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Malachite Green Interferes with Postantibiotic Recovery of
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The genus Mycobacterium comprises slow-growing species with generation times ranging from hours to weeks. The protracted
incubation time before colonies appear on solid culture medium can result in overgrowth by faster-growing microorganisms. To
prevent contamination, the solid media used in laboratories and clinics for cultivation of mycobacteria contain the arylmethane
compound malachite green, which has broad-spectrum antimicrobial activity. Malachite green has no impact on the plating effi-
ciency of mycobacteria when cells are grown under normal conditions. However, we found that malachite green interfered with
colony formation when bacteria were preexposed to antibiotics targeting cell wall biogenesis (isoniazid, ethionamide, ethambu-
tol). This inhibitory effect of malachite green was not observed when bacteria were preexposed to antibiotics targeting cellular
processes other than cell wall biogenesis (rifampin, moxifloxacin, streptomycin). Sputum specimens from tuberculosis patients
are routinely evaluated on solid culture medium containing high concentrations of malachite green. This practice could lead to
underestimation of bacterial loads and overestimation of chemotherapeutic efficacy.

ycobacterium tuberculosis grows very slowly, with a popula-

tion doubling time of ~22 h. Consequently, detection of M.
tuberculosis by outgrowth of CFU on solid culture medium re-
quires weeks or months (17). Despite being labor-intensive and
time-consuming, enumeration of CFU by plating sputum cul-
tures on solid medium continues to be the “gold standard” for
evaluating the effectiveness of antituberculosis chemotherapy (6,
19). Contamination by faster-growing microorganisms is pre-
vented by supplementing the medium with compounds that sup-
press the growth of common species in the human flora.

In clinical practice, sputum samples from tuberculosis patients
are routinely plated on Lowenstein-Jensen or Middlebrook 7H11
agar. These media contain high concentrations of malachite
green, a diamino-triphenylmethane dye with broad-spectrum an-
timicrobial activity against Gram-positive and Gram-negative
bacteria (1). The mechanistic basis of malachite green’s antimi-
crobial activity is not understood, nor is it clear why mycobacteria
can survive and replicate in the presence of high concentrations of
this compound (1, 12).

This paper shows that malachite green interferes with the re-
covery of mycobacteria on solid culture medium following expo-
sure to certain antibiotics. This inhibitory effect was specific to
antibiotics that target cell wall biogenesis (isoniazid, ethionamide,
ethambutol) and was not observed with antibiotics that target
other cellular processes (rifampin, moxifloxacin, streptomycin).
These observations may have implications for clinical practices
because underestimation of bacterial loads in patients undergoing
chemotherapy could result in overestimation of therapeutic effi-
cacy.

MATERIALS AND METHODS

Bacteria and culture conditions. Wild-type Mycobacterium smegmatis
(strain mc?155) and M. tuberculosis (strain Erdman) were stored at —80°C
in 15% glycerol. Bacteria were grown with aeration at 37°C in Middle-
brook 7H9 (Difco) liquid culture medium containing 0.5% (wt/vol) bo-
vine albumin serum fraction V (PAA), 0.08% NaCl, 0.05% Tween 80
(Sigma), 0.5% glycerol, and 0.2% glucose. CFU were enumerated by plat-
ing bacteria on Luria-Bertani (Sigma) solid culture medium or Middle-
brook 7H10 (Difco) solid culture medium containing 10% oleic acid-
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albumin-dextrose-catalase (OADC) (Difco) and 0.5% glycerol. Difco
OADC supplement contains 0.5 g/liter oleic acid, 50 g/liter bovine serum
albumin fraction V, 20 g/liter glucose, 40 mg/liter catalase, and 8.5 g/liter
sodium chloride. Reconstituted 7H10™ solid culture medium was pre-
pared from individual components (Sigma) according to the directions of
the manufacturer of commercial Middlebrook 7H10 medium (Difco).
Middlebrook 7H9 (Difco) solid culture medium was prepared by adding
1.5% Bacto agar (Difco) to 7H9 liquid culture medium. The numbers of
CFU were scored after incubation of plates at 37°C.

Antibiotics. All antibiotics were from Sigma with the exception of
moxifloxacin, which was generously provided by Stewart Cole (Swiss Fed-
eral Institute of Technology, Lausanne, Switzerland). Concentrated
stocks were prepared and stored at —20°C: isoniazid (10 mg/mlin water),
ethionamide (150 mg/ml in dimethyl sulfoxide [DMSO]), ethambutol
(10 mg/ml in water), rifampin (100 mg/ml in DMSO), moxifloxacin (10
mg/ml in water), chloramphenicol (10 mg/ml in ethanol) and streptomy-
cin (10 mg/ml in water). Malachite green (oxalate salt) was from Sigma.
Concentrated stocks of malachite green (2.5 mg/ml in water) were pre-
pared and stored at 4°C.

Killing assays. Bacteria were grown with aeration at 37°C in 7H9
broth to mid-exponential phase (optical density at 600 nm [ODgl,
~0.5) and then diluted in fresh Middlebrook 7H9 broth to an ODy,, of
~0.05 and split. Incubation was continued after the addition of antibiot-
ics at 10X the MIC. At specified time points, aliquots of cultures were
withdrawn, washed with fresh 7H9 broth (no antibiotic), serially diluted
in 7H9 broth, and plated on solid culture medium. Plates were incubated
at 37°C and CFU were enumerated after 3 to 4 days (M. smegmatis) or 3 to
4 weeks (M. tuberculosis). Plates were then returned to 37°C and rescored
after prolonged incubation to ensure that late-emerging CFU were not
missed.

Malachite green MIC determination. The MIC of malachite green for
M. smegmatis was determined using the broth microdilution assay (2),
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FIG 1 Malachite green interferes with postantibiotic recovery of M. smegmatis on solid culture medium. (A and B) M. smegmatis was grown to mid-exponential
phase in Middlebrook 7H9 broth and incubation was continued after the addition of 50 pg/ml isoniazid (10X MIC). At the indicated time points, CFU were
enumerated by plating washed and serially diluted culture aliquots on solid culture medium. Percent survival was calculated as (CFU postantibiotic)/(CFU
preantibiotic) X 100. Data shown are mean values * standard errors of the means of results from three independent experiments. (A) Bacteria were plated on
LB agar (squares) or Difco Middlebrook 7H10 agar (crosses). (B) Bacteria were plated on LB agar (squares), 7H9 agar (circles), or reconstituted 7H10" agar
(triangles) with (filled symbols) or without (empty symbols) 0.25 g/ml malachite green. (C) Bacteria were grown to mid-exponential phase in 7H9 broth. CFU
were enumerated by plating washed and serially diluted culture aliquots on LB agar, 7H9 agar, reconstituted 7H10"° agar, or Difco 7H10 agar with (gray bars)
or without (white bars) 0.25 wg/ml malachite green. Data shown are mean values = standard errors of the means of results from 10 independent experiments.

with concentrations of malachite green ranging from 0.03 pg/ml to 250
pg/ml.

Reactive oxygen species (ROS) scavengers. For experiments with
thiourea and mannitol, bacteria were grown with aeration at 37°C in
Middlebrook 7H9 liquid culture medium containing 0.5% (wt/vol) bo-
vine albumin serum fraction V (PAA), 0.08% NaCl, 0.05% Tween 80
(Sigma), 0.5% glycerol, and 0.2% glucose. Isoniazid-treated bacteria were
plated for CFU enumeration on Luria-Bertani (Sigma) solid culture me-
dium with or without 0.25 pg/ml malachite green supplemented with 150
M thiourea (Sigma) or 40 wM mannitol (Sigma). For experiments with
catalase, bacteria were grown with aeration at 37°C in 7H9 liquid culture
medium containing 0.5% glycerol and 10% OADC (Difco) as a source of
catalase. Isoniazid-treated bacteria were plated for CFU enumeration on
Middlebrook 7H10 solid culture medium containing 0.5% glycerol and
10% OADC (Difco) as a source of catalase.

RESULTS

Although malachite green does not affect the plating efficiency of
mycobacteria grown under standard conditions, we found that it
impeded the recovery of CFU from cultures that were preexposed
to certain antibiotics. Our initial studies focused on the fast-grow-
ing nonpathogenic species Mycobacterium smegmatis (Fig. 1).
Cells were grown at 37°C to mid-exponential phase in Middle-
brook 7H9 liquid culture medium (15) and diluted 10-fold in
fresh 7H9 broth. Incubation was continued after the addition of
isoniazid at 50 pg/ml, which is 10X the MIC. Isoniazid inhibits de
novo biosynthesis of cell wall mycolic acids (22). Samples were
withdrawn at the indicated time points after isoniazid addition,
washed, serially diluted, and plated for enumeration of CFU on
standard Middlebrook 7H10 solid culture medium, which con-
tains 0.25 g/ml malachite green (15), or Luria-Bertani (LB) agar
without malachite green. Prior to isoniazid exposure, recovery of
CFU was equivalent on 7H10 agar and LB agar (Fig. 1A). Follow-
ing isoniazid exposure, plating efficiency was reduced by ~100-
fold on 7H10 agar compared to LB agar (Fig. 1A). These observa-
tions suggest that much of the apparent “killing” activity
attributed to isoniazid was actually due to postexposure inhibition
of colony formation by some component(s) of 7H10 agar.
Middlebrook 7H10 solid culture medium is a complex syn-
thetic medium containing essential elements and supplements,
including bovine serum albumin, oleic acid, catalase, glucose, and
glycerol (15). Omission of individual supplements from reconsti-
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tuted 7H10 agar (7H10™°) had no effect on the plating efficiency
of cells that were preexposed to isoniazid (data not shown). In
contrast, omission of malachite green from reconstituted 7H10"¢
agar increased the plating efficiency to the same level as LB agar
(Fig. 1B). Conversely, the addition of 0.25 p.g/ml malachite green
to LB agar or Middlebrook 7H9 solid culture medium reduced the
plating efficiency of isoniazid-exposed bacteria by 100- to 1,000-
fold (Fig. 1B).

To confirm that the inhibitory effect of malachite green was spe-
cific to isoniazid-exposed bacteria, we plated exponential-phase
liquid cultures of M. smegmatis on 7H10™ agar, 7H9 agar, and LB
agar with and without 0.25 pg/ml malachite green (Fig. 1C). In all
three cases, we found that the addition of malachite green had no
impact on the plating efficiency of cells that were cultured without
isoniazid. Consistent with these observations, we found that the MIC
of malachite green for M. smegmatis was ~30 pg/ml, which is 120-
fold higher than the concentration in 7H10 agar (0.25 pg/ml).

To determine whether the inhibitory effect of malachite green
was specific to isoniazid, we tested several other antimycobacterial
compounds: ethionamide, which inhibits cell wall mycolic acid
synthesis; ethambutol, which inhibits cell wall arabinogalactan
synthesis; rifampin, which inhibits RNA polymerase; moxifloxa-
cin, which inhibits DNA gyrase; and chloramphenicol, which in-
hibits protein synthesis (Fig. 2). M. smegmatis was grown at 37°C
to mid-exponential phase in Middlebrook 7H9 broth, diluted 10-
fold in fresh 7H9 broth, and split. Incubation was continued for
another 24 h after the addition of individual antibiotics at 10X
MIC. Samples were withdrawn, washed, serially diluted, and
plated on Difco Middlebrook 7H10 agar (0.25 pg/ml malachite
green), reconstituted 7H10™ agar with or without 0.25 wg/ml
malachite green, and LB agar with or without 0.25 pg/ml mala-
chite green. Plating efficiency on agar containing malachite green
was reduced by 100- to 1,000-fold when cells were preexposed to
isoniazid, ethionamide, or ethambutol, which inhibit the biosyn-
thesis of cell wall components. Malachite green had no impact on
the plating efficiency of cells that were preexposed to rifampin,
moxifloxacin, or chloramphenicol, which inhibit cellular pro-
cesses other than cell wall biogenesis. Recovery of CFU following
exposure to rifampin or moxifloxacin was lower on LB agar than
on Difco 7H10 or 7H10™ agar, irrespective of the presence or
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FIG 2 Inhibition of postantibiotic recovery by malachite green is specific to antibiotics that target cell wall biogenesis. (A to F) M. smegmatis was grown to
mid-exponential phase in Middlebrook 7H9 broth, and incubation was continued for another 24 h after the addition of antibiotics at 10X MIC: (A) 50 pg/ml
isoniazid; (B) 200 pg/ml ethionamide; (C) 5 wg/ml ethambutol; (D) 200 pg/ml rifampin; (E) 0.4 pg/ml moxifloxacin; (F) 200 pwg/ml chloramphenicol. CFU were
enumerated by plating washed and serially diluted culture aliquots on LB agar, Middlebrook 7H9 agar, or Difco 7H10 agar with (gray bars) or without (white
bars) 0.25 pg/ml malachite green. Percent survival was calculated as (CFU postantibiotic)/(CFU preantibiotic) X 100. Data shown are mean values * standard
errors of the means of results from three independent experiments. *, P < 0.05; **, P < 0.005 by Student’s two-tailed ¢ test.

absence of malachite green. This difference was probably due to  luted 10-fold in fresh 7H9 broth, and split. Incubation was con-
the presence of bovine serum albumin in Difco 7H10 and 7H10™  tinued for another 48 h after the addition of individual antibiotics
agar, because the addition of albumin to LB agar eliminated the at 10X MIC. Samples were withdrawn, washed, serially diluted,
difference (Fig. 3A). Malachite green has been shown to trigger the  and plated on Difco Middlebrook 7H10 agar containing malachite
production of reactive oxygen species (ROS) (18), suggesting that ~ green or reconstituted 7H10™ agar with or without malachite
ROS might mediate malachite green’s growth-inhibitory effect.  green. Consistent with our results in M. smegmatis, CFU forma-
However, we found that recovery of antibiotic-exposed bacteria  tion by bacteria that were exposed to cell wall targeting antibiotics
on solid culture medium containing malachite green was not im-  (isoniazid, ethionamide, or ethambutol) was ~10-fold lower on
proved by supplementation of the medium with ROS scavengers  solid medium containing malachite green than on medium with-
such as thiourea, mannitol, or catalase (Fig. 3B and C) (9, 13). out malachite green. Malachite green had no impact on the plating

We extended our observations to the slow-growing pathogenic  efficiency of bacteria that were preexposed to antibiotic targeting
species Mycobacterium tuberculosis (Fig. 4). Cells were grown at  cellular processes other than cell wall biogenesis (rifampin, moxi-
37°C to mid-exponential phase in Middlebrook 7H9 broth, di- floxacin, or streptomycin, which inhibits protein synthesis). We
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FIG 3 Effect of albumin or ROS scavengers on inhibition of postantibiotic recovery by malachite green. (A to C) M. smegmatis was grown to mid-exponential
phase in Middlebrook 7H9 broth (A and C) or in 7H9 broth containing 10% OADC (B) and incubation was continued after the addition of 50 p.g/ml isoniazid.
At the indicated time points, CFU were enumerated by plating washed and serially diluted culture aliquots on solid culture medium. Percent survival was
calculated as (CFU postantibiotic)/(CFU preantibiotic) X 100. (A) Cells were plated on LB agar (squares) or LB agar supplemented with 0.5% (wt/vol) bovine
serum albumin (diamonds) with (filled symbols) or without (empty symbols) 0.25 pg/ml malachite green. (B) Cells were plated on Middlebrook 7H10 agar
supplemented with 10% OADC as a source of catalase with (filled squares) or without (empty squares) 0.25 pg/ml malachite green. (C) After 24 h of isoniazid
exposure, cells were plated on LB agar supplemented with 150 uM thiourea or 40 uM mannitol with (gray bars) or without (white bars) 0.25 pg/ml malachite
green. Experiments were performed two times with similar results. Representative data from one experiment are shown.
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FIG 4 Malachite green interferes with postantibiotic recovery of M. tubercu-
losis on solid culture medium. (A to F) M. tuberculosis was grown to mid-
exponential phase in Middlebrook 7H9 broth, and incubation was continued
for another 48 h after the addition of antibiotics at 10X MIC: (A) 0.3 g/ml
isoniazid; (B) 10 pug/ml ethionamide; (C) 5 wg/ml ethambutol; (D) 10 g/ml
rifampin; (E) 5 wg/ml moxifloxacin; (F) 4 pg/ml streptomycin. CFU were
enumerated by plating washed and serially diluted culture aliquots on Difco
Middlebrook 7H10 agar (black bars) or reconstituted 7H10™ agar with (gray
bars) or without (white bars) 0.25 pwg/ml malachite green. Percent survival was
calculated as (CFU postantibiotic)/(CFU preantibiotic) X 100. Data shown
are mean values = standard errors of the means of results from three indepen-
dent experiments. *, P < 0.05 by Student’s two-tailed ¢ test. Differences in CFU
for ethambutol-treated cells plated on 7H10"° agar with and without mala-
chite green were reproducible but did not achieve statistical significance.

used streptomycin rather than chloramphenicol in these experi-
ments because M. tuberculosis is inherently resistant to chloram-
phenicol.

DISCUSSION

We propose three possible explanations for our observations that
malachite green interferes with colony formation by mycobacteria
following exposure to antibiotics that target cell wall biogenesis.
First, cell wall defects caused by isoniazid, ethionamide, or etham-
butol might affect the localization or activity of enzymes that in-
activate malachite green. Cell extracts of mycobacteria have been
shown to decolorize malachite green (21); decolorizing activity is
enriched in cell wall extracts (12) and this activity has been linked
to the production of coenzyme F420 (10). Second, increased per-
meability of cells exposed to cell wall targeting antibiotics could
facilitate the access of malachite green to its molecular target(s).
Consistent with this interpretation, two recent reports demon-
strated that mutant strains of mycobacteria with increased cell
wall permeability are hypersensitive to malachite green (3, 4).
Third, antibiotic-mediated killing has been linked to the produc-
tion of reactive oxygen species (ROS) in Gram-negative and
Gram-positive bacteria (7), and malachite green has been shown
to trigger ROS production via an unknown mechanism (18).
Thus, ROS might potentiate the killing of antibiotic-exposed my-
cobacteria by malachite green, although why this effect should be
specific to antibiotics that target cell wall biogenesis is not clear.
Also, we found that recovery of antibiotic-exposed bacteria on
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solid culture medium containing malachite green was not en-
hanced by supplementation of the medium with ROS scavengers.
The impact of malachite green on postantibiotic recovery of bac-
terial CFU was more pronounced for M. smegmatis than for M.
tuberculosis. Although we do not understand the molecular basis
of this effect, we speculate that species-specific differences in
growth rate or cell wall permeability might contribute.

Previous studies highlighted discrepancies between mycobac-
terial numbers determined by counting CFU on solid medium
compared to “most probable numbers” determined by subcultur-
ing in liquid medium (5, 16). This effect was attributed to the
presence of “injured” subpopulations of bacteria that were capa-
ble of growing in liquid culture medium but incapable of forming
colonies on solid culture medium. Consistent with this interpre-
tation, several studies have demonstrated the superior perfor-
mance of liquid culture medium compared to solid culture me-
dium in recovery of mycobacteria from clinical specimens (11, 14,
20). It has also been reported that anaerobically adapted mycobac-
teria cannot form colonies on Lowenstein-Jensen medium (which
contains 250 pg/ml malachite green) but regain the ability to grow
on this medium following adaptation to aerobic conditions (8).
We speculate that malachite green might have interfered with the
recovery of “injured” bacteria in these studies and could account
for the discrepancies observed in bacterial enumeration using lig-
uid medium compared to solid medium.

In many countries where tuberculosis is endemic, diagnosis
and drug susceptibility testing are routinely performed by plating
sputum specimens on Lowenstein-Jensen medium. Our observa-
tions suggest that this clinical practice could lead to underestima-
tion of bacterial loads in patients who have been treated with an-
tibiotics targeting cell wall biogenesis. If this is correct, then
interference by malachite green could result in routine overesti-
mation of chemotherapeutic efficacy. Similarly, experiments to
evaluate the therapeutic efficacy of experimental antituberculosis
compounds in animal models typically involve plating organ ho-
mogenates for CFU enumeration on Middlebrook 7H11 agar
(which contains 1.0 pg/ml malachite green). This practice could
lead to overestimation of the in vivo activity of new compounds
targeting cell wall biogenesis and failure to identify the optimal
dosing regimen to maximize killing and minimize the selection of
resistant mutants.
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