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When bacteria develop drug-resistant mutations, there is often an associated biological cost; however,
some strains can exhibit low- or no-cost mutations. In the present study, a quantitative resazurin
reduction assay was used to measure the biological cost of Mycobacterium tuberculosis isolates that
contained different mutations in the rpsL, rrs, rpoB, and katG genes, and showed different resistance
profiles. Biological costs were determined by comparing the growth curves of drug-resistant isolates
with drug-susceptible strains. Some strains, such as those with rpoB mutations other than S531L and
strains with mutations in all of the studied genes, grew more slowly than did drug-susceptible strains.
However, some strains grew more quickly than drug-susceptible strains, such as those that had only the
rpsL K43R mutation. Strains with the mutation katG S315T presented heterogeneous biological costs.
When analyzed individually, strains with the mutations rpsL43/katG315, rpoB531, and rpoB531/katG315
grew faster than drug-susceptible strains. The results suggest that some strains with the most common
mutations correlated to a high resistance toward streptomycin, isoniazid and rifampicin can grow as well
as or better than susceptible strains.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Tuberculosis (TB) is considered to be multidrug resistant (MDR)
when its causal agent, Mycobacterium tuberculosis, is resistant to at
least rifampicin (RIF) and isoniazid (INH), which are the main first-
line drugs used to treat TB. Resistance to these drugs requires the
administration of less effective, more toxic, and more costly drugs.1

The molecular mechanisms of resistance have been determined for
many antituberculosis agents. It has been shown thatM. tuberculosis
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isolates essentially become resistant through mutations that occur
spontaneously at low frequency in chromosomal genes. In clinical
practice, drug resistance occurs as a result of inadequate therapeutic
regimens or patient failure to comply with treatment.2

INH is one of the main anti-TB drugs; mutations in the katG gene
are related to INH resistance, with katG S315T mutation being the
most common in INH-resistant strains.2,3 Many studies have shown
that RIF-resistance is due to mutations mostly within a defined
region of 81 bp of the rpoB gene, which encodes the b-subunit of
the RNA polymerase. Mutations in this region of the gene have been
found in approximately 96% of the RIF-resistant M. tuberculosis
strains that were recovered globally.4,5 Another first-line drug used
in the treatment of TB is streptomycin (STR). Many STR-resistant
strains have mutations in the rpsL and rrs genes that encode the
ribosomal protein S12 and 16S ribosomal RNA, respectively.6

Acquiring drug resistance in bacteria often carries a biological
cost because antibiotics generally target essential, highly conserved
genes.7 Although drug-resistant strains often suffer an initial
reduction in fitness, they continue to evolve by acquiring one or
bacterium tuberculosis with mutations in the rpsL, rrs, rpoB, and katG
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Table 1
Resistance profile to RIF, INH and STR, mutations in the rpsL, rrs, rpoB and katG genes
and the spoligotyping lineage of the strains studied.

Strain no. Resistance* Mutationy Lineage

500270 Susceptible e LAM1
621042 Susceptible e T3
621113 Susceptible e LAM2
621047 MDR þ S þ K rpsL81/rpoB526Y/katG315 H3
621052 MDR þ S rpsL43/rpoB531/katG315 T5_MAD2
621172 MDR þ S þ K rpsL43/rpoB526Y/katG315 T5_MAD2
621173 MDR þ S þ K rpsL43/rpoB531/katG315 LAM6
500281 MDR þ S rrs513C-T/rpoB531/katG315 LAM5
500425 MDR þ S rrs513C-T/rpoB531/katG315 H1
600726 MDR þ S rpoB531/katG315 LAM5
500294 MDR þ S rpsL43/katG315 LAM
500201 MDR þ S rpsL43/katG315 T5_MAD2
600007 MDR rpoB531/katG315 LAM9
621044 MDR rpoB531/katG315 LAM5
621049 MDR rpoB531/katG315 LAM5
621164 MDR rpoB531/katG315 LAM5
621230 MDR rpoB531/katG315 LAM5
621241 MDR rpoB531/katG315 LAM5
621242 MDR rpoB531/katG315 LAM5
6001061 MDR rpoB531/katG315 LAM5
621087 MDR rpoBins516/katG315 LAM
621257 MDR rpoBins516/katG315 LAM
621192 MDR rpoB526P/katG315 non-LAM
600599 MDR rpoB531 LAM9

* MDR e strain phenotypic resistant to INH and RIF; MDR þ Se strain phenotypic
resistant to RIF, INH and STR; MDRþ Sþ K e strain phenotypic resistant to RIF, INH,
STR and KAN.

y No mutation; rpoB e TCG / TTG, S531L; CAC / TAC, H526Y; CAC / CCC,
H526P and ins 516 CCAGAACAACCC; rpsL e AAG / AGG, K43R and CTG / TTG,
L81L; katG e AGC / ACC, S315T.
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more secondary-site mutations that can improve or even restore
the fitness over time.7 Furthermore, although the acquisition of
drug resistance determinants is often associated with a loss in
fitness, some strains with low- or no-cost mutations have been
reported. For example, the mutation in codon 43 of the rpsL gene,8

the mutation katG S315T,9 and the mutation rpoB S531L were
described as having a relative fitness greater than or equal to 1.0,
which is considered to be the fitness of the susceptible
M. tuberculosis strain.10,11 Some mutations have implications in
virulence. For example, the katG mutation S315T has a high degree
of INH resistance, retains enzyme activity9 and is the only katG
mutation associated with successful transmission.12

The laboratory approaches for estimating the biological cost of
drug-resistant M. tuberculosis include measuring the growth
rate13e15 and infectivity in animal models.16 The fitness cost of drug
resistance is usually measured relative to the corresponding wild-
type strain in the absence of antibiotics, where the resistant
strain has to compete with its susceptible counterparts.10,11,14,17

As mentioned above, most studies generally consider only one
mutation in one gene related to drug resistance, and few studies
have examined the possible variable effects of cumulative muta-
tions in different genes at the same time on M. tuberculosis fitness.
The aim of this study was to assess the biological cost of
M. tuberculosis by comparing the growth curves, which were
measured by spectrophotometric quantification of resazurin
reduction18 in MDR and susceptible strains.

2. Material and methods

2.1. Strains

Twenty-one MDR (nine of which were also STR-resistant)
M. tuberculosis clinical isolates with different mutations in the
genes rpsL, rrs, rpoB, and katG and three susceptible clinical isolates
obtained from LACEN-RS e Rio Grande do Sul Central State Labo-
ratory Collection were selected for this study. The strains were
selected based upon their resistance profiles. The M. tuberculosis
strains with their respective resistance profile and gene mutations
are shown in Table 1.

2.2. MIC determination

Resazurin microtiter assay (REMA) was used for MIC determi-
nation.19 Microplates were filled with 7H9 plus 10% oleic acid-
albumin-dextrose-catalase (7H9-OADC) medium (Becton Dick-
inson, USA). Serial 1:2 dilutions of STR (125 mg/ml to 0.25 mg/ml),
RIF (16 mg/ml to 0.03 mg/ml) and INH (12.8 mg/ml to 0.01 mg/ml)
were performed. The MIC used to define breakpoint resistance was
1 mg/ml for STR and 0.25 mg/ml for RIF and INH.20 MDR strains were
tested with three second-line drugs, including ofloxacin (OFL, 8e
0.25 mg/ml), kanamycin (KAN, 20e0.62 mg/ml), and capreomycin
(CAP, 10e0.3 mg/ml), with breakpoints of 2 mg/ml, 2.5 mg/ml and
2.5 mg/ml, respectively.21

2.3. DNA extraction and sequencing

DNA was isolated from mycobacterial cultures by the lysozyme/
proteinase K cetyltrimethylammonium bromide procedure.22 DNA
fragments fromM. tuberculosis rpsLand rrsgenessized306and238bp,
respectively, were amplified as described by Tracevska et al.23 using
the respective primers SM1-CCAACCATCCAGCAGCTGGT and SM2-
ATCCAGCGAACCGCGGATGA and SM3-GATGACGGCCTTCGGGTTGT
and SM4-TCTAGCTGCCCGTATCGCC. The 157 bp region coding the
hot spot fragment of the rpoB gene was amplified as described in
Telenti et al.4 using the primers RF1-GGTCGCCGCGATCAAGGAGT and
Please cite this article in press as: Spies FS, et al., Biological cost in Myco
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RF2-TGCACGTCGCGGACCTCCA. The 232 bp fragment of the katG gene
was amplified as described in Dalla Costa et al.3 using the primers
KatG1-CATGAACGACGTCGAAACAG and KatG2-CGAGGAAACTGTTG
TCCCAT. Sequencing was performed using an ABI Prism 3100 DNA
sequencer (Applied Biosystems). Nucleotide sequences were then
analyzed using the programs PREGAP and GAP4 of the STADEN soft-
ware package, ver.10.0. Nucleotide sequenceswith Phred values> 20
were considered for analysis.

2.4. Genotyping

Spoligotyping was performed using a commercial kit (Isogen
Biosciences B.V., The Netherlands) according to the manufacturer’s
instructions. The Shared International Types (SITs) and families
were identified according to the SpolDB4 database.24 The strains
were further characterized by a LAM-specific PCR to classify strains
that could not be assigned to an internationally recognized geno-
type lineage. In this assay, PCR primers were used to identify the
presence of an IS6110 insertion, which is unique to all members of
the LAM lineage.25

2.5. Biological cost measurement

The biological cost of M. tuberculosis was determined by calcu-
lating growth curves for each strain. The time of growth for each
strain was measured with a resazurin reduction assay that quan-
tified mycobacterial metabolism spectrophotometrically, as
described in von Groll et al. 2010, with modifications.18 Briefly,
subcultures of strains were made in LöwensteineJensen slants 21
days before the test. The inoculums were prepared as follows:
a suspension of each strain was diluted in autoclaved water to
match the McFarland No. 1 standard and was then diluted 1:20 in
7H9-OADCmedium.Wells in a 96-well plate were filled with 100 ml
7H9-OADC medium in the test wells and the negative control
bacterium tuberculosis with mutations in the rpsL, rrs, rpoB, and katG
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(resazurin control), then 100 ml inoculum from each strain were
added in triplicate. The plate was then sealed and incubated at
37 �C. After 48 h, 30 ml 0.02% resazurinwas added, and the platewas
returned to 37 �C and the readings were measured every 12 h for 7
days at 620 nm using a plate reader (TECAN Spectrum Classic). All
tests were performed during the same week and with the same
prepared reagents. The growth curve was then calculated from the
mean optical density (OD) of the triplicate culture, from which the
mean OD of the negative controls was subtracted. Samples were
compared as a function of time (h). The biological cost of each strain
was estimated for two parameters18: the length of the lag phase,
which was the time for which samples took to reach an OD of 0.2
from the start of incubation, and the growth index, which was the
time for each strain to reach an OD of 0.4 from an OD of 0.2. The
growth index was calculated with the assumption that all strains
were in the logarithmic growth phase between the two OD
values.18

3. Results

3.1. Molecular characterization

Of the 24 strains, three strains were susceptible and had no
mutations in the sequenced genes. Of the other 21 strains, nine were
phenotypically resistant to INH, RIF and STR (MDR þ S); four had
mutations in threegenes (rpsL81/rpoB526Y/katG315, rpsL43/rpoB531/
katG315, rpsL43/rpoB526Y/katG315, rpsL43/rpoB531/katG315); two
had mutations in three other genes (rrs513C-T/rpoB531/katG315);
two had mutations in the rpsL and katG genes (rpsL43/katG315); and
one had mutations in the rpoB and katG genes (rpoB531/katG315).
From these strains, three were found to have additional resistance to
KAN (Table 1 and Supplementary Material). Twelve strains were
Figure 1. The growth index and the length of the lag phase for each strain, with standard
growth index values lower than the average for the susceptible strains.
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phenotypically resistant to INH and RIF (MDR) and are described as
follows: eight had two mutations (rpoB531/katG315), two had
another two-gene mutation (rpoBins516/katG315), one had a third
two-gene mutation (rpoB526P/katG315) and one had a single-gene
mutation (rpoB531) (Table 1).

Of the strains studied, 17 were classified as belonging to the
Latin American-Mediterranean lineage (sub lineages: three LAM,
one LAM1, one LAM2, nine LAM5, one LAM6, and two LAM9), and
seven were classified as non-LAM (sub lineages: three T5-MAD2,
one Haarlem1, one Haarlem3, one T3, one non-LAM) (Table 1).

3.2. Biological cost

The length of the lag phase and the growth index for all strains
are shown in Figure 1 and the Supplementary Material. The growth
curves of strains were grouped averaged and are compared in
Table 2. When comparing the length of the lag phase and growth
index, susceptible strains had the fastest growth, followed by the
MDR strains and then the MDR þ S strains.

Strains were grouped according to the mutations found in the
genes rpsL, rrs and rpoB; however, the katG S315T mutationwas not
utilized for grouping because almost all strains contained this
mutation (20/21). The lag phase was shorter in the wild-type
strains, followed sequentially by the strains with the rpsL K43R
mutation, strains with the rpoB S531L mutation, strains with rpoB
mutations excluding S531L, strains with mutations in both rpsL and
rpoB, and lastly, strains with mutations in both rrs and rpoB. The
growth index showed that the group with the fastest growth
contained strains with mutations in rpsL K43R, followed by rpoB
S531L mutated strains, wild-type strains, strains with mutations in
rpsL and rpoB, strains with mutations in rrs and rpoB, and lastly, the
strains mutated in rpoB except in S531L (Table 2).
deviation of triplicates (hours). *Strains that have the length of the lag phase and the
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Table 2
Comparisons of different groups of strains.

Length of lag phase (h) Growth index (h)

Comparison No. Average St. deviation Average St. Deviation

Susceptible 3 68.0 1.0 20.0 6.2
MDR þ S 9 81.6 20.6 24.2 15.6
MDR 12 72.6 13.5 22.3 11.9
WT 3 68.0 1.0 20.0 6.2
rpsL43 2 70.0 12.7 13.0 2.8
rpoB531 10 70.9 13.6 17.0 5.2
rpoB other 3 76.7 11.4 36.7 15.8
rpsL and rpoB 4 80.8 19.5 29.0 21.4
rrs and rpoB 2 101.5 29.0 31.5 0.7
non-LAM 7 86.3 21.6 22.9 7.9
LAM 17 70.9 11.2 22.6 14.3

MDR e strain phenotypic resistant to INH and RIF; MDR þ S e strain phenotypic
resistant to RIF, INH and STR; WT e wild type, strain without mutations in the
studied genes; h e hours.
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Comparison of the average growth of susceptible strains with
individual mutated strains shows that some individual mutated
strains had the length of the lag phase and the growth index values
lower than the mean of the susceptible strains. These resistant
strains grew faster than the mean of the susceptible strains that
were measured. This was the case of strains with mutations in
rpsL43/katG315 (500294), rpoB531 (600599), rpoB531/katG315
(600726, 621049, 621164), as shown in Figure 1.

Comparison of the biological cost parameters between LAM and
non-LAM groups showed a shorter lag phase for LAM strains and
a similar growth index for both groups, including all strains
(Table 2), when only the resistant ones were analyzed the results
were kept (data not shown). No statistical analysis was done
because of the small sample number; however, the results suggest
biological significance.

4. Discussion

Dissemination of antimicrobial resistant strains occurs even
though drug resistance can have a biological cost for the microor-
ganism. The fitness cost of resistance is among the most important
factors determining both the rate and the extent of resistance
emergence.26

In this study, MDR M. tuberculosis strains, including STR-
resistance and the most common STR, RIF and INH drug
resistance-conferring mutations, were selected. These mutations
included the most frequently isolated strains that have been pub-
lished in several studies, including the mutations rpsL K43R,6,27

rpoB S531L2,28 and katG S315T.3,28 We also find three strains that
were resistant to KAN, considered to be pre-XDR strains, defined as
MDR resistant to kanamycin but susceptible to fluoroquinolones29

(Table 1 and Supplementary Material). In some strains, the results
of phenotypic antimicrobial susceptibility tests and genotypic
molecular analysis are inconsistent (Table 1 and Supplementary
Material). In these strains, heteroresistance30 or mutations in
genes related with low-level of resistance could be occurring.

In our study,wecompared the lengthof the lagphase andgrowth
index of 21 MDRM. tuberculosis and three drug-susceptible strains.
The lag phase is the period required for the adaptation of bacteria to
their new environment. During this time, enzymes are actively
produced to metabolize novel nutrients. The growth index is asso-
ciatedwith the reproductive capacity of the bacteria. Strains that are
moremetabolically active reproducemore rapidly. We analyzed the
growth curves using these two parameters for all grouped strains.

Biological cost was observed in several strains when considering
both lag phase and growth index. MDRþ S strains grew slower than
others; strains withmutations in rpoB not including those on codon
Please cite this article in press as: Spies FS, et al., Biological cost in Myco
genes, Tuberculosis (2012), http://dx.doi.org/10.1016/j.tube.2012.11.004
531 and strains with mutations in rpoB, rpsL, rrs and katG grew at
the same rate. Previous studies on MDR strain fitness have
demonstrated that clinical isolates can pay a physiological cost for
the development of drug-resistance.31 Studies considering the rpoB
gene have found that strains with mutations other than rpoB S531L
have a biological cost.10,17

In this study, we found that some strains grew better than the
susceptible strains when considering the log phase (growth index),
particularly those with mutations in rpsL K43R or rpoB S531L. The
previously mentioned rpoB studies found that strains with the
mutation rpoB S531L confer a relatively low fitness cost when
compared to strains with other rpoB mutations.10,11,17

This study found that MDR þ S strains (n ¼ 9) grew slower than
susceptible strains. However, MDR þ S strains with the mutation
rpsL K43R (n ¼ 2, without mutation in the hot spot rpoB region of
81 bp) had the opposite behavior. This samemutation is an apparent
‘no-cost’ mutation in Salmonella enterica subsp. enterica serovar
Typhimurium and in Escherichia coli.32,33 This substitution is
frequently found in STR resistant clinical isolates ofM. tuberculosis.34

The katG S315Tmutated strains presented heterogeneous fitness,
whichwas likely due to thepresence of other confoundingmutations
in other loci. When the lag phase and growth index of individually
mutated isolates were compared with the mean of susceptible
strains, it was found that isolates with the mutations in katG S315T
and other genes grew faster than the susceptible strains (1 strain:
rpsL43/katG315 and 3 strains: rpoB531/katG315). It has been shown
that strainswith the katG S315Tmutation retainvirulence in amouse
model of TB infection and produce functional catalase-peroxidase
with enzymatic activities that are comparable to wild-type. These
strains haveminimal reduction infitness9 and cause secondary cases
of TB as frequently as INH-susceptible strains.35

The three strains with additional resistance to KAN do not
differentiate in fitness from the other strains (data not shown). We
found that when more mutations are added to the analysis, strains
growmore slowly, and standard deviations increase (Figure 1). The
results of other studies in strains resistant to INH, STR or RIF sug-
gested that in clinical settings, there is a strong selection pressure
for drug resistance-conferringmutations that causeminimal fitness
defects.7,36

The strains were from different lineages, with 71% of the strains
being classified as LAM lineage and 29% as other lineages, including
T and Haarlem. These are the three main lineages described in
South America. LAM is the most common lineage and responsible
for more than 50% of the TB cases in Latin-America.3,24 The variable
genetic background of strains belonging to different strain lineages
could play a role in the fitness of M. tuberculosis.7 In this study,
strains from different lineages were analyzed. LAM strains showed
a shorter length of the lag phase but reached the OD of 0.4 in the
same time as did non-LAM strains. In a study by von Groll et al.
examining Brazilian strains,15 LAM strains were found to have
a significantly faster growth index than non-LAM strains, however,
LAM strains were drug-susceptible, and only one (1/40) was MDR.

A limitation of our study is that the strains are clinical isolates from
TB patients, and the genetic backgrounds of the organisms are
different andunknown; furthermore, thenumberof strains examined
was limited. The results must therefore be interpreted with caution.
Moreover, themutations responsible fordrug resistancedevelopment
that decreases growth and initial biological cost can be compensated
by subsequentmutations that restore bacteria’s capacity for growth.26

Several studies have contributed to our knowledge of the rela-
tionship of mutations that determine MDR resistance in
M. tuberculosis. Otherwise, studies where profiles of resistance and
mutations have been associated with biological cost are less
frequent. Here we have shown that some strains with the most
frequent mutations and high level SMR, INH and RIF resistance can
bacterium tuberculosis with mutations in the rpsL, rrs, rpoB, and katG
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grow as much as or even better than the average for the susceptible
strains. The important lesson that these clinical and molecular
studies teach us is that some drug-resistant organisms can spread
over timedue to a natural selectionof strainswithout biological cost.
To prevent an epidemic ofMDR-TB, wemust take care to ensure that
all patients are correctly diagnosed and treated avoiding the occur-
rence and transmission of resistant strains in the community.37
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