of 20 or more people (118 distinct patterns).

b Two degrees of freedom.
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wells. A 10% sample of all DNA samples, including all those
with indeterminate results plus others selected at random (n 5
53), were assayed a second time, and the results for all samples
were concordant with those of the first assay. Further evidence
of the reproducibility of the molecular beacon assay was the
complete internal consistency between genotype and IS6110-
based clustering status. The results of automated DNA se-
quencing of the regions surrounding katG-463 and gyrA-95 in
12 (22.6%) of these strains were in complete agreement with
the genotype designations of the molecular beacon assay. Be-
cause all of the samples with indeterminate results were from
individuals for whom at least one other DNA sample had been
extracted from the same culture, the isolates from these indi-
viduals were classified into one of the three genotypes by using
the nonindeterminate result.

The results of the molecular beacon assays confirmed the
presence of three distinct katG-463 and gyrA-95 genotypes and
did not indicate the presence of a fourth possible genotype
(katG-463 CTG and gyrA-95 AGC). Of the isolates from the
415 individuals, 61 (14.7%; 95% CI 5 11.3,18.1) were classified
as group 1, 270 (65.1%; 95% CI 5 60.5,69.7) were classified as
group 2, and 84 (20.2%; 95% CI 5 16.3,24.1) were classified as
group 3. For 45 (9.2%) individuals there were multiple DNA
samples, and the results for 43 (95.6%) of these individuals
were concordant, further demonstrating the reproducibility of
the molecular beacon assay. For each of the two individuals
with discordant results, two isolates had been taken at different
times. These patients had serial infections with two different
strains, as demonstrated by analysis of the IS6110 patterns for
each isolate (data not shown). For these patients the genotype
of the initial isolate was used in the analyses.

There were a total of 4,104 named contacts for the study
sample. Among these, 3,780 (92.1%) underwent initial screen-
ing by tuberculosis control personnel. The remaining 324
(7.9%) either refused treatment or were referred out of juris-
diction. Among those initially screened, 3,611 (95.5%) had
complete follow-up. The mean number of contacts who had
been screened (9.1 per case patient) and the mean number of
contacts who had complete follow-up (8.7 per case patient)
were not significantly different. In both instances, there were
1.8 close contacts per case patient and 7.3 or 6.9 not close
contacts per case patient, respectively. Because the results did
not differ significantly when the analyses were restricted to
close contacts, results for all types of contacts were used in this
study.

The measures of virulence were categorized a priori into low
infectivity (#30.0%) and high infectivity (.30.0%) and into
low pathogenicity (#10.0%) and high pathogenicity (.10.0%).
These threshold levels were selected on the basis of current
knowledge of the natural history of tuberculosis (5). There
were 38 (9.2%) patients for whom infectivity measures were
not calculated because their contacts had incomplete follow-up
and 29 (7.0%) patients for whom pathogenicity measures were
not calculated because their contacts had not undergone initial
screening. The demographic and clinical characteristics of
these patients were not significantly different from those of
patients who were included in these analyses (data not shown).
The results show that neither infectivity nor pathogenicity was
significantly associated with the katG-463 and gyrA-95 geno-
types (Table 2). These results were not altered in analyses
stratified by type of contact (close or not close), sensitivity
analyses with various threshold levels for low and high infec-
tivities (50.0 and 70.0%, respectively) and low and high patho-
genicities (30.0 and 60.0%, respectively), and analyses that
excluded patients with zero and 100.0% measures (data not
shown). To assess the potential confounding effects of patient

characteristics, we evaluated these variables according to ge-
notype (Table 3) and the outcome measures of infectivity and
pathogenicity (Table 4). Patient characteristics were not asso-
ciated with low and high infectivities or with low and high
pathogenicities. Patients infected with group 2 strains were
significantly younger than those infected with group 1 strains.
Patients infected with group 1 strains were more likely to be of
Asian descent than those infected with group 2 or group 3
strains.

The composition of the contacts may influence the measures
of infectivity and pathogenicity. An analysis of characteristics
of all the contacts was not possible because this information
was not routinely collected during the contact investigation.
However, information was available for contacts who were
found to have tuberculosis at the time of contact investigation
or who subsequently progressed to disease during the study
period. Analyses restricted to the subset of contacts with dis-

TABLE 3. Comparison of patient characteristics according to katG-
463 and gyrA-95 genotype of corresponding isolate

Characteristic Group 1
(n 5 61)

Group 2
(n 5 270)

Group 3
(n 5 84)

P
value

Mean (SD) age (yr) 49.8 (16.8) 42.6 (16.0) 45.2 (15.9),0.05a,b

No. (%) of subjects
Female 10 (16.4) 61 (22.6) 13 (15.5) 0.26
Male 51 (83.6) 209 (77.4) 71 (84.5)

Asian 9 (14.8) 12 (4.4) 1 (1.2) ,0.05a,c

Black 20 (32.8) 108 (40.0) 35 (41.7) 0.51
Hispanic 4 (6.6) 22 (8.1) 7 (8.3) 0.91
White 28 (45.9) 126 (46.7) 40 (47.6) 0.98
Other 2 (0.7) 1 (1.2)

HIV positive 30 (49.2) 127 (47.0) 31 (36.9) 0.21
HIV negatived 31 (50.8) 143 (53.0) 53 (63.1)

Ever smear positive 38 (62.3) 146 (54.1) 43 (51.2) 0.39
Always smear negative 7 (11.5) 46 (17.0) 15 (17.9) 0.52
Fewer than three sputum

smears
16 (26.2) 78 (28.9) 26 (31.0) 0.83

Infectivity
Mean % (SD) 29.1 (35.0) 30.7 (36.9) 35.6 (38.2) 0.53
No. (%) of patients highe 20 (37.0) 99 (40.1) 34 (44.7) 0.65
No. (%) of patients lowf 34 (63.0) 148 (59.9) 42 (55.3)

Pathogenicity
Mean % (SD) 5.4 (19.7) 5.5 (18.2) 7.1 (21.8) 0.80
No. (%) of patients highg 6 (10.7) 29 (11.5) 10 (12.8) 0.92
No. (%) of patients lowh 50 (89.3) 223 (88.5) 68 (87.2)

Mean no. of contacts
Named 11.9 (27.0) 8.8 (20.1) 11.9 (36.2) 0.50
Screened 11.2 (26.8) 8.0 (19.9) 11.3 (36.2) 0.50
Followed up 11.1 (26.5) 7.5 (18.3) 10.9 (36.0) 0.37

a Denotes a statistically significant difference at an a-level of 0.05.
b For group 1 versus group 2, P 5 0.002.
c For group 1 versus group 2, P 5 0.007; for group 1 versus group 3, P 5 0.004.
d Includes subjects whose HIV status is unknown.
e Patients demonstrating high (.30.0%) infectivity.
f Patients demonstrating low (#30.0%) infectivity.
g Patients demonstrating high (.10.0%) pathogenicity.
h Patients demonstrating low (#10.0%) pathogenicity.
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ease demonstrated no highly statistically significant differences
in patient characteristics between the low- and high-pathoge-
nicity groups (Table 5).

An earlier study found that group 3 strains were less likely to
be present in IS6110-based clusters than group 1 or group 2
strains (12). We performed similar analyses by comparing rep-
resentative IS6110-based cluster strains and their katG-463 and
gyrA-95 genotypes. We found no association between genotype
and cluster status, even when the analysis was restricted to
clusters of $5 individuals and clusters of $20 individuals (Ta-
ble 2). These results held when clustering was determined with
the use of the secondary marker PGRS for strains with fewer
than six IS6110-hybridizing bands (data not shown). Because
the association that we found was negative in contrast to the
previous positive finding, we performed power calculations for
our study (Table 6). We determined that our study had suffi-
cient statistical power above 90.0% to detect the odds ratios
reported previously (12). Furthermore, our study had sufficient
power to detect odds ratios as low as 3.5 had they been present.

DISCUSSION

Our results demonstrate that molecular beacon assays are a
reproducible and accurate method of detecting known single
nucleotide polymorphisms among a large number of bacterial
isolates. Amplicon detection was carried out in sealed 96-well
plates; this simplified the analysis, eliminated an important
source of assay contamination, and permitted simultaneous
testing of multiple samples. We have confirmed that the nu-
cleotide polymorphism in codon 463 of the katG gene and

codon 95 of the gyrA gene can be used to classify M. tubercu-
losis strains into three genotypes. However, we did not find an
association between this trichotomous classification system and
epidemiologically and clinically measured characteristics of in-
fectivity and pathogenicity. We also did not find an association
between genotype and increased IS6110-based clustering.
These results are in contrast to the results of Sreevatsan and
colleagues (12), who found the group 3 genotype to be less
associated with IS6110-based clustering, suggesting an attenu-
ation of transmissibility and virulence in these strains.

The differences in our findings may be due to differences in
the selection of the respective study samples. It is possible that
the katG-463 and gyrA-95 genotype is associated with the geo-
graphic origin of M. tuberculosis strains rather than evolution-
ary attenuation. If so, then the association between genotype
and measures of transmissibility and virulence will depend on
the composition of the human population in which they are
studied and the transmission dynamics in that population. This
was suggested by our finding that group 1 strains were signif-
icantly associated with individuals of Asian descent and with
older individuals. Differences in age, sex, race or ethnicity, and
HIV status were also present between our study sample and
eligible subjects who were excluded because their isolates
could not be cultured or there was no M. tuberculosis DNA
available for analysis. It is possible that the differences in our
findings are a reflection of the patients selected for the study.

The distribution of genotypes according to the number of
IS6110 copies revealed by Southern blotting was similar to that
found by Sreevatsan and colleagues (12). Our results substan-
tiate the proposal for an evolutionary scheme in which the

TABLE 4. Comparison of patient characteristics according to the outcome measures low and
high infectivities and low and high pathogenicities

Characteristic
Infectivity Pathogenicity

Low (n 5 224) High (n 5 153) P value Low (n 5 341) High (n 5 45) P value

Mean (SD) age (yr) 45.0 (16.8) 42.7 (15.7) 0.18 44.6 (16.5) 39.7 (15.6) 0.06

No. (%) of subjects
Group 1 34 (15.2) 20 (13.1) 0.57 50 (14.7) 6 (13.3) 0.81
Group 2 148 (66.1) 99 (64.7) 0.78 223 (65.4) 29 (64.4) 0.90
Group 3 42 (18.8) 34 (22.2) 0.41 68 (19.9) 10 (22.2) 0.72

Female 46 (20.5) 34 (22.2) 0.70 71 (20.8) 10 (22.2) 0.83
Male 178 (79.5) 119 (77.8) 270 (79.2) 35 (77.8)

Asian 12 (5.4) 9 (5.9) 0.83 19 (5.6) 2 (4.4) 0.97
Black 79 (35.3) 68 (44.4) 0.07 126 (37.0) 23 (51.1) 0.07
Hispanic 16 (7.1) 14 (9.2) 0.48 28 (8.2) 3 (6.7) 0.95
White 114 (50.9) 62 (40.5) 0.05 165 (48.4) 17 (37.8) 0.18
Other 3 (1.3) 3 (0.9)

HIV positive 107 (47.8) 62 (40.5) 0.16 161 (47.2) 15 (33.3) 0.08
HIV negativea 117 (52.2) 91 (59.5) 180 (52.8) 30 (66.7)

Ever smear positive 120 (53.6) 93 (60.8) 0.17 192 (56.3) 25 (55.6) 0.92
Always smear negative 40 (17.9) 19 (12.4) 0.15 50 (14.7) 10 (22.2) 0.19
More than three sputum smears 64 (28.6) 41 (26.8) 0.71 99 (29.0) 10 (22.2) 0.34

Mean no. of contacts (SD)
Named 11.5 (29.6) 9.4 (20.5) 0.45 10.9 (27.3) 6.9 (11.8) 0.33
Screened 10.9 (29.5) 8.6 (20.1) 0.40 10.2 (27.1) 6.4 (10.8) 0.35
Followed up 10.5 (29.0) 8.2 (18.0) 0.38 9.7 (26.2) 6.4 (10.9) 0.40

a Includes subjects whose HIV status is unknown.
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pattern of IS6110 insertions diversified after the three katG-
463 and gyrA-95 genotypes branched off from a common an-
cestor.

There are some limitations to this study. First, if culture nega-
tivity is the result of infection with less transmissible and less
virulent strains, it is possible that the inability to determine the
genotypes of these strains generated a selection bias in the low-
infectivity and low-pathogenicity groups. Furthermore, it was not
possible to calculate infectivity and pathogenicity for patients who
were excluded from the study sample because they did not name
any contacts. However, it is unlikely that this selection would be
related to the katG-463 and gyrA-95 genotype.

Another limitation is that potentially important covariate
data that may affect measures of infectivity and pathogenicity
were not available for this retrospectively designed study, in-
cluding information on the contacts of the case patients. Had
such data been available, they may have allowed a more com-
plete assessment of the association between the three geno-
types and the measures of transmissibility and virulence. For
example, if a contact had a history of vaccination with BCG,
then a positive tuberculin skin test may not reflect the trans-
mission of M. tuberculosis from the source patient. To mini-
mize this probability, we limited our study to U.S.-born pa-
tients on the basis of evidence that U.S.-born patients associate
predominately with people who were also born in the United
States (2, 7).

Another potential limitation involved the variable numbers
of named contacts per case patient, which affected the non-
Gaussian distribution of infectivity and pathogenicity mea-

sures. It is possible that the categorization of the likely under-
lying continuous properties of these measures obscured any
associations with the katG-463 and gyrA-95 genotype. To ana-
lyze the impact of variable numbers of named contacts for each
case patient, we compared, for each genotype, infectivity and
pathogenicity using all contacts. Accounting for the codepen-
dence of contacts, there was no association with the proportion
of contacts who were infected or who had disease (data not
shown). Furthermore, sensitivity analyses with different thresh-
old levels and with the exclusion of zero and 100% measures
did not alter the results, suggesting that such categorization
was not an important problem in this study.

Lastly, the true infectivities and pathogenicities of strains
may have been obscured by the intervention of chemoprophy-
laxis for contacts, although adherence to preventive therapy is
not likely to be associated with the genotype of the infecting
strain. The use of genetic markers in genes that are associated
with resistance to antibiotics (8) may have unintentionally
skewed the katG-463 and gyrA-95 genotype distribution by
antibiotic treatment for tuberculosis or other conditions. How-
ever, the katG-463 and gyrA-95 allelic polymorphisms used in
this study do not in themselves cause antibiotic resistance and
are present in both susceptible and resistant bacteria (12).

In this study we used a molecular beacon assay to rapidly
detect small variations in a DNA sequence putatively associ-
ated with virulence for an established population-based M.
tuberculosis strain collection in San Francisco. A classic epide-
miologic study was designed with a unique method of deriving
clinically meaningful outcome measures of bacterial virulence,
and a postulated association of transmissibility and virulence
with a newly identified genetic marker was examined. Given
that novel approaches to understanding the molecular basis of
bacterial pathogenesis and a renewed interest in M. tuberculo-
sis are beginning to yield a profusion of laboratory-derived
virulence factors (4), we speculate that continued investiga-
tions of the association between bacterial genotypes and epi-
demiologically defined phenotypes in natural populations may
contribute to our understanding of bacterial factors in the
propagation of the tuberculosis epidemic.
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TABLE 5. Comparison of characteristics of contacts with
tuberculosis according to low and high pathogenicities

Characteristic
Low

pathogenicity
(n 5 28)

High
pathogenicity

(n 5 75)

P
value

Mean (SD) age (yr) 43.5 (13.1) 35.5 (19.1) 0.13

No. (%) of subjects
Female 4 (14.3) 26 (34.7) 0.04
Male 24 (85.7) 49 (65.3)

Group 1 2 (7.1) 12 (16.0) 0.40
Group 2 18 (64.3) 51 (68.0) 0.72
Group 3 8 (28.6) 12 (16.0) 0.15

Asian 4 (14.3) 3 (4.8)a 0.25
Black 7 (25.0) 28 (44.4) 0.08
Hispanic 5 (17.9) 4 (6.3) 0.19
Whiteb 12 (42.9) 28 (44.4) 0.89
Other

HIV positive 10 (35.7) 33 (52.4)a 0.15
HIV negativec 18 (64.9) 30 (47.6)

Ever smear positive 12 (42.9) 23 (36.5)a 0.57
Always smear negative 14 (50.0) 25 (39.7) 0.36
Fewer than three sputum
smears

2 (7.1) 15 (23.8) 0.06

Foreign-born 7 (25.0) 6 (9.5)a 0.10
U.S.-born 21 (75.0) 57 (90.5)

a Denominator was 63 due to missing values for 12 patients who had active
tuberculosis at the time of contact investigation and who were referred out of
jurisdiction after follow-up.

b Includes one patient of unknown race or ethnicity.
c Includes subjects whose HIV status is unknown.

TABLE 6. Power calculations for the IS6110-based clustering and
katG-463 and gyrA-95 genotype analyses

Character Group 1 and group
2 vs group 3

Group 1 vs
group 3

Group 2 vs
group 3

No. of patients 86 38 64

Control: case ratio 1.34 1.39 1.39

% Exposed in controls 76.5 49.1 69.7

% Power if:
ORa 5 2.0 44.3 35.5 41.7
OR 5 3.0 74.8 67.6 72.6
OR 5 4.0 87.2 83.5 85.8
OR 5 OR of previous

studyb
97.7c 97.6d 98.0e

a OR, odds ratio.
b From reference 12.
c Odds ratio 5 8.7.
d Odds ratio 5 8.25.
e Odds ratio 5 9.67.
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