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The identification of mycobacteria outside biocontainment facilities requires that the organisms first be rendered inactive. Expo-
sure to 70% ethanol (EtOH) either before or after mechanical disruption was evaluated in order to establish a safe, effective, and
rapid inactivation protocol that is compatible with identification of Mycobacterium and Nocardia species using matrix-assisted
laser desorption ionization–time of flight mass spectrometry (MALDI-TOF MS). A combination of 5 min of bead beating in 70%
EtOH followed by a 10-min room temperature incubation period was found to be rapidly bactericidal and provided high-quality
spectra compared to spectra obtained directly from growth on solid media. The age of the culture, the stability of the refrigerated
or frozen lysates, and freeze-thaw cycles did not adversely impact the quality of the spectra or the identification obtained.

Different approaches have been developed to hasten the iden-
tification of clinically significant mycobacteria compared to

traditional biochemical phenotyping. These include DNA probe
hybridization- and nucleic acid amplification-based assays with or
without sequencing (1–4) and high-performance liquid chroma-
tography (HPLC) to evaluate the mycolic acid composition (1, 2).
More recently, matrix-assisted laser desorption ionization–time
of flight mass spectrometry (MALDI-TOF MS) has been shown to
be a reliable and rapid means for the identification of bacterial
species, including mycobacteria through the recognition of spe-
cific proteins (5), PCR amplification profiles (6), or protein spec-
tral profiles (7, 8). Advanced databases for use with the latter ap-
proach are currently being expanded. Regardless of which option
is used, it is essential that cultures are rendered nonviable prior to
processing outside appropriate biocontainment facilities for ob-
vious safety reasons. Previous reports have identified a variety of
ways in which mycobacteria, including Mycobacterium tuberculo-
sis can be successfully inactivated prior to manipulation, including
heat treatment (9), exposure to lethal irradiation with or without
photosensitizing chemicals (10–12), alcohol exposure (13), or a
combination of treatments (14–16). While most were successful,
temperatures and/or exposure times varied in order to achieve
uniform cell death. Treatment with disinfecting agents such as 2%
glutaraldehyde was not considered an option as it can result in
extensive cross-linking of the nucleic acids, proteins, and other
cellular components that are necessary for the MALDI-TOF MS
identification process. Within the past year, two publications de-
scribed the successful adaptation of a mycobacterial inactivation/
extraction protocol for use with MALDI-TOF MS-based identifi-
cation (17, 18). Herein, we report a detailed description of an even
more convenient process that was first presented in part in 2013
(19).

MATERIALS AND METHODS
All studies involving mycobacteria were performed in a biological safety
level 3 (BSL-3) laboratory. For various aspects of this study, 28 strains
encompassing 13 Mycobacterium species, including five strains of M. tu-
berculosis with varied isoniazid (INH) and rifampin (RIF) susceptibility
were selected (Table 1). In addition, five species of Nocardia (N. cyriaci-

georgica, 9 strains; N. farcinica, 4 strains; N. kruczakiae, 2 strains; N. nova,
7 strains; and N. otitidiscaviarum, 1 strain) were included. For the inacti-
vation studies, mycobacteria were harvested from solid media: Middle-
brook 7H11 (Remel, Lenexa, KS, USA) or Lowenstein-Jensen (LJ) me-
dium or LJ medium with ferric ammonium sulfate (Remel). Nocardia
strains were cultured on sheep blood agar until visible growth was de-
tected. To provide an estimate of organism load for mycobacteria, a cali-
brated loopful (1 or 10 �l) taken from visible colonies was inoculated into
a glass tube containing 2 ml Middlebrook 7H9 broth (Remel) and 1.5 to
2.0 cm sterile Ottawa sand (part NC0190353; Fisher Scientific, Waltham,
MA, USA). The tube was vortexed for 15 to 30 s to break up clumps of cells
and allowed to equilibrate for 5 min at room temperature to permit sand
particles to settle out of suspension. The absorbance at 600 nm (A660 nm)
was then determined for each tube after which serial 1:10 dilutions were
performed in 7H9 broth, and 0.5 ml of the 10�5, 10�6, and 10�7 dilutions
were uniformly spread over the surface of 7H11 plates in duplicate. Plates
were incubated with 5% CO2 at 37°C, and colonies were counted after
visible growth was obtained. This procedure was performed in duplicate
using both sizes of calibrated loops for eight strains from six species of
mycobacteria. The only modification to the protocol for testing Nocardia
involved use of a sterile cytobrush (Puritan, Guilford, ME, USA) to har-
vest growth in place of inoculating loops. Estimates of CFU/ml were not
determined for Nocardia species, but a visibly turbid suspension equal to
or greater than a 0.5 McFarland standard was used.

To evaluate organism inactivation, suspensions of mycobacterial cul-
tures were made at known concentrations based on the A660 nm data ob-
tained from the quantitation studies. In each case, the highest absorbance
recorded for a 1- or 10-�l loopful of each organism was used to approxi-
mate the maximum number of CFU. A 2-ml sample of each suspension
was centrifuged to create a pellet, and the supernatant was removed. Pel-
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lets were resuspended in 500 �l of 70% ethanol (EtOH) and transferred
into a sterile screw-cap 2-ml microcentrifuge tube containing 0.2 ml of
sterile 0.5-mm glass beads (Ozyme France, Montigny-le-Bretonneux,
France). Suspensions were mechanically disrupted at 2,500 oscillations/
min using a Mini-BeadBeater 16 (BioSpec Products, Bartlesville, OK,
USA) for 5 min either before or after a 10-min exposure to 70% EtOH at
room temperature. Suspensions were then transferred into empty vials
and centrifuged. After removal of the EtOH supernatant, the pellet was
resuspended in 1 ml of sterile water. A 500-�l aliquot of each suspension
was inoculated onto solid (LJ slants) and into liquid (BacT/Alert MP
bottle, bioMérieux) media and incubated at 37°C for 42 days. In addition,
samples of each organism exposed to 70% EtOH alone for 15 and 30 min
without bead disruption were included for comparison. An aliquot of the

sterile water suspension prepared for each test strain prior to inactivation
was cultured and served as a growth control. For spectra evaluation, sam-
ples were centrifuged after the inactivation step (mechanical disruption
followed by a 10-min incubation in 70% EtOH), and the resulting pellet
was reconstituted with 70% formic acid followed by the addition of ace-
tonitrile (10 �l each). The samples were again centrifuged, and the super-
natant was used for Vitek MS RUO analysis after the addition of the
matrix. Spectra were selected with a minimum of 80 peaks acquired with
Launchpad v2.8 software (bioMérieux, Inc.) and analyzed using the
SARAMIS v4.10 database (bioMérieux, Inc.).

The age of the culture and the lysate stability were determined for
seven different Mycobacterium species: M. avium, M. fortuitum, M. gor-
donae, M. intracellulare, M. kansasii, M. scrofulaceum, and M. tuberculosis.

TABLE 1 Growth results of mycobacterial test strains following inactivation strategies including beat beating either before or after a 10-min
exposure to 500 �l of 70% EtOH or exposure to EtOH alone without bead beating for 15 or 30 mina

Mycobacterium species Strain

Growth results of test strains after:

5-min bead
beating before
ethanol
incubation
and 10 min
inactivation of
inoculum loop
per strain (�l)
of:

5-min bead
beating after
ethanol
incubation for 10
min of inoculum
loop per strain
(�l) of:

No bead beating
and 15-min
inactivation of
inoculum loop
per strain (�l)
of:

No bead beating
and 30-min
inactivation of
inoculum loop
per strain (�l)
of:

1 10 1 10 1 10 1 10

M. abscessus 19977b NG NG NG NG NG NG NG NG
M. abscessus 31313c NG NG NG NG NG NG NG NG
M. abscessus 23003b NG NG NG NG NG G NG NG
M. avium 25291b NG NG NG NG NG NG NG NG
M. avium 1155c NG NG NG NG NG NG NG NG
M. chelonae 19235b NG NG G NG NG NG NG G
M. chelonae 35749b NG NG NG NG NG NG NG G
M. fortuitum 6841b NG NG NG NG NG NG NG NG
M. fortuitum 4031c NG NG NG NG NG NG NG NG
M. fortuitum MF89d NG NG NG NG NG NG NG G
M. genavense NLA001200214c NG NG NG NG NG NG NG NG
M. genavense NLA001300504c NG NG NG NG NG NG NG NG
M. gordonae 35756b NG NG NG NG NG NG NG NG
M. haemophilum NLA000701523c NG NG NG NG NG NG NG NG
M. intracellulare 13950b NG NG NG NG NG NG NG NG
M. intracellulare 789c NG NG NG NG NG NG NG NG
M. intracellulare 1235c NG NG NG NG NG NG NG NG
M. kansasii 864c NG NG NG NG NG NG NG NG
M. kansasii 12478b NG NG NG NG NG NG NG NG
M. kansasii 92-733d NG NG NG NG NG NG NG NG
M. senegalense 2301c NG NG NG NG NG NG NG NG
M. scrofulaceum 1998b NG NG NG NG NG NG NG NG
M. smegmatis 11759b NG NG NG NG NG NG NG NG
M. tuberculosise S-07d NG NG NG NG NG NG NG NG
M. tuberculosisf S-09d NG NG NG NG NG NG NG NG
M. tuberculosisg S-38d NG NG NG NG NG NG NG NG
M. tuberculosish 35822b NG NG NG NG NG NG NG NG
M. tuberculosise B2c NG NG NG NG NG NG NG NG
a Treated strains were transferred to LJ slants and MP bottles, incubated at 37°C, and observed for growth (G) or no growth (NG) after 42 days of incubation.
b ATCC isolate.
c Reference collection isolate.
d Clinical isolate.
e Isoniazid and rifampin sensitive.
f Isoniazid and rifampin resistant.
g Low isoniazid and rifampin resistant.
h Isoniazid resistant and rifampin sensitive.
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Growth from the same LJ slant for each organism was processed daily for
7 days. Spectra were generated and compared for the presence and inten-
sity of major peaks. For stability, processed lysates were stored at 2 to 8°C
and tested daily for 7 consecutive days. In addition, portions of the lysates

were stored frozen (�70°C), thawed, and tested daily for 7 days and again
after 14 and 21 days of storage. Lysates were also subjected to freeze-thaw
cycles to determine if this would impact the generation of acceptable
spectra.

RESULTS

The cell density of inocula prepared using 1- and 10-�l loops
varied considerably by mycobacterial species with M. tuberculosis
strains generating the lowest CFU values followed by M. kansasii
(Table 2). There was a 2- to 3-log difference in cell density between
M. tuberculosis strains and those of M. intracellulare and the rapid
growing mycobacteria (Table 2). Uniform inactivation was ob-
served using inocula prepared from either 1- or 10-�l loops for all
organisms when bead beating preceded a 10-min room tempera-
ture EtOH exposure, including all strains of M. tuberculosis re-
gardless of INH and RIF susceptibility (Table 1). Similarly, all
mycobacterial strains tested were inactivated when bead beating
followed 10 min of EtOH exposure but only with the 1-�l loop
inoculum. With bead beating after EtOH exposure, growth was
observed with the 10-�l loop inoculum for one strain of M. che-
lonae and two strains of M. kansasii. The EtOH treatment alone for

TABLE 2 Estimation of mycobacterial density in CFU contained within
1- and 10-�l calibrated loopsa

Mycobacterium species Strain

Average population
(CFU) per loopful of:

1 �l 10 �l

M. abscessus 19977 1 � 109 2 � 109

M. fortuitum 6841 6 � 108 9 � 108

M. intracellulare 13950 1 � 108 9 � 109

M. kansasii 864 7 � 107 5 � 108

M. senegalense 2301 5 � 108 2 � 109

M. tuberculosis S-07 5 � 106 3 � 107

S-09 6 � 106 4 � 107

S-38 4 � 106 1 � 107

a Estimates were generated using duplicate serial dilutions of a primary inoculum
spread over the surface of 7H11 agar plates and enumerated after the appearance of
visible colonies.

FIG 1 Spectra generated from Mycobacterium (A) and Nocardia (B) species grown on LJ medium and Trypticase soy blood agar, respectively, Samples of growth
were inactivated using mechanical disruption followed by a 10-min incubation in 70% EtOH. The samples were centrifuged, and the resulting pellet was
reconstituted with 70% formic acid followed by the addition of acetonitrile (10 �l each). Samples were again centrifuged, and the supernatants were used for
Vitek MS analysis after the addition of the matrix.
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15 or 30 min produced uniform killing of all mycobacterial strains
tested but only with the 1-�l loopful of growth (Table 1). When
the 10-�l inoculum was used, several failures were noted with
either the 15- or 30-min EtOH inactivation period. These in-
cluded one strain each of M. abscessus, M. gordonae, M. scrofula-
ceum, and M. smegmatis, two strains of M. kansasii for the 15-min
preparation and both strains of M. chelonae, two strains of M.
fortuitum, and one strain each of M. gordonae, M. intracellulare,
and M. smegmatis for the 30-min inactivation period (Table 1). All
growth controls (unprocessed starting inocula of each strain made
to the same absorbance but resuspended in sterile water instead of
70% EtOH) were recovered from both liquid and solid media (not
shown). Bead beating prior to the 10-min EtOH exposure resulted
in total inactivation of all Nocardia strains tested (not shown).
Spectra generated from Mycobacterium and Nocardia species in-
activated using bead beating and the 10-min EtOH incubation or
the extended EtOH only incubation generated single-choice iden-
tifications when paired with the Vitek MS RUO database. Exam-
ples of several spectra obtained via this process are shown in Fig.
1A and B. The diversity of mycobacteria processed in this study
provided the opportunity to explore both the reproducibility of
spectra obtained from lysates prepared from the same culture over
time and the stability of lysates stored under different conditions.
Lysates prepared daily for 7 days from the same LJ slant for seven
different species of mycobacteria were analyzed. These results
showed that the same numbers of peaks and expected identifica-
tions were obtained for all of the organisms tested, indicating that
the same culture can be used for analysis over time rather than
preparing fresh subcultures prior to testing (Fig. 2A and B). Sim-

ilarly, lysates refrigerated for 7 days or frozen for up to 21 days all
yielded single identifications and produced similar numbers of
peaks in the spectra compared to those for initial testing (data not
shown). Further, lysates from the same aliquots were subjected to
at least three freeze-thaw cycles, and again similar peak distribu-
tions were obtained and resulted in the expected identification
(Fig. 3A and B).

DISCUSSION

In this study, we demonstrate that a 15-min inactivation protocol
using a 5-min bead-beating step in 70% EtOH followed by an
additional 10-min room temperature 70% EtOH exposure pro-
duced uniform killing of a wide variety of Mycobacterium and
Nocardia species and strains tested at two cell density levels. That
bead beating before and not after EtOH exposure was more effec-
tive for higher cell density inocula is not surprising, given the
hydrophobicity of mycobacterial cell walls and lipids in general,
making cells prone to clumping with, hypothetically, less surface
exposure to the antibacterial effects of EtOH (20). Longer periods
of exposure to 70% EtOH (15 and 30 min) were effectively bacte-
ricidal to all organisms tested but only when used with the lower
cell density preparation. Importantly, all of the inactivation pro-
tocols examined in this study were bactericidal for all M. tubercu-
losis strains tested, which is somewhat comforting from a biosafety
standpoint, whereas 7 of 16 failures were noted with strains of M.
kansasii and M. chelonae. That observation aside and given the
sporadic failures of certain inactivation protocols, we selected an
initial 5-min bead beating in 70% EtOH followed by an additional
10-min inactivation period for all future studies involving the

FIG 2 Vitek MS spectra of M. kansasii 12478 (A) and M. fortuitum 6841 (B) grown on LJ medium. The samples were inactivated, and extraction was performed
on different days from the same slants.
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identification of mycobacteria using MALDI-TOF mass spec-
trometry. Further, cultures can be used over an extended period of
time rather than preparing fresh cultures for MALDI-TOF iden-
tification. The information gained by freezing lysates for various
periods of time prior to processing opens avenues to support dif-
ferent workflow strategies within clinical laboratories as well as the
ability to refer a suspension to another laboratory for testing, ne-
gating the need to send viable and potentially infectious organisms
through courier services. For example, mycobacteria processed on
Friday could be store refrigerated or frozen and analyzed the fol-
lowing week without loss of quality spectra and accurate identifi-
cation. Expanded databases and improved algorithms will con-
tinue to enhance the performance of mycobacterial identification
using the MALDI-TOF technology but a simple, rapid, and reli-
able inactivation process is essential for achieving the reproduc-
ibility of identification within a safe environment.
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