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Comparison of techniques for antimicrobial
susceptibility testing of mycobacteria

Abstract
Aims-To evaluate adenosine triphosphate (ATP) bioluminescence as a rapid
technique for antimicrobial susceptibility
testing of Mycobacterium spp by comparing it with conventional and radiometric methods, and to assess its
potential for use in clinical microbiology
laboratories.
Methods-115 clinical isolates from a
wide range of mycobacterial species and
four control organisms of known susceptibility were tested against six antimicrobial agents. Minimum inhibitory
concentrations (MICs) were determined
after 4-6 weeks' incubation on Middlebrook 7H10 agar. Susceptibility was also
determined radiometrically using a
Bactec 460, and by bioluminescent assay
of ATP using a 1250 luminometer (LKBWallac).
Results-Susceptibility results after 7
days showed excelient correlation with
conventionally determined MICs. 714
susceptibility tests were performed by
both techniques, with seven major discrepancies between the two systems. For
pyrazinamide, agreement was 100%, but
five strains of M tuberculosis, including
one control, and 11 mycobacteria other
than M tuberculosis (MOTT) failed to
grow on Middlebrook agar at pH 5 5. 606
tests were performed by radiometry,
with four major discrepancies between
this technique and ATP biolumines-
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cence.
No particular species of Mycobacterium gave aberrant results. Contamination was a problem; 12 of the 119 strains
tested were contaminated at day 1 and
had to be repeated before results were
obtained. Contamination of individual
tests increased significantly after 7 days
of incubation.
Conclusions-ATP bioluminescence can
be used to monitor mycobacterial growth
in fluid culture media; the technique has
considerable potential for rapid suscepti-

bility testing. Advantages include lower
initial cost of analytical equipment,
lower reagent cost per test, and the use of
non-radioactive substrates.
(7 Clin Pathol 1993;46;403-407)

Conventional methods for antimicrobial susceptibility testing of Mycobacterium spp are
based on growth on solid agar and require a

minimum of three to four weeks of incubation.' 2 The resistance ratio method using
Lowenstein-Jensen (L) medium is most
commonly used in the United Kingdom and
the rest of Europe,3 while the proportional
and absolute concentration methods on
Middlebrook agar are favoured in the United
States.4 During this prolonged incubation,
patients with resistant organisms might
receive inappropriate treatment that could
result in the infecting organism becoming
resistant to additional drugs. Furthermore,
the incidence of infections caused by
mycobacteria other than M tuberculosis
(MOTT) has increased sharply with the
emergence of AIDS.5 It has been estimated
that up to 50% of patients with AIDS develop mycobacterial infection at some stage of
their disease,8 and many of these isolates
show aberrant drug resistance. Rapid determination of resistance may therefore reduce
the need for ineffective and highly toxic
drugs.
Several techniques for the rapid susceptibility testing of mycobacteria have been
described. Radiometric methods for cultivating and for antimicrobial susceptibility testing
have been in use in diagnostic microbiology
for more than a decade. In 1975 Cummings
and colleagues used [14C]glycerol and
['4C] acetate as substrates for mycobacterial
growth.9 Middlebrook et al further developed
the technique and introduced a medium containing [14C]palmitic acid as the labelled substrate.10 It was the work of Kertcher et al,
however, who first demonstrated the possibility of using radiometry as a rapid susceptibility method for mycobacteria."1 Nowadays an
increasing number of laboratories use this
technique. Correlation with conventional
methods is good and results are often available in four to seven days.'2-14
The firefly bioluminescent ATP assay has
long been recognised as an accepted method
for estimation of microbial biomass."5 The
assay involves the measurement of light produced as a result of an enzymic reaction
catalysed by the firefly Photinus pyralis
(American firefly). The amount of light produced is directly proportional to the amount
of ATP involved in the reaction. The technique is based on several assumptions which
experimental evidence has shown to be
correct: all living organisms contain ATP;
ATP is not associated with dead cells; ATP
can be extracted from microbial cultures and
accurately measured.
ATP bioluminescent techniques have been
described for the rapid susceptibility testing
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Figure I Error-box
methodfor comparison of
susceptibility results
determined by conventional
and A TP bioluminescence
methods. Boxes A and B
indicate agreement, boxes
C and D major
disagreement.
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Results were analysed by the modified
error-box method described by Wheat et
al 1819 (fig 1). Strains in boxes A and B were
categorised as showing agreement, strains in
boxes C and D as showing major disagreement, and strains with ATP indices of
41-49% as showing minor disagreement.
For radiometric susceptibility testing,
antimicrobial agents were prepared in sterile
distilled water and 0-1 ml added to a Bactec
12B phial (Becton-Dickinson) (pH 6 8) to
give the following final concentrations; strep-
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0.05% Tween 80 and several sterile glass
beads. Each sample was homogenised for 2
minutes in a class 1 biological safety cabinet
using a Spinmix (Gallenkamp), and large
particles were allowed to settle. The supernatant fluid was removed and adjusted to
system. 16
McFarland 0 5 standard (about 106 mycobacteria/ml) using sterile 7H9 broth so that a 1 pul
inoculum gave about 1000 colony forming
Methods
One hundred and fifteen distinct clinical units. To prevent the inoculum running to
isolates were tested: M malmoense n = 29; M the bottom of the container the bijou was
tuberculosis n = 26; M avium-intracellulare n = positioned horizontally overnight. The slopes
25; M xenopi n = 12; M kansasii n = 8; Mfor- were then incubated aerobically at 35°C for
tuitum n = 6; M gordonae n = 4; M bovis n = up to six weeks and examined regularly. The
2; M chelonei n = 2; M, scrofulaceum n = 1. minimum inhibitory concentration (MIC)
Four control strains H37Rv and C3105 (M was defined as the lowest concentration of
tuberculosis), C10795 (M bovis), and C10268 antimicrobial agent that reduced growth of
(M kansasit) were also tested. These were the test organism to 1 % or less when comkindly supplied by the Scottish Mycobacteria pared with the control slope3 20 10 colonies
Reference Laboratory, Edinburgh, the Royal or less.
For susceptibility testing by ATP biolumiBrompton National Heart and Lung
Hospital, London, and the Mycobacteria nescence, antimicrobial agents were prepared
Reference Unit, Cardiff. These were stored at in 2-5 ml volumes in Middlebrook 7H9 broth
-70°C in 10% glycerol broth until required, supplemented with OADC enrichment and
then subcultured on to Middlebrook 7H10 0 05% Tween 80. For pyrazinamide, the pH
was adjusted to 6-0. The following concentraagar (BBL) three weeks before testing.
ethambutol tions were tested: streptomycin 4 mg/l; isoni(Sigma),
Streptomycin
(Lederle), rifampicin (Merrell), pyrazinamide azid 0-25 mg/l; ethambutol 2 mg/l; rifampicin
(Sigma), ciprofloxacin (Bayer) and isoniazid 0 5 mg/l; pyrazinamide 100 mg/l and
(Roche) were made up as standard solutions ciprofloxacin 2 mg/l. Colonies of mycobacaccording to manufacturers' instructions and teria were suspended in 3 ml 7H9 broth plus
three glass beads, homogenised for 2 minutes,
filter sterilised before each experiment.
Conventional susceptibility testing was and large particles allowed to settle. The
performed using the absolute concentration supernatant fluid was adjusted to McFarland
method using Middlebrook 7Hl0 agar. The 0-5 standard (about 106 mycobacteria/ml),
medium was prepared according to the and 0 5 ml was added to the tubes containing
manufacturer's instructions, and OADC sup- antimicrobial agents. Control broths of each
plement (BBL) was added and distributed in strain without antimicrobial agent were also
2-75 ml amounts into sterile bijoux bottles included. These were then incubated aerobiccontaining 0-25 ml of antimicrobial agent. ally at 35°C for up to 10 days. Purity was
For pyrazinamide, the pH of the medium was checked by subculture on to blood agar and
adjusted to 5-5. Each bijou was then sloped Middlebrook 7H10 agar.
In a class 1 biological safety cabinet, a
and allowed to set. The range of concentrations was 0 125 to 32 mg/l except for pyrazi- 100lu sample from the mycobacterial culture
namide, which was 16 to 256 mg/l. Drug free was pipetted into a glass tube containing
400 ,ul of boiling 0 1M TRIS buffer (BDH)
slopes were also prepared for use as controls.
From a three week culture of the mycobac- (pH 7 75) plus 2 mmol/l EDTA (Sigma).
terial strain, colonies were emulsified in 3 ml After 5 minutes the extract was allowed to
of Middlebrook 7H9 broth (BBL) containing cool to room temperature. ATP monitoring
reagent (50 p1) (LKB-Wallac) was added to
the extract and the light intensity recorded
using a 1250 luminometer (LKB-Wallac).
ATP assays were performed at days 0, 1, 3,
2100
5, 7 and 10 of incubation. Results were
expressed as an ATP index:
801_
Relative light units in test

of various micro-organisms including mycobacteria.16-19 Nilsson et al found full agreement in 99% of assays with the resistance
ratio method on LJ medium, and 98% were
in full agreement with the radiometric
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2 mg/l. For pyrazinamide, PZA medium
(Becton-Dickinson) was used. The final concentration of the drug was 100 mg/l at a pH
of 6-0.
In a biological safety cabinet mycobacterial
colonies were emulsified in 0-5 ml diluent in
a sterile bijou bottle, the suspension agitated,
and 01 ml of this added to a 12B phial
which was then incubated at 37°C. The phial
was read daily on a Bactec 460 (BectonDickinson) until a suitable growth index (GI)
was obtained. This was then used to inoculate the phials containing antimicrobial agents
(0 -1 ml) to give a final inoculum of about 105
mycobacteria/ml. Phials were incubated for
up to 10 days and the GI monitored daily.
When the GI reading was 30 or more, the
results were interpreted by calculating the
change in GI from the previous day.1221 If the
daily increase in GI in the control was greater
than that in the phial containing drugs the
organism was reported as susceptible. If the
increase was less than that in the phial the
organism was reported as being resistant.
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highlighted using the species code below. TUB, M tuberculosis; MAL, M malmoense;
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Discussion
Conventional methods for susceptibility testing of mycobacteria are widely used in clinical
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Figure 3 Comparison of 606 susceptibility results
(representing 119 strains of mycobacteria) obtained by
ATP bioluminescence and radiometry.
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microbiology. The main disadvantage is that
they require a prolonged incubation period,
usually three to four weeks, which reduces
the value of the result to the clinician. This
study confirms the work of Nilsson et al 16 and
Beckers et al 17 who showed that growth of
mycobacteria in fluid media may be monitored by ATP bioluminescence, and that the
technique lends itself to rapid antimicrobial
susceptibility testing. Both of these studies
showed excellent correlation with conventional techniques, with results available in four to
seven days. We found that seven days was
more practical, using the ATP method, and
that correlation with the conventional method
was 99%. The time needed to obtain reliable
results also depends on the size of the inoculum. Nilsson et al showed that when a starting
inoculum of less than 104 mycobacteria/ml is
used for susceptibility testing by the ATP
assay, the proportion of resistant bacteria
required to demonstrate resistance may not
be detected.'6 Inocula of 106 mycobacteria/ml
or greater, however, may contain increased
numbers of resistant variants that will

Summary of discrepancies between susceptibility results (714 tests representing 119 strains
of mycobacteria) obtained by ATP bioluminescence and conventional MIC determination
MIC
ATP
Antimicrobial
Interpretation
index
ofATP assay
(mg/i)
agent
Organism
31
Sensitive
16
M avium-intracellulare
Ciprofloxacin
M chelonei
M kansasii
M malmoense
M scrofulaceum
M tuberculosis
M xenopi

Ciprofloxacin

Ciprofloxacin
Rifampicin
Streptomycin
Isoniazid
Ethambutol

16
16
0-125
05
2
8

31
20
94
70
13
13

Sensitive
Sensitive
Resistant
Resistant
Sensitive
Sensitive

simulate resistance. In our experience a
McFarland 0 5 standard was equivalent to
about 106 mycobacteria/ml. The addition of
0 5 ml of this starting suspension to the tubes
containing antimicrobial agents gave a final
inoculum of about 105 mycobacteria/ml.
Some difficulty in obtaining the correct
inoculum was encountered because of the
floccular nature of M tuberculosis in particular.
This was overcome by the addition of 0-05%
Tween 80 to the suspending medium. The
efficient extraction of ATP also depends on
the physical condition of the organism.
Janasek and colleagues found that the amount
of ATP extracted from mycobacterium BCG
varied following storage at different temperatures.22 Other methods for the extraction of
bacterial ATP have been tried, including
heating in ethanol,23 a combination of heat
and chloroform,24 and exposure to chemicals
such as sulphuric acid,25 butanol,26 and
dimethyl sulphoxide.2' Proli et al compared
five different methods of ATP extraction and
found that boiling TRIS/EDTA buffer was
the best for extracting ATP from mycobacteria.27 The ATP method used in this study
was based on that described by Nilsson et al.'6
We found, however, that slight modifications
were required before satisfactory results were
obtained. These included increasing the
amount of mycobacterial culture from 50 to
100 pl, extending the heat extraction process
from 90 seconds to 5 minutes, and reducing
the volume of monitoring reagent from 100
to 50 pl. These measures increased the sensitivity of the method, ensured total killing of
the mycobacterial strain, and reduced the
cost per test.
The antimicrobial susceptibility methods
used in this study are fundamentally different.
The proportional method assumes that if 1%
of the mycobacterial population is resistant to
a drug then treatment will not be clinically
effective. The ATP bioluminescence assay is
based on broth dilution, where the potency of
a drug is assessed in a more arbitrary manner.
Resistance is reflected by an ATP index that
is similar to that obtained from drug-free con-
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trols. Susceptibility is shown when the ATP
activity remains at a low level during incubation, and falls to 40% or less of the control
reading. This criterion has been widely
accepted for rapid susceptibility testing using
ATP bioluminescence.'7-19 Both ATP and
radiometric methods were comparable in
terms of speed; results were available in seven
days, although contamination of ATP readings was a problem simply because all microorganisms contain ATP. A single reading at
day 7 of incubation would obviously alleviate
this problem.
Beckers et al noted that in most cases of
disagreement between ATP and conventional
methods, the conventional method showed
resistance while the luminescence technique
showed susceptibility.17 We concur with these
findings, which may be due to the closer contact between bacterium and antimicrobial
agent in fluid media. Furthermore, degradation of drugs may occur during the prolonged
incubation necessary for conventional susceptibility techniques. Beckers et al also observed
that discrepancies with rifampicin and streptomycin were caused by phospholipid and
heat inactivation, respectively, if LJ medium
was used.17 We used Middlebrook 7H10 agar
and encountered no such problems.
Despite these limitations regarding direct
comparison of techniques, ATP bioluminescence permits rapid susceptibility testing of
mycobacteria. The technique seems to be
reliable, can be automated, and requires no
radioactive substances. It has considerable
potential for use within the clinical microbiology laboratory.
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