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Mycobacterial species are able to control rRNA production through variations in the number and strength
of promoters controlling their rrn operons. Mycobacterium chelonae and M. fortuitum are members of the rapidly
growing mycobacterial group. They carry a total of five promoters each, encoded, respectively, by one and two
rrn operons per genome. Quantification of precursor rrn transcriptional products (pre-rrrn) has allowed
detection of different promoter usage during cell growth. Bacteria growing in several culture media with
different nutrient contents were compared. Balanced to stationary phases were analyzed. Most promoters were
found to be used at different levels depending on the stage of bacterial growth and the nutrient content of the
culture medium. Some biological implications are discussed. Sequences of the several promoters showed motifs
that could be correlated to their particular level of usage. A product corresponding to the first rrnA promoter
in both species, namely, rrn4 P1, was found to contribute at a low and near-constant level to pre-rRNA
synthesis, regardless of the culture medium used and the stage of growth analyzed. This product was used as
a standard to quantitate rRNA gene expression by real-time PCR when M. fortuitum infected macrophages. It
was shown that this bacterium actively synthesizes rRNA during the course of infection and that one of its rrn
operons is preferentially used under such conditions.

It is generally assumed that, to satisfy the cell’s demand for
protein synthesis, the number of ribosomes per cell is propor-
tional to the growth rate. This phenomenon has been termed
growth rate-dependent control of ribosome synthesis (for a
review, see reference 22). Protein synthesis and RNA content
have been shown to be correlated both in faster-growing bac-
teria, such as Escherichia coli, and in slower-growing bacteria,
such as Mycobacterium bovis BCG (7).

Mycobacterium is considered a genus with a slow growth rate
compared to those of other human-pathogenic bacteria such as
E. coli. Mycobacteria have a minimum number (one or two) of
rrm operons per genome (2, 9).

The rrn operons of mycobacteria are members of the rmA
and rnB families (15). The single »n operons of several my-
cobacterial species, such as Mycobacterium tuberculosis and M.
avium, belong to the mmA family. rRNA operons that are
members of the rmA family have characteristic features: they
are controlled by two or more tandem promoters, and they are
located within the genome downstream from the murA gene.
This type of rn operon is present in all the mycobacterial
species analyzed thus far. Members of the rrnB family also have
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characteristic features: they are controlled by a single pro-
moter and are located in the genome downstream from the #yrS
gene (20).

A strategy developed by mycobacteria to control their rRNA
synthesis is apparently based on variation in the number and
strength of promoters controlling transcription. Mycobacterial
species that grow very slowly, such as M. tuberculosis, have two
promoters controlling their rRNA synthesis, but those species
growing faster, such as M. smegmatis, have four promoters
(13).

It has been shown that M. smegmatis varies its amount of
rRNA at different stages of the growth curve; the level is
greater when bacteria are growing rapidly in a rich nutrient
medium, and it decreases to a lower level as M. smegmatis
grows slowly, e.g., in stationary phase in a rich nutrient medium
or when growing in a limited-carbon-source medium. The
amount of rRNA was maintained at a low level in M. tubercu-
losis, regardless of whether M. tuberculosis was at the log or the
stationary phase (14).

A possible way by which mycobacteria can control the rRNA
production is through variations in the use of their different rrn
promoters. Primer extension (PE) is a quantitative method
that has been used to map promoters and to describe differ-
ences in rrn promoter usage in both M. tuberculosis and M.
smegmatis (14), which have, respectively, a single rn operon
and 2 rn operons per genome (2). M. tuberculosis has two
promoters driving its single »nA operon, one of which was
used 2 to 4 times more efficiently than the other at all stages of
growth tested (14, 26). M. smegmatis has a total of four pro-
moters, three driving r7nA operon synthesis and a single pro-
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FIG. 1. Schematic representations of the M. chelonae and M. fortuitum rrm operons. Genomic organization of the single and the two ribosomal
operons corresponding to M. chelonae (A) and M. fortuitum (B), respectively. Main sequence features are indicated: 16S rRNA coding region,
upstream genes (murA in rrA; tyrS in rrmB), approximate locations of the several promoters, and locations of the conserved leader regions CL1

and CL2. See Gonzalez-y-Merchand et al. (13) for details.

moter driving mmB operon synthesis. During exponential
growth, one promoter from each operon contributes equally to
the rRNA content. However, in stationary phase, #nA4 domi-
nates, with two of its three promoters contributing more
equally to the total rRNA content (14). These results indicate
that the tandem promoters driving the mnA4 operon are not
used equally in either pathogenic (M. tuberculosis) or sapro-
phytic (M. smegmatis) mycobacteria.

The ability to survive inside macrophages and establish a
persistent infection in the host is one property that contributes
to the success of M. tuberculosis as a pathogen (10, 27). M.
avium is also able to enter and reside inside macrophages (25).
Other rapidly growing saprophytic mycobacteria, such as M.
smegmatis, are unable to maintain a long-term infection inside
macrophages (18). Another fast-growing mycobacterium, M.
fortuitum, is able to enter and remain inside macrophages until
it is killed by activated phagocytic cells (8, 21).

M. chelonae and M. fortuitum are fast-growing opportunistic
pathogenic mycobacteria. Each species has an rrn operon be-
longing to the rrnA family, and M. fortuitum has a second rrn
operon, which belongs to the rmB family. In each species
pre-rRNA synthesis is regulated by five promoters, distributed
into one or two operons, respectively (13) (Fig. 1). These
rapidly growing mycobacteria are frequently involved in hu-
man infections (4). They are considered typical fast growers,

but with a higher rn promoter content than other fast growers
such as M. smegmatis, M. neoaurum, and M. phlei (13).

Although M. chelonae and M. fortuitum have different num-
bers of ribosomal operons, they have an identical number of
ribosomal promoters. We have now analyzed their promoter
usage in cultures grown in several different media and at dif-
ferent stages of growth. A method was developed for the anal-
ysis of the mycobacterial pre-rRNA fraction by real-time PCR.
This method was applied to macrophages infected with M.
fortuitum.

Scrutiny of rRNA promoter sequences allowed identifica-
tion of nucleotide motifs associated with promoter strength (1,
16). Several rrn mycobacterial promoters, but not rmn4 P1,
contain sequence motifs that characterize promoters ranging
from medium to high levels of expression. We have found that
the rmnA P1 promoter was always used at a low and sustained
level in both the species studied. Expression from the pre-rmA
P1 promoter was used as a standard in a real-time PCR study
of pre-rRNA synthesis when M. fortuitum was grown in mac-
rophages.

MATERIALS AND METHODS

Bacterial strains and growth conditions. M. chelonae ATCC 35752%, M. for-
tuitum ATCC 68417, and M. bovis BCG Pasteur were maintained on Lowenstein-
Jensen slants at 4°C for short-term storage and in 40% glycerol at —70°C for
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TABLE 1. ODs of cultures at which bacteria were recovered and RNA was isolated

ODy,, for the following medium” and species:

z(f()g;tgf Lemco Sauton Kohn-Harris MidI-7H9, M.
M. fortuitum M. chelonae M. fortuitum M. chelonae M. fortuitum M. chelonae bovis BCG
A 0.41 0.5 0.38 0.16 0.13 0.24 ND
B 1.14 1.4 0.74 1.28 0.4 0.47 0.45
C 2.5 2.2 ND ND 0.64 0.72 ND
D 332 34 1.4 4.1 1.5 2.8 32

“ ND, not determined.

> Midl-7H9, Middlebrook 7H9 medium plus Tween 80 supplemented with ADC.

long-term storage. Rapidly growing mycobacteria were grown in three different
media, which can be differentiated by their nutrient contents: a nutrient-rich
medium (Lemco broth containing 0.1% [vol/vol] Tween 80), a nutrient-interme-
diate medium (Sauton broth [5]), and a nutrient-depleted minimal medium
(Kohn-Harris glucose medium [14]). Rapidly growing mycobacteria were incu-
bated in the different media at 30°C (M. chelonae) or 37°C (M. fortuitum) with
shaking at 160 rpm. Growth curves were determined by using initial inocula with
an optical density at 640 nm (ODg,g) of 0.005. Experiments corresponding to
each medium were performed at least twice.

M. bovis BCG Pasteur was grown in Middlebrook 7H9 medium plus Tween 80
(0.05%) supplemented with albumin-dextrose-catalase (ADC; Difco) at 37°C
with shaking at 120 rpm. Glass beads (diameter, 4 mm) were added to culture
flasks to avoid clumps.

Macrophage culture and mycobacterial infection. M. fortuitum was cultured in
Dubos-Tween-albumin (DTA) broth medium at 37°C with shaking at 160 rpm.
Bacteria were collected when growing exponentially (ODgyo, 0.5 to 0.8) and
resuspended in a cell culture medium (Dulbecco’s modified Eagle medium
[DMEM)]) supplemented with 10% fetal calf serum, without antibiotics added.
Aliquots (2 X 107 bacteria/ml) were stored at —70°C. The J774 murine macro-
phage cell line was grown as monolayers for storage in the same medium
(DMEM) supplemented with 10% fetal calf serum, 5% dimethyl sulfoxide, and
antibiotics; macrophages were stored in aliquots (2.5 X 10° to 4 X 10° cells/ml)
in liquid nitrogen.

Macrophages were collected and distributed in flasks before infection. They
were further incubated at 37°C overnight. Fresh warmed medium was added
before the infection with mycobacteria. Mycobacterial cultures were thawed at
37°C. Bacterial clumps were taken apart by shaking in Fast Prep (45 s; 6.5 m/s)
in the presence of 1-mm-diameter glass beads. The viability of the bacteria was
confirmed afterwards by plating on Lemco agar. Infection experiments were
carried out by using a proportion of 1:0.8 (macrophages to bacilli) as the mul-
tiplicity of infection; antibiotic interference with bacterial growth was avoided by
excluding antibiotics from cell monolayers for at least three passes before infec-
tion. Moreover, no antibiotics were added to infected macrophage cultures.
After 2 h of incubation, extracellular bacteria were eliminated by washes with
fresh warmed medium. The efficiency of the phagocytosis was checked by acid-
fast staining of the macrophage monolayer. No colonies were obtained from the
supernatants except when infected cultures were left overnight.

RNA isolation. Mycobacterial in vitro cultures were collected, and total bac-
terial RNA was isolated as described previously (12). RNA was isolated and
analyzed at appropriate intervals representative of several stages of growth: the
early-balanced (A), balanced (B), early-stationary (C), and stationary (D)
phases. Table 1 summarizes ODs at which bacteria were recovered in each
medium for RNA isolation.

M. fortuitum was obtained from infected macrophages that were lysed with a
guanidium isocyanate solution supplemented with Tween 80 at five different
times, (1, 3, 4, 5, and 7 h) after infection. Bacterial suspensions were resuspended
in a guanidium isocyanate solution without Tween 80, and total RNA from
intracellular mycobacteria was purified as described previously (12). Mycobac-
terial RNA from in vitro cultures or infected macrophages was isolated from two
to four experiments.

Analysis of precursor rRNA (pre-rrn) by primer extension. The ribosomal
promoter usage of M. fortuitum and M. chelonae cultures in the three different
media tested was determined by using a PE procedure. The primer used for that
analysis, JY15 (5'-CAC-ACT-ATT-GAG-TTC-TC-3'), has a target site that is
part of the CL2 region described previously; this region is present in all myco-
bacterial 77n operons studied thus far (13). This primer was end labeled with
[y-**P]ATP by T4 polynucleotide kinase, and primer extension was carried out

with avian myeloblastosis virus (AMV) reverse transcriptase (Promega) as de-
scribed previously (12). PE experiments were performed by using 12 to 25 pg of
RNA per experiment, according to the final amount of RNA isolated. Transcrip-
tional products, corresponding to each rrn promoter, were quantified by using an
Instant Imager system (Packard-Izasa).

Analysis of precursor rRNA (pre-rrn) by quantitative real-time PCR. Quan-
titative real-time PCR was also used to determine the amounts of pre-rrn prod-
ucts isolated from M. fortuitum and M. bovis BCG. The amplification of target
sequences was detected by using SYBR green (Light Cycler; Roche), an inter-
calating dye that binds only to double-stranded DNA, producing an increase in
fluorescence as the amount of the PCR product increases. The specificity of the
reaction was checked by analysis of the melting curve of the final amplified
product. Mycobacterial RNA isolated was reverse transcribed by using AMV
reverse transcriptase and random primer hexamers (Promega). The absence of
DNA following DNase treatment was checked, before reverse transcription, by
performing conventional PCR using oligonucleotide KK4 as the forward primer
and RACS as the reverse primer (Table 2). These oligonucleotides have their
target sequences at the 16S rRNA coding region, nucleotides 6 to 27 and 340 to
359, respectively, according to the E. coli positions. PCR cycling was performed
as follows: a denaturation step at 95°C for 5 min; 30 cycles of 95°C for 1 min, 58°C
for 45 s, and 72°C for 1 min; and a final extension at 72°C for 10 min. The RNA
product was considered suitable for reverse transcription when the control-DNA
PCR was negative.

Conditions used to perform quantitative real-time PCR were as follows. PCR
Master Mix (1 pl) was supplemented with 3.5 mM (final concentration) MgCl,
and 0.5 pM each primer. Sample cDNA (3 ul) was added to 7 pl of Master Mix.
The PCR cycling program was as follows: denaturation, 1 cycle of 95°C for
10 min with a transition rate of 20°C/s; amplification, 45 cycles at 95°C for 0 s
(transition rate of 20°C/s) and at the annealing temperature (Table 2) for 5 s
(rrmA P1 from both M. bovis BCG and M. fortuitum) or 10 s (rrnA and rrmB from
M. fortuitum) with a transition rate of 20°C/s; extension at 72°C for 12 s (tran-
sition rate of 20°C/s) with a single fluorescence acquisition. Fluorescence corre-
sponding to sigd amplifications was acquired at 89°C. Amplification cycles were
stopped when the negative tube showed increasing fluorescence. The specificity
of the amplification was also tested by determining the melting curve on the
amplicon after each experiment was finished. One cycle from 50°C (30 s with a
transition rate of 20°C/s) to 95°C (0 s at 0.20°C/s) with continuous fluorescence
acquisition was performed to obtain corresponding melting curves of the prod-
ucts.

Oligonucleotides used for M. fortuitum and M. bovis BCG amplifications by
real-time PCR are given in Table 2.

Finally, the M. fortuitum sigA gene was also amplified. Oligonucleotides sig4-F
and sigA-R (Table 2), taken from the M. tuberculosis gene sequence (nucleotides
872 to 891 and 1116 to 1136, respectively, from the M. tuberculosis sigA coding
sequence), were used for amplification of the sig4 gene. Oligonucleotides were
selected after the most conserved region of that gene was checked. The con-
served region of sig4 in mycobacteria was selected by performing pileup analysis
of the gene’s sequence in several mycobacteria, such as M. tuberculosis, M. avium
subsp. avium, M. bovis, M. avium subsp. paratuberculosis, M. leprae, and M.
smegmatis. A 263-bp amplicon was amplified. The sequence of the amplicon
obtained with M. fortuitum DNA as a template demonstrated that a fragment
homologous to the sig4 gene was amplified. We infer that the M. fortuitum sigA
gene was amplified. The same oligonucleotides were used for real-time PCR
amplifications.

Amplifications using real-time PCR were performed at least twice per each set
of primers and cDNA sample. Data are displayed as means in the figures.

The amount of chromosomal equivalents (cDNA copies) was calculated by
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FIG. 2. Growth curves of mycobacteria in different media. Repre-
sentative growth curves of M. chelonae (A) and M. fortuitum (B) in the
three media used for culture analysis. Circles, Lemco broth; squares,
Sauton broth; triangles, Kohn-Harris broth. Doubling times (¢,) for
each medium are indicated.

considering the lengths of the chromosomes of M. bovis (4.4 Mb) (11) and M.
smegmatis (7 Mb) (www.tigr.org), which are roughly identical to those of M. bovis
BCG and M. fortuitum, respectively. In accordance with suppliers’ recommen-
dations on the accuracy of data, only samples with more than 100 copies were
considered for calculations (Roche Diagnostics). In all cases, the negative con-
trol was undetectable, because the PCR experiments were stopped before its
fluorescence increased.

RESULTS

Growth curves and growth rates. Figure 2A shows represen-
tative growth curves of M. chelonae cultured in different media
with nutrient contents ranging from low (Kohn-Harris minimal
medium) through intermediate (Sauton medium) to high
(Lemco medium). Figure 2B shows representative growth
curves of M. fortuitum cultured in the same media. The maxi-
mum density of M. fortuitum cells was related to the nutritional
content of the medium. However, the density of M. chelonae
rose to similar levels regardless of the nutrient content of the
medium. The doubling times of the bacteria in different media
were also determined and are given in Fig. 2. As expected, the
generation time of each species was longer when it was grown
in a medium with a minimal nutrient content, such as Kohn-
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FIG. 3. Promoter usage of rrn operons of mycobacteria growing in three different media. Radioactivity of the primer extension products derived
from pre-rRNA species of M. chelonae (A) and M. fortuitum (B). Counts per microgram of total RNA analyzed, corresponding to representative
experiments, are given for each five promoters. Amounts of primer extension products were determined in bacterial cultures grown in Lemco
medium (A.1 and B.1), Sauton medium (A.2 and B.2), and Kohn-Harris minimal medium (A.3 and B.3), at different stages of growth, as indicated
by letters along the x axis (see Materials and Methods). Optical densities corresponding to the different stages of growth are given in Table 1.

Doubling times for each culture medium are given in parentheses.

Harris medium. Irrespective of the difference in the number of
rrn operons per genome, the generation time of each species
was found to range from 4 or 5 h to 14 or 16 h according to the
growth condition.

Contributions of individual promoters to pre-rRNA synthe-
sis of mycobacteria growing in different media. RNA was iso-
lated at different times of bacterial growth (see Table 1). The
relative activities of 77n promoters were determined by quan-
tification of the radioactivity levels corresponding to different
PE products. Levels of usage for each pre-rRNA promoter
product were determined for M. chelonae and are shown in Fig.
3A. The mnA P1 promoter seemed to be very poorly used

under all conditions tested, and other promoters were differ-
entially expressed. The proportional contribution of the P1
promoter to pre-rRNA synthesis was in the range of 1 to 4%
according to the growth condition. Promoters r7n4 P3 and P4
were preferentially used irrespective of the nutrient content of
the medium or the stage of growth; 7n4 P3 was usually the
more prevalent in bacteria growing in a rich medium, and rmmA
P4 was more prevalent in the other two media tested.
Results obtained for M. fortuitum pre-rRNA synthesis are
shown in Fig. 3B and Table 3. In each case, the contribution of
A to pre-rRNA synthesis exceeded that of nnB. However,
under some conditions, the #rnB P1 promoter made the largest
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TABLE 3. Percentages of the pre-rn fraction contributed by the
rmmA and rrmB operons when M. fortuitum was grown under
different conditions

% contributed by the indicated operon in the

Stage of growth following growth medium®:

and operon
Lemco Sauton Kohn-Harris

A

A 54 +9 592 725 =17

B 46 =94 41 =2 275 £ 12
B

A 57.8 £9.4 6343 81.5 =13

B 422 +95 36.6 £3 185 =11
C

A 80.6 £ 14 ND 86.2 £ 4

B 19.4 = 10 ND 13.8 = 3.7
D

A 948 £3 545 4 852 +0.5

B 52+13 455 4 148 =04

¢ The contribution of rrnA is the sum of the contributions of each of the four
(P1, P2, P3, and PCL1) promoters. Data are mean * standard deviations from
corresponding to two different experiments. ND, not determined. For observed
radioactivitly levels, see Fig. 3B.

single contribution to pre-rRNA synthesis. Comparisons of the
contributions of individual promoters revealed that when M.
fortuitum was grown in a rich medium, such as Lemco broth,
the single promoter of mmB was preferentially used at the
exponential phase of growth; as stationary phase approached,
the rmnA4 P2 and PCL1 promoters were found to be used more
frequently. The contributions of each of these three promoters
became more equal when the nutrient content of the medium
was lower. For example, during growth in Sauton medium, the
rrnA P2 and PCL1 promoters were found to contribute approx-
imately 25 and 34%, respectively, to the total transcriptional
products (Fig. 3B.2, stages A and B), and the contribution of
rmB P1 rose to 46% at stationary phase (Fig. 3B.2, stage D;
Table 3). Finally, in a limited-nutrient medium, such as Kohn-
Harris medium, the r7nA4 P2 promoter and the single promoter
of rrmB were preferentially used when bacteria were actively
dividing at the early-balanced stage (Fig. 3B.3, stage A). At
other stages, mA P2 was used preferentially vis-a-vis all other
promoters. Again, the r7nA P1 promoter seems to be little used
under all conditions tested; its contribution was in the range of
1 to 10%.

The contributions of 7rnA and rrnB are compared in Table 3.
When M. fortuitum grew slowly, either in a minimal medium
(Kohn-Harris) or at stationary phase (Lemco broth), the rrmA
operon contributed more to the pool of pre-rrn products than
rrmB. Under other conditions, the contribution of each operon
was similar; for example, when M. fortuitum was grown in
Sauton broth, r7/nA and rmB accounted for approximately 60
and 40% of pre-rRNA products, respectively, so that the single
promoter of the 7nB operon was almost as effective as the four
rnA promoters taken together.

The concentrations of the radioactive products were found
to decrease as the growth rate decreased, reflecting the de-
crease in the rate of rRNA synthesis. As a general result, the
total amount of RNA isolated per OD unit of culture was
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found to decrease as the specific growth rate decreased, for
example, from the balanced- to the stationary-growth phase, as
has been previously reported for other mycobacteria (14).

Suitability of pre-rrnA P1 for normalizing the amounts of M.
Jortuitum products in real-time PCR. It was not feasible to
identify by quantitative real-time PCR the contributions of the
individual promoters of the nnA operon of M. fortuitum to
pre-TRNA synthesis, because of the difficulty of identifying
suitable specific target sequences (see Fig. 1) (13). However,
we were able to measure the overall contribution of the four
A promoters to pre-rRNA synthesis in addition to the con-
tribution of the single promoter of the rnB operon. Experi-
ments were performed with M. fortuitum growing in Lemco
medium.

The numbers of copies of pre-r7nA and pre-rrmB per nano-
gram of total RNA, obtained by using real-time PCR, are
shown in Fig. 4A, upper panel (see Table S1 in the supple-
mental material). For comparison, data for PE analysis are
shown (Fig. 4A, lower panel). Similar qualitative patterns of
operon usage were obtained by both methods. Each nanogram
of total RNA contains 3.4 X 10® copies of the rRNA content
(% rRNA) of a ribosome (3). The number of copies of pre-
rRNA per operon per rRNA content of a ribosome is also
shown in Fig. 4A.

Usually transcriptional products are quantified by measuring
the actual cDNA level in a sample and using an internal con-
trol for normalization. Any reference gene that is expressed in
similar amounts under the several conditions tested would be
useful for such a purpose. Data obtained by PE experiments
(Fig. 3) revealed that, for a particular set of growth conditions,
expression corresponding to the r7nA4 P1 promoter was at a low
but near-constant level. This promoter differs in two respects
from the other rmn promoters. First, the —35 box is not a
consensus sequence (13), and second, it is G+C rich, in con-
trast with those of more-active promoters (16). These features
are consistent with the low level of expression of this promoter.

The low level of expression of the rmA P1 promoter was
found not only in M. chelonae and M. fortuitum but also in
M. smegmatis and M. tuberculosis (14). These properties of
the rrnA P1 promoters suggest that these may serve as con-
stitutive promoters suitable for use as standards in real-time
PCR. Experiments conducted to test that property were
performed with typical mycobacteria carrying 1 (M. bovis
BCG) or 2 (M. fortuitum) rrn operons per genome. Analyses
were performed with M. fortuitum growing rapidly in a rich
medium, such as Lemco medium, as well as with bacteria
growing at the lowest rate in a nutrient-limited medium,
such as Kohn-Harris medium. RNA samples prepared from
M. bovis BCG cultures growing in Middlebrook 7H9 broth
were also tested (see Materials and Methods). Quantifica-
tion by real-time PCR of cDNA copies corresponding to
pre-rrnA P1 products is shown in Table 4. The low but
sustained level detected for the pre-rrnA P1 product indi-
cates its potential suitability as a reference product for com-
parison to other mRNA mycobacterial transcripts, particu-
larly for comparisons of mRNA products at different stages
of bacterial growth in a particular medium.

Accordingly, the pre-rrmA P1 product was used to normalize
amounts of pre-rrnA and pre-rrmB when M. fortuitum was
grown in Lemco medium. The sig4 gene has been used as a
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FIG. 4. Evaluation of r7n4 P1 promoter products as a novel stan-
dard for rRNA quantification in M. fortuitum grown in Lemco broth.
The contribution of the r7nA operon to preRNA synthesis is the sum of
the contributions of all four (P1, P2, P3, and PCL1) promoters.
(A) Comparison of results obtained for the analysis of the pre-rRNA
fraction by real-time PCR and the primer extension method. (Upper
panel) Bars (left axis), theoretical number of copies (in thousands) of
pre-TRNA corresponding to each rn operon per copy of rRNA (as
calculated from nanograms of total RNA) (3). Lines (right axis),
amounts of product as determined by real-time PCR, expressed as
thousands of cDNA copies per nanogram of total RNA (with no
reference or normalizing gene used). *, % rRNA represents the rRNA
content of a ribosome, that is, 1 copy of 16S rRNA, 1 copy of 23S
rRNA, and 1 copy of 5S rRNA. The number of copies of X rRNA per
nanogram of total RNA was calculated on the basis of the assumption
that each ribosome contains 4,566 nucleotides with an average mass of
324 Da (3). (Lower panel) Amounts of product are expressed as
radioactivity (total counts [in thousands] per reaction). (B) Contribu-
tions of r7nA and rnB to pre-rRNA synthesis, measured by real-time
PCR, normalized to products of sig4. Bars (left axis) show data as the
rrA/sigA (upper panel) and rrnB/sigA (lower panel) ratios. Lines (right
axis) show the level of expression (in thousands of cDNA copies per
nanogram of total RNA) of the appropriate operon (from panel A, top
graph), reproduced here for comparative purposes. (C) Contributions
of nmA and rmB to pre-rRNA synthesis, measured by real-time PCR,
normalized to products of the P1 promoter of rmA. Bars (left axis)
show data as the rrnA/rrmA P1 (upper panel) and rmB/rrA P1 (lower
panel) ratios. Lines (right axis) show the level of expression (in thou-
sands of cDNA copies per nanogram of total RNA) of the appropriate
operon (from panel A, top graph), reproduced here for comparative
purposes. Due to the differences in the amounts of products obtained,
different scales had to be used for the two operons in panels B and C.

suitable housekeeping sigma factor for M. tuberculosis (24) and
has been proposed as a good candidate for such an internal
control (19) in exponentially growing cells. However, sig4 ex-
pression was found to decrease threefold upon entry into sta-
tionary phase (19). The suitability of sig4 for quantifying tran-
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scripts of mn operons of M. fortuitum was tested, and
comparison was made with the use of pre-rmnA4 P1 as a refer-
ence product. Quantification of results standardized with sigA
led to values for the transcripts of the r7nA and rmB operons
(Fig. 4B) that corresponded poorly with the previously re-
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TABLE 4. Levels of pre-rmnA P1 during mycobacterial growth®

Level of pre-rmnA P1 in the following growth medium”:

Stage of growth Lemco Kohn-Harris Mi d1_7.H9’
Real-time ‘ Real-time real-time
pcre  TE PCR PE PCR
M. fortuitum
A 5,496 (27) 5.6 17,661 (13) 5.5 ND
B 4,772 (30) 7.1 25,774 (32) 5.0 ND
C 4,162 (25) 10.6 34,655 (15) 10.1 ND
D 7,333 (19) 13.4 18,379 (28) 6.2 ND
M. bovis BCG
B ND ND ND ND 23,460 (29)
D ND ND ND ND 19,595 (14)

“ Quantification of pre-rrmA P1 by real-time PCR during mycobacterial growth
and comparison with results obtained by using PE.

> MidI-7H9, Middle brook 7H9 medium plus Tween 80 supplemented with
ADC. ND, not determined.

¢ Real-time PCR data are expressed as the number of pre-mA4 P1 cDNA
copies per nanogram of total RNA; according to suppliers’ recommendations on
the accuracy of data, only experimental data with more than 100 copies were
considered. Each data point is the mean (with the coefficient of variation, ex-
pressed as a percentage, in parentheses) from four to six determinations. Statis-
tical significances of data were determined by applying one-way analysis of
variance. No significant differences were found when data for the same medium
at different stages of growth were compared (P = 0.43 for Lemco medium; P =
0.58 for Kohn-Harris medium; P = 0.77 for Middlebrook 7H9 medium).

4 PE data are expressed as counts per microgram of total RNA, and they
correspond to a single representative experiment. Coefficients of variation are
32% for Lemco medium and 34% for Kohn-Harris medium.

ported primer extension and real-time PCR data (Fig. 4A). In
contrast, normalization using r7nA4 P1 as a reference product
(Fig. 4C) agreed much more closely with those data. The in-
creasing levels of mmnA products displayed during stationary
phase when sigA4 is used as an internal control could be ex-
plained by the decrease in the level of the sig4 expression
relative to that in exponential phase (19).

Mycobacterial pre-rRNA synthesis in mouse macro-
phages infected with M. fortuitum. Murine macrophages (cell
line J774) were infected with M. fortuitum (0.8 mycobacterium/
cell, on average). The number of mycobacteria per cell ap-
peared to increase (up to 2 mycobacteria/cell, on average)
during the first 7 h, as judged by optical microscopy. Samples
of cells were taken at a series of time intervals; total RNA was
isolated, and cDNA was prepared (see Materials and Meth-
ods). The primer extension method could not be used to ana-
lyze the pre-rRNA fraction of M. fortuitum because of the low
concentration of mycobacterial RNA relative to mouse RNA.
For this reason the levels of M. fortuitum pre-rRNA were
measured by real-time PCR. An appropriate reference prod-
uct, pre-rRNA transcripts of the P1 promoter of rmmA, was
used. In this way the relative contributions of r7nA4 and nmB to
pre-TRNA synthesis were estimated. After the first hour of
infection, the contribution of 7nA to pre-rRNA synthesis ex-
ceeded that of rnB. After 3 h of infection, 7nB became the
major contributor (75% or more) to pre-rRNA synthesis (Fig.
5) (see Table S2 in the supplemental material). This situation
was not observed when pre-rRNA fractions of laboratory-
grown cultures of M. fortuitum were analyzed. Further inves-
tigations are needed to confirm and explain this new pattern of
pre-rRNA synthesis.
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FIG. 5. Synthesis of rRNA in M. fortuitum infecting macrophages.
The rrn transcriptional products in M. fortuitum infecting macrophages
were quantified by real-time PCR. RNA from intracellular bacteria
was isolated and quantified after several hours postinfection. Relative
ratios (rrnA/rmA P1 and rrB/rrmA P1) obtained by using pre-rrnA P1
for normalization are shown. The transcriptional products of the rrmA
operon are the sum of the contributions of its four promoters (P1, P2,
P3, and PCL1).

DISCUSSION

E. coli, which is often used as a model bacterium, has 7 rm
operons per genome, and each is controlled by two tandem
promoters, P1 and P2; the promoter regions share a high
degree of sequence similarity and, at least according to pre-
liminary studies, all the operons may be regulated in similar
ways (6).

In contrast, mycobacteria have either 1 or 2 r7n operons per
genome, rmnA and/or rmB, which are regulated in different
ways. All the mycobacteria studied to date have an rrnA operon
regulated by two (e.g., M. tuberculosis) to five (e.g., M. chelo-
nae) tandem promoters. Some mycobacteria, for example, M.
fortuitum, have a second operon, ruB, regulated by a single
promoter (20).

Function of multiple tandem promoters. Two promoters, P1
and PCL1, are common to all 77nA operons investigated thus
far. The P1 promoter is located within the coding region and/or
near the 3’ end of the upstream (murd) gene (13). The P1
promoter differs from all other #rnA4 promoters in that the —35
box is not a consensus sequence, and so an additional factor(s)
may be needed to initiate transcription. The PCL1 promoter is
characterized by a conserved leader sequence downstream
from its —10 box. The rmmA operon of M. tuberculosis is regu-
lated by the two promoters P1 and PCL1 only. In contrast, the
rnA operon of M. chelonae is regulated by P1, PCL1, and three
additional promoters, P2, P3, and P4. Four (P2, P3, P4, and
PCL1) of the five promoters of the r77nA4 operon of M. chelonae
have —10 boxes “extended” by the TGN motif at the 5’ end.
The presence of the TGN extension is thought to enhance
promoter strength (1, 17, 23). Extended —10 boxes are present
in the promoters of rrn operons of M. chelonae and M. absces-
sus but not in other mycobacterial rrn operons (13). That motif
could be acquired by these mycobacteria during evolutionary
adaptation to rapid growth, thus compensating for the disad-
vantage of having a single ribosomal operon. Two of the five
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promoters of M. chelonae, P3 and P4, were found to contribute
most to pre-rRNA synthesis irrespective of growth conditions
or the stage of growth (Fig. 3A). There are insufficient data to
explain why promoters P3 and P4 contribute so strongly to
pre-TRNA synthesis. The interactions among the five promot-
ers of M. chelonae are likely to be more difficult to unravel than
the interactions between the two tandem promoters of E. coli
(28).

In contrast with M. chelonae, M. fortuitum has 2 rrn operons
per genome; the rmnA operon is regulated by four promoters,
P1, P2, P3, and PCL1, and r/nB has a single promoter (20). The
P1 promoter of rrnA was utilized at a low level, as in the case
of M. chelonae, so that P2, P3, and PCL1 were the main
regulators of rmA expression. When M. fortuitum was grown in
the laboratory, the contributions of r7nA4 and rrmB to pre-rRNA
synthesis depended on the growth rate. In a rich medium, when
growth was balanced, the two operons contributed more or less
equally to pre-rRNA synthesis, whereas in less nutritionally
rich media or at a low rate of growth, the r7n4 operon was the
principal contributor. At low rates of initiation of pre-rRNA
synthesis, the four promoters of rmnA would be expected to
increase the probability of binding RNA polymerase over that
of rmB. At high rates of initiation of pre-rRNA synthesis,
occlusion effects between tandem promoters are expected to
diminish the advantage for the r7n4 operon of possessing mul-
tiple promoters (14); in contrast, the efficiency of usage of the
single rnB promoter would not be affected (Table 3 and Fig.
3B).

Transcripts regulated by the P1 promoter of rrnAd provide a
standard for quantitative real-time PCR. It was not feasible to
study the pre-rRNA fraction of M. fortuitum grown in macro-
phages by means of the primer extension method. Investiga-
tion by real-time PCR was appropriate provided that a nor-
malizing procedure was identified; this step was needed to
relate the number of mycobacterial pre-rRNA transcripts to
the small amount of M. fortuitum cDNA present in cDNA
copies from the RNA fraction isolated from infected mouse
macrophages. Transcripts controlled by the P1 promoter of the
rnA operon were used as a suitable reference species for a
particular set of growth conditions, because they represent a
small but largely constant amount of the pre-rRNA fraction
(Table 4).

Absolute comparisons between Lemco and Kohn-Harris
media are difficult to make without establishing a frame of
reference that is common to both, because of intrinsic differ-
ences between the two media. However, the data in Table 4
suggest that a factor of approximately 5 could be applied to
reconcile the two sets of data.

When comparison was possible, the results obtained by real-
time PCR were in general agreement with the results obtained
by the primer extension method (see Fig. 4A). It was estimated
that 1 ng of the RNA fraction of M. fortuitum comprises 3.4 X
10® copies of the RNA complement of a ribosome (3). The
results (see Table 4) of real-time PCR suggest that the number
of rmA Pl-directed transcripts is at least ~5,000 or ~25,000
copies per ng of total RNA or per 3.4 X 10® ribosomes and
differs depending on the growth medium and conditions. Thus,
the number of copies of pre-rRNA directed by the rmnA P1
promoter per nanogram of total RNA suggests that the r7nA
P1 promoter product is a suitable standard for quantification
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of many mycobacterial mRNA species. Thus, nnA P1 is a
useful low-abundance reference product, present as a single
copy per genome in all mycobacteria analyzed thus far. It is
particularly suitable for normalizing the levels of gene expres-
sion at different stages of mycobacterial growth (early-bal-
anced to stationary phase) in a particular growth medium, such
as Lemco broth or Kohn-Harris medium.

Analysis of the pre-rRNA fraction of M. fortuitum infecting
macrophages. The composition of the pre-rRNA fraction of M.
fortuitum infecting macrophages was determined by real-time
PCR using the products of the P1 promoter of 7n4 as the
reference. After the first hour of infection, the contribution of
A to pre-rRNA synthesis exceeded that of nnB, in agree-
ment with the results obtained for laboratory-grown M. fortui-
tum. After 3 h of infection, the mnB operon provided the
majority (75% or more) of the pre-rRNA transcripts (Fig. 5),
showing that, compared with laboratory culture, growth in
macrophages alters the balance between the contributions of
the r/nA and rmmB operons.

It is inferred from the increase in the number of mycobac-
teria per cell observed by microscopy that the doubling time of
M. fortuitum was approximately 7 h during the infection, com-
parable to the growth rate observed for laboratory culture in a
rich medium. Finally, we have developed a method for analyz-
ing the pre-rRNA fraction of M. fortuitum infecting macro-
phages. Compared to those for laboratory growth, significant
differences in the contributions of the rmnA and r»mB operons
were observed; this pattern merits further investigation. There
are no previous studies analyzing rRNA synthesis in mycobac-
teria infecting macrophages; such studies are of interest be-
cause they will help to increase our knowledge of how myco-
bacteria survive inside phagocytic cells.

ACKNOWLEDGMENTS

M.J.R. received a fellowship from CAM, Madrid, Spain. This work
has been supported by Spanish grants (Ministerio de Ciencia y Tec-
nologia grant BI02002-04133 and Comunidad Autonoma de Madrid
grant 08.2/0009/2001) and European Community INCO grant ICA4-
CT2002-10063. The UAM laboratory is a member of the European
and Latin-American Network of Tuberculosis, RELACTB (Red Eu-
ropea y Latinoamericana de Tuberculosis), supported by European
Union INCO CA4-CT2001-10087.

We thank I. Smith for allowing us the use of still unpublished
information. We also are very grateful to him and to C. Moreno for
revision of the manuscript, comments, and suggestions for improve-
ment. We thank J. Martinez for helpful and kind advice on real-time
PCR experiments.

REFERENCES

1. Bashyam, M. D., and A. K. Tyagi. 1998. Identification and analysis of “ex-
tended —10” promoters from mycobacteria. J. Bacteriol. 180:2568-2573.

2. Bercovier, H., O. Kafri, and S. Sela. 1986. Mycobacteria possess a surpris-
ingly small number of ribosomal RNA genes in relation to the size of their
genome. Biochem. Biophys. Res. Commun. 136:1136-1141.

3. Bremer, H., and P. P. Dennis. 1996. Modulation of chemical composition
and other parameters of the cell growth rate, p. 1553-1568. In F. C. Nei-
dhardt, R. Curtiss IIL, J. L. Ingraham, E. C. C. Lin, K. B. Low, B. Magasanik,
W. S. Reznikoff, M. Riley, M. Schaechter, and H. E. Umbarger (ed.), Esch-
erichia coli and Salmonella: cellular and molecular biology, 2nd ed. ASM
Press, Washington, D.C.

4. Brown-Elliott, B. A., and R. J. Wallace, Jr. 2002. Clinical and taxonomic
status of pathogenic nonpigmented or late-pigmenting rapidly growing my-
cobacteria. Clin. Microbiol. Rev. 15:716-746.

5. Calder, K. M., and M. A. Horwitz. 1998. Identification of iron-regulated
proteins of Mycobacterium tuberculosis and cloning of tandem genes encod-
ing a low iron-induced protein and metal transporting ATPase with similar-
ities to two-component metal transport systems. Microb. Pathog. 24:133-143.



VoL. 187, 2005

6.

7.

10.

11.

12.

13.

14.

16.

Condon, C., C. Squires, and C. L. Squires. 1995. Control of rRNA tran-
scription in Escherichia coli. Microbiol. Rev. 59:623-645.

Cox, R. A. 2003. Correlation of the rate of protein synthesis and the third
power of the RNA:protein ratio in Escherichia coli and Mycobacterium tu-
berculosis. Microbiology 149:729-737.

. da Silva, T. R. M, J. R. de Freitas, Q. C. Silva, C. P. Figueira, E. Roxo, S. C.

Leao, L. A. R. de Freitas, and P. S. T. Veras. 2002. Virulent Mycobacterium
fortuitum restricts NO production by gamma interferon-activated J774 cell
line and phagosome-lysosome fusion. Infect. Immun. 70:5628-5634.

. Domenech, P., M. C. Menendez, and M. J. Garcia. 1994. Restriction frag-

ment length polymorphism of 16S rRNA genes in the differentiation of
fast-growing mycobacterial species. FEMS Microbiol. Lett. 116:19-24.
Dubnau, E., P. Fontan, R. Manganelli, S. Soares-Appel, and I. Smith. 2002.
Mycobacterium tuberculosis genes induced during infection of human mac-
rophages. Infect. Immun. 70:2787-2795.

Garnier, T., K. Eiglmeier, J.-C. Camus, N. Medina, H. Mansoor, M. Pryor,
S. Duthoy, S. Grondin, C. Lacroix, C. Monsempe, S. Simon, B. Harris, R.
Atkin, J. Doggett, R. Mayes, L. Keating, P. R. Wheeler, J. Parkhill, S. T.
Cole, S. V. Gordon, and R. G. Hewinson. 2003. The complete genome
sequence of Mycobacterium bovis. Proc. Natl. Acad. Sci. USA 100:7877-7882.
Gonzalez-y-Merchand, J. A., M. J. Colston, and R. A. Cox. 1996. The rRNA
operons of Mycobacterium smegmatis and Mycobacterium tuberculosis: com-
parison of promoter elements and of neighbouring upstream genes. Micro-
biology 142:667-674.

Gonzalez-y-Merchand, J. A., M. J. Garcia, S. Gonzalez-Rico, M. J. Colston,
and R. A. Cox. 1997. Strategies used by pathogenic and nonpathogenic
mycobacteria to synthesize rRNA. J. Bacteriol. 179:6949-6958.
Gonzalez-y-Merchand, J. A., M. J. Colston, and R. A. Cox. 1998. The role of
multiple promoters in transcription of rDNA: the effects of growth condi-
tions on precursor rRNA synthesis in mycobacteria. J. Bacteriol. 180:5756—
5761.

. Ji, Y.-E., M. J. Colston, and R. A. Cox. 1994. The ribosomal RNA (rrn)

operons of fast-growing mycobacteria: primary and secondary structures and
their relation to rrn operons of pathogenic slow-growers. Microbiology 140:
2829-2840.

Kalate, R. N., B. D. Kulkarni, and V. Nagaraja. 2002. Analysis of the DNA
curvature distribution in mycobacterial promoters using theoretical models.
Biophys. Chem. 99:77-97.

rRNA PROMOTER AS A NOVEL STANDARD IN MYCOBACTERIA

—_

7

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

543

. Kenney, T. J., and G. Churchward. 1996. Genetic analysis of the Mycobac-
terium smegmatis rpsL. promoter. J. Bacteriol. 178:3564-3571.
. Lagier, B., V. Pelicic, D. Lecossier, G. Prod’hom, J. Rauzier, C. Guilhot, B.
Gicquel, and A. J. Hance. 1998. Identification of genetic loci implicated in
the survival of Mycobacterium smegmatis in human mononuclear phagocytes.
Mol. Microbiol. 29:465-475.
Manganelli, R., J. Dubnau, S. Tyagi, F. R. Kramer, and I. Smith. 1999.
Differential expression of 10 sigma factor genes in Mycobacterium tubercu-
losis. Mol. Microbiol. 31:715-724.
Menendez, M. C., M. J. Garcia, M. C. Navarro, J. A. Gonzalez-y-Merchand,
S. Rivera-Gutierrez, L. Garcia-Sanchez, and R. A. Cox. 2002. Characteriza-
tion of an rRNA operon (17nB) of Mycobacterium fortuitum and other my-
cobacterial species: implications for the classification of mycobacteria. J.
Bacteriol. 184:1078-1088.
Nibbering, P. H., O. Pos, A. Stevenhagen, and R. van Furth. 1993. Interleu-
kin-8 enhances nonoxidative intracellular killing of Mycobacterium fortuitum
by human granulocytes. Infect. Immun. 61:3111-3116.
Nomura, M. 1999. Regulation of ribosome biosynthesis in Escherichia coli
and Saccharomyces cerevisiae: diversity and common principles. J. Bacteriol.
181:6857-6864.
Predich, M., L. Doukhan, G. Nair, and I. Smith. 1995. Characterization of
RNA polymerase and two sigma-factor genes from Mycobacterium smegma-
tis. Mol. Microbiol. 15:355-366.
Raynaud, C., C. Guilhot, J. Rauzier, Y. Bordat, V. Pelicic, R. Manganelli, 1.
Smith, B. Gicquel, and M. Jackson. 2002. Phospholipases C are involved in
the virulence of Mycobacterium tuberculosis. Mol. Microbiol. 45:203-217.
Russell, D. G. 1999. Mycobacterium and the seduction of the macrophage, p.
371-388. In C. Ratledge and J. Dale (ed.), Mycobacteria. Molecular biology
and virulence. Blackwell Science Ltd., London, United Kingdom.
Verma, A., A. K. Sampla, and J. S. Tyagi. 1999. Mycobacterium tuberculosis
rm promoters: differential usage and growth rate-dependent control. J. Bac-
teriol. 181:4326-4333.
Zahrt, T. C., and V. Deretic. 2001. Mycobacterium tuberculosis signal trans-
duction system required for persistent infections. Proc. Natl. Acad. Sci. USA
98:12706-12711.
Zhang, X., P. Dennis, M. Ehrenberg, and H. Bremer. 2002. Kinetic proper-
ties of rrn promoters in Escherichia coli. Biochimie 84:981-996.



