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An mRNA differential display (DD) assay was devel-
ped to compare gene expression between Mycobacte-
ium tuberculosis H37Rv and its avirulent mutant
37Ra. The DD protocol made use of an oligo(dT) to
rime reverse-transcriptase (RT)-dependent transcrip-
ion of poly-A tailed mRNAs and a PCR amplification of
he RT products by using ten 12-base arbitrary primers
n all their pair combinations. This analysis yielded 745
nd 708 bands, including 52 and 15 differentially gener-
ted bands, in the strains H37Rv and H37Ra, respec-
ively. Six cDNAs that appeared to be expressed in
37Rv, but not in H37Ra, were reamplified and cloned
nd at least 10 inserts were sequenced for each cloned
DNA. After resolving discrepant results, 6 inserts were
ound highly homologous to M. tuberculosis H37Rv
enes. Three of these, i.e., genes Rv2770c, Rv1345, and
v0288, coding respectively for a member of the PPE
rotein family, a probable polyketide synthase, and a
ember of the protein family containing ESAT-6, have

een predictively associated to immunological or patho-
enetic aspects of M. tuberculosis infection; the other
enes, i.e., Rv2336, Rv1320c, and Rv2819c, code for pro-
eins with unknown functions. These results show that
RNA DD methodology can represent a potential tool

or investigation of M. tuberculosis gene expression.
1999 Academic Press

Key Words: Mycobacterium tuberculosis; virulence;
RNA differential display.

The mechanisms by which Mycobacterium tubercu-
osis establishes disease in humans are not well under-
tood, although a number of properties, including the
roduction of cord factor, sulfatides and mycosides, are
sually associated with the capacity of virulent M.
uberculosis strains to produce progressive disease.
he recent advances in the development of molecular
enetic methods for mycobacteria has allowed investi-
ation of M. tuberculosis virulence factors at the gene
evel and various strategies have been used to identify

ycobacterial virulence genes (1-4). The basic strategy
94006-291X/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
es and their expression in Escherichia coli or other
on-pathogenic mycobacteria (5); more recently, a
trategy based on the disruption of a candidate viru-
ence gene and its reintroduction into an avirulent

utant has been also successfully used (6).
An experimental model for the investigation of M.

uberculosis virulence genes is represented by the vir-
lent strain H37Rv and its avirulent mutant H37Ra (7,
). This model is based on the assumption that the
virulent phenotype must necessarily involve alter-
tion(s) in the expression of genes involved in the vir-
lence of the organism, as compared to the virulent
henotype. By constructing genomic libraries of the
irulent strain in a cosmid vector and transforming the
virulent mutant, genomic fragments of M. tuberculo-
is responsible for in vivo growth advantage have been
dentified (9, 10); moreover, by the use of mRNA sub-
raction libraries, genes differentially expressed in the
irulent strain M. tuberculosis H37Rv have been iden-
ified and cloned (11).

We have addressed the search for M. tuberculosis
irulence genes in the H37Rv/H37Ra model by mRNA
ifferential display (DD), a potentially powerful meth-
dology originally developed in eukaryotic systems by
iang and Pardee (12) that makes possible to identify
nd isolate genes that are over- or under-expressed in
ne cell type relative to others. So far, the application
f DD techniques to prokaryotes has been hampered by
he general scepticism on the existence of polyadenyl-
ted tracts in bacterial mRNAs that can be targeted to
nitiate oligo(dT)-primed, reverse transcriptase (RT)-
ependent synthesis of complementary DNA (cDNA).
onetheless, many reports do support the existence

f polyadenylated tracts at the 39-end of bacterial
RNAs. The bacterial 39adenylation, that seems to

lay a major role in the regulation of RNA decay
reviewed in 13), differs in the length of poly(A) se-
uences, which is considerably shorter in bacteria
15-60 nucleotides) compared to eukaryotic cells (80-
00 nucleotides), and in the smaller fraction of poly-



adenylated molecules (1-40%) compared to polyadenyl-
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tion of most eukaryotic mRNA molecules (reviewed in
4 and 15).
In this paper, on the basis of our recent findings that

lso in M. tuberculosis poly(A)-tailed mRNAs can be
argeted for oligo(dT)-primed synthesis of cDNA (16),
e describe a DD strategy to study differential gene
xpression in strains H37Rv and H37Ra of M. tuber-
ulosis, similar to that described in the original publi-
ation by Liang and Pardee (12), that makes use of an
ligo(dT) to prime RT-dependent transcription of my-
obacterial mRNAs and a PCR amplification of the RT
roducts by using 12-base arbitrary primers.

ATERIALS AND METHODS

Bacterial strains. M. tuberculosis H37Rv and H37Ra, from col-
ection maintained at our Department, grown on Lowenstein-Jensen

edium (Difco Laboratories), were used.

RNA preparation. Four to five 10 ml-loopfuls of bacterial cells
ere collected into a microcentrifuge tube containing 200 ml of TE
uffer (0.01 M Tris-HCl, pH 8.0; 0.001 M EDTA). Lysozyme was
dded to a final concentration of 10 mg/ml and incubated at 37°C
vernight. The mixture was incubated in the presence of 1% SDS and
t 37°C for 15 min and, after vortexing, proteinase K (200 mg/ml,
nal concentration) was added and incubated at 42°C for 15 min.
NA was extracted essentially as described by Chomczynsky and
acchi (17) with minor modifications. Briefly, 500 ml of lysis buffer (4

guanidinium thiocyanate, 25 mM sodium citrate pH 7.0, 0.5%
arcosyl, 0.1 M 2-mercaptoethanol), 50 ml of 2 M sodium acetate pH
.0, 500 ml of acid phenol (Sigma, USA), and 100 ml of chloroform/
soamyl alcohol (24/1 v/v) were sequentially added to the mixture
ith thorough mixing after the addition of each reagent. The sus-
ension was then vigorously shaken for 10 s and cooled on ice for 15
in. After centrifugation for 20 min at 10000 g at 4°C, RNA was

recipitated by adding 1 volume of isopropanol to the aqueous su-
ernatant. After 1 h at 280°C, the mixture was centrifuged for 20
in at 10000 g at 4°C, the pellet was dissolved in 300 ml of lysis

uffer, added of 30 ml of sodium acetate, and precipitated by isopro-
anol as described above. The mixture was centrifuged for 15 min at
0000 g at 4°C and the pellet was washed once with 75% ethanol,
acuum-dried and dissolved in diethyl pyrocarbonate (DEPC)-
reated water. To remove chromosomal DNA contamination, approx-
mately 50-100 mg of total cellular RNA was incubated for 30 min at
7°C with 20 U RNase inhibitor (Boehringer Mannheim) and 200 U
Nase I (Gibco) in 50 mM Tris pH 8.3, 75 mM KCl, 3 mM MgCl2.
nother 200 U DNase I were added and incubated as described
bove. After extraction with phenol/chloroform/isoamylic alcohol, the
upernatant was ethanol-precipitated in the presence of 0.1 M so-
ium acetate and RNA was dissolved in DEPC-treated water. RNA
oncentration was estimated by spectrophotometer reading (Gene
uant II, Pharmacia Biotech).

mRNA differential display. RNA reverse transcription was car-
ied out as previously reported (16). Briefly, a sample of 1 mg bacte-
ial RNA, dissolved in DEPC-treated water, was heated at 65°C for
5 min and then cooled on ice before cDNA synthesis. Oligo(dT)15

Pharmacia Biotech) was used to initiate the first strand cDNA
ynthesis, using 200 U M-MLV reverse transcripase (RT) (Gibco) in
buffer containing 50 mM Tris, pH 8.3, 75 mM KCl, 3 mM MgCl2, 10
M DTT, 0.5 mM each dNTP, 20 U RNase inhibitor, and 25 pmoles

f each primer for 1 h at 37°C in a 20 ml-volume. The reaction was
topped by incubation at 95°C for 5 min. For amplification, 10 arbi-
rary 12-mer oligonucleotide primers, coded 1 through 10, the se-
uences of which are given in Table 1, were used in all combinations
o amplify target sequences of the generated cDNAs. PCR was per-
95
ormed in 0.5 ml-microcentrifuge reaction tubes in a final volume of
0 ml containing 10 mM Tris-HCl (pH 8.8), 1.5 mM MgCl2, 50 mM
Cl, 0.1% Triton X-100, 2-3 mM primers, 100 mM dNTP, 2 U Taq
olymerase (Dynazyme) and 1 ml of the RT reaction products. The
ixture was overlaid with 75 ml mineral oil to prevent evaporation.
ot-start PCR amplification was performed with a OmniGene tem-
erature cycler (Hybaid, U.K.) set for 3-min at 94°C and 2-min at
0°C and for 35 cycles of 1 min at 94°C, 1 min at 50°C and 1 min at
2°C and one final 5-min cycle at 72°C.
Ten-ml aliquots of PCR products were separated by 5% polyacril-

mide (29:1), 20 cm-long, 0.75 mm-thick gels in a vertical electro-
horesis cell (Protean II, BioRad); sometimes, PCR products were
urther analyzed by electrophoretic runs on pre-cast 12.5% polyacril-
mide, 11 cm-long, 0.5 mm-thick gels (GenePhor, Pharmacia). Mo-
ecular mass markers were included in each run. Gels were silver-
tained, and then photographed for computer-driven densitometric
nalysis by GelBase/GelBlot Pro software (UVP Inc., CA). Bands
orresponding to amplicons of interest were isolated and re-amplified
n a second step PCR amplification with the appropriate pairs of
rimers under the same conditions used for first-step cDNA ampli-
cations.

Cloning and sequencing procedures. Molecular cloning tech-
iques were performed according to standard protocols (18). In par-
icular, the re-amplification PCR products were purified by QIAquick
CR Purification Kit (Qiagen) and then inserted into the dephospho-
ylated EcoRV site of the plasmid pBluescript SK1 (Stratagene) by
he T4 DNA ligase (Pharmacia Biotech) and the ligation product was
sed to transform E. coli JM109 cells. Bacterial clones containing

nserts were identified as white colonies from which the plasmid
NA was purified by standard alkaline lysis procedures. At least 10

olonies from each subcloning were chosen and the molecular mass of
loned fragments was checked by restriction of recombinant plas-
ids with BamHI and HindIII enzymes.
Sequencing of the inserted DNA fragments of the expected size
as carried out with an automated apparatus (ALFexpress DNA

equencer, Pharmacia Biotech) according the T7 DNA polymerase
ethod by the Bluescript T3 and T7 universal sequencing primers.
he databases of EMBL and Sanger Centre were used for searching

or homologous nucleic acid sequences.

Specific primer-RT-PCR. The sets of primers used for amplifica-
ion of specific cDNAs generated by oligo(dT)15-primed reverse tran-
cription of RNA are shown in Table 2. PCR was performed in 0.5
l-microcentrifuge reaction tubes in a final volume of 50 ml contain-

ng 10 mM Tris-HCl (pH 8.8), 1.5 mM MgCl2, 50 mM KCl, 0.1%
riton X-100, 250 ng primers, 200 mM dNTP, 1.25 U of Taq polymer-
se (Dynazyme) and 2 ml of the RT reaction products. PCR amplifi-
ation was run for one 3-min cycle at 94°C, 25 cycles of 1 min at 94°C,
min at primer annealing temperature and 2 min at 72°C and one
nal 4-min cycle at 72°C.

Arbitrary Oligonucleotide Primers Used in This Studya

Primer Sequence

1 GCCAAGCTCCAG
2 GGCGTCATCGAC
3 GCCATCCTCGAC
4 GGCAAGGCACAG
5 GCGGTCATCCTG
6 GCGCTCAAGCTG
7 GGTCTCGCAGTG
8 GGTGTCACCGAC
9 GCGACCAAGGTG

10 GAGGCAGTCGAG

a Criteria for arbitrary primer design are given under Results.
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Dot-blot hybridization. RT-PCR product samples were heated to
5°C, chilled on ice and then 1 volume of 203 SSC (3 M NaCl, 0.3 M
a-Citrate, pH7.0) was added. The samples were spotted onto a
ylon filter (Hybond N-plus membrane; Amersham) prewet with 103
SC, in 4-ml aliquots. The membrane was wet in denaturing solution

1.5 M NaCl, 0.5 M NaOH) for 5 min and then transferred to a filter
aper pad soaked in neutralizing solution (1.5 M NaCl, 0.5 M Tris-
Cl pH7.2, 0.001 M EDTA) for 1 min. After air drying, the DNA was
xed to the nylon filter by placing the blot for 2 min on a Whatmann
MM filter soaked in 0.4 M NaOH. After rinsing with 53 SSC, nylon
lter was pre-hybridized by incubating in 10-15 ml of hybridization
uffer supplied by Amersham ECL Direct System for 15 min at 42°C
n roller bottles into a hybridization oven (Hybaid). Filter was then
ybridized by adding approximately 200 ng of each probe (see below)
nd by incubating overnight at temperature not exceeding 42°C in
oller bottles at 6 rpm. Filter was then washed twice for 20 min at
2°C with a primary wash buffer (6 M urea, 0.4% SDS, 0.53 SSC) in
he roller bottles and then with a secondary wash buffer (23 SSC) for
o more than 15 min at room temperature on a shaking platform.
ybridization was then detected on autoradiographic films (Hyper-
lm-ECL; Amersham) by using the enhanced chemiluminescence
ene detection system (Amersham). Two probing sequences for the
enes encoding for the 65 KDa antigen and the 85-C antigen (Gen-
ank accession numbers, M15467 and X57229) were prepared from
NA of M. tuberculosis H37Rv by PCR using, respectively, primers
SP65-U and HSP65-L and primers 85-C-U and 85-C-L (see Table
), as reported above. The 225 and 307 bp amplicons were purified by
IAquick Gel Extraction Kit (Qiagen, Germany) and covalently la-
eled with horseradish peroxidase (HRP) by glutaraldehyde accord-
ng to the procedure of ECL Direct System (Amersham).

ESULTS

Selection of arbitrary primers. The 12-base arbi-
rary primers used in this study were designed accord-
ng to the following criteria: (a) no stop codon was
resent in any possible reading frame in both direc-

Specific Oligonucleotide Primers Used in This Studya

Primer
paira Sequences

PCR
product

length (bp)

SP65-U 825CGGTTCGACAAGGGCTACATC845 225
SP65-L 1049GCGGATCTTGTTGACGACCAG1029

5-C-U 497GGGCGGCCAATCCAGTTTCTAC518 307
5-C-L 803GTAACCGCCCGAGTCGTTCATC782

v1345-U 980TGCTTGCCGACCGTGTCATC999 175
v1345-L 1154CCCAGGTAACCCGCCATCAT1135

v2770c-U 977ATCCAGTGCTCGGTGCTCAG996 192
v2770c-L 1168CCAGAAACGGAACGCCTCAG1149

v0288-U 76CAGAGCTTGGGTGCCGAGAT95 160
v0288-L 235TGGCTTCATGGGTGCTGGAC216

v2819c-U 28GCACTGACCCATCTCGTAGCA48 158
v2819c-L 185AGACCTTTGTCACCGACCAAGA164

v2336-U 340ACCCGAGAAACCGAGGTCAT359 190
v2336-L 529CTTCGATCGCGTCATAAAGC510

v1320c-U 1189GAACCGCGGGATAAACAACC1208 209
v1320c-L 1397TCATACTGGGCACCTACTGG1378

a Primer codes include the gene name, according to the nomencla-
ure reported by Cole et al. (20), and a letter (U or L) that indicates
pper and lower primer, respectively. For further details on the gene
roducts and accession numbers, see text and Table 4.
96
o form internal loops; (c) primers sequences included
he most frequently used codons in 10 randomly-
hosen M. tuberculosis genes and the most frequent
odons found in 50 primers for computer-simulated
CRs for 5 randomly-chosen genes of M. tuberculosis;

d) the content of GC should be 67% (8 GC for each
rimer) and either G or C should be at 39 position.

mRNA differential display in M. tuberculosis H37Rv
nd H37Ra. Total RNA, extracted from M. tubercu-
osis H37Rv and H37Ra and treated with DNase,
as used as a substrate for oligo(dT)-primed, RT-
ependent cDNA synthesis. The generated RT prod-
cts were then PCR-amplified employing the 10 arbi-
rary primers in all the 55 pair combinations and the
eaction products were separated by polyacrylamide
el electrophoresis, silver-stained and then photo-
raphed for computer-driven densitometric analysis (a
epresentative example of this analysis is given in Fig.
). As shown in Table 3, the 55 combinations of the
rbitrary primers yielded a total number of 745 and
08 bands for M. tuberculosis H37Rv and H37Ra, re-
pectively. A number of differentially generated bands
rom the RT-PCR products were detected in both my-
obacterial strains: in particular, 52 bands were de-
ected in the H37Rv, but not in the H37Ra strain;
onversely, 15 differential bands were detected only in
he avirulent strain. Six cDNAs that appeared to be
xpressed in H37Rv, but not in H37Ra, were reampli-

FIG. 1. mRNA differential display. Total RNA from M. tubercu-
osis H37Rv and H37Ra was transcribed by oligo(dT)-primed RT and
he generated cDNA were PCR-amplified by arbitrary primers; the
eaction products were then separated by polyacrylamide gel elec-
rophoresis and silver-stained. A portion of a 12.5% polyacrylamide
el, obtained with arbitrary primers 7/9 (left panel) and 6/8 (right
anel), is shown. Arrowheads indicate differentially amplified prod-
cts. Molecular mass markers (in bp) are shown on the left.
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ed and subcloned into pBluescript SK1 vector. Since
ifferent cDNA species can be contained theoretically
ithin one eluted differentially expressed band (19), at

Differentially Generated Bands in

Primer set

Number of bands

H37Rv H37Ra

1/1 6 6
1/2 18 18
1/3 11 9
1/4 4 4
1/5 15 12
1/6 7 6
1/7 14 12
1/6 18 18
1/9 16 16
1/10 18 18
2/2 15 14
2/3 14 12
2/4 11 11
2/5 19 17
2/6 12 10
2/7 18 17
2/8 23 24
2/9 23 23
2/10 30 29
3/3 10 10
3/4 5 4
3/5 13 13
3/6 16 14
3/7 14 10
3/8 18 16
3/9 13 12
3/10 0 0
4/4 10 10
4/5 4 4
4/6 3 3
4/7 6 6
4/8 10 10
4/9 11 10
4/10 10 10
5/5 15 15
5/6 16 16
5/7 8 8
5/8 16 16
5/9 12 11
5/10 11 11
6/6 14 12
6/7 9 7
6/8 26 26
6/9 15 14
6/10 14 13
7/7 17 16
7/8 18 18
7/9 23 20
7/10 13 12
8/8 15 19
8/9 14 13
8/10 6 6
9/9 19 18
9/10 12 12

10/10 17 17
Total 745 708

a Size of bands, expressed in base pairs (bp), is given in parenthe
97
east 10 colonies were selected from each cloned frag-
ent. The corresponding DNA inserts were sequenced

nd a search for homologous nucleic acid sequences

. tuberculosis H37Rv and H37Ra

Number and size (bp) of differentially generated bandsa

H37Rv H37Ra

(910, 195)

(480, 405, 250)
(190)
(1080, 270)

(560) 1 (410)
(760)
(530, 235)

(525, 270)
(570, 385)
(710)
(720) 2 (670, 345)

(770)

(325)

(465, 345)
(460, 360, 250, 195)
(835, 600)
(185)

(530)

(105)

(790, 575)
(850, 610)
(520) 1 (210)
(2630, 750) 1 (650)
(675, 565, 360) 2 (500, 270)
(1330, 1110, 490) 2 (1050, 200)

(1000, 460, 400)
(695, 555) 1 (290)
(735) 5 (870, 790, 535, 390, 285)
(370)

(365)
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as performed in the databases of EMBL and Sanger
entre. Most of the over 60 inserts analyzed showed

ow or partial sequence homology with M. tuberculosis
enes or corresponded to rRNA-encoding sequences.
ix inserts showed high sequence homology with M.

uberculosis H37Rv genes. As summarized in Table 4,
hese inserts included:

(a) a 198-bp insert 100% homologous in a 139-
ucleotide overlap to a sequence of the gene Rv2770c
oding for a member of the PPE protein family, which
ncludes 68 glycine-rich proteins with a conserved
-terminal domain of about 180 amino acids and
-terminal segments that vary in sequence and length.
he name PPE derives from the motif Pro-Pro-Glu

PPE) found near the N-terminus in most cases (20).
(b) a 151-bp insert 98% homologous to a sequence of

he gene Rv1345 coding for protein fadD33, a probable
ember of the polyketide synthase family that in-

ludes mycobacterial enzymes involved in the synthe-
is of the unusually large number of classes of lipids in
hese bacteria (21).

(c) a 247-bp insert 96% homologous in a 132-
ucleotide overlap to a sequence of gene Rv0288, cod-

ng for a member of the protein family containing
SAT-6 (6-kDa early secretory antigenic target) (22,
3).
(d) three inserts of 255, 77, and 375 bp that showed

equence homology, respectively, with sequences of
enes Rv2336, Rv1320c and Rv2819c, coding for pro-
eins with unknown functions.

The differential expression of the 6 genes described
bove was confirmed by RNA dot blot and RT-PCR
ssays. In particular, 5.0 mg of total RNA preparations
rom strains H37Rv and H37Ra were spotted onto ny-
on filters and then probed for the putative differen-
ially expressed transcripts by using peroxidase-
abeled DNA sequences prepared from DNA of M.
uberculosis H37Rv by PCR using the specific primers
isted in Table 2. Hybridization was then detected on
utoradiographic films by chemiluminescence emis-

Sequence Homology between Cloned cDNAs Detec

cDNA

Code
Length

(bp)
Gene namea

(accession number)
% of

homolo

/3v-A 255 Rv2336 (Z83860) 92
/3v-B 151 Rv1345 (Z75555) 98
/3v-C 198 Rv2770c (AL008967) 100
/4v 247 Rv0288 (AL021930) 96
/10v 77 Rv1320c (Z73902) 95
/9v 375 Rv2819c (Z81331) 100

a Gene names are shown according to the nomenclature reported
b See text for references.
98
ion. A weak signal was obtained for each of the tested
ranscripts from RNA preparations derived from strain
37Rv and no signal was obtained from H37Ra RNA

data not shown). For the RT-PCR assay, 1 mg of total
NAse-treated RNA from strains H37Rv and H37Ra
as transcribed into cDNA by oligo(dT)-primed RT; the

eaction products were then probed by PCR employing
airs of specific primers for each of the putative differ-
ntially expressed genes (see Table 2). As shown in Fig.
, a single band of the expected molecular size was
etected for each of the tested mRNA transcripts from
. tuberculosis H37Rv, but a weak signal was also

etected from strain H37Ra. By densitometric analy-
is, peak areas of the RT-PCR bands for genes Rv1345,
v2770c, Rv2336, Rv1320c and Rv2819c of M. tuber-
ulosis H37Ra ranged from 22 to 35% as compared to
37Rv; the expression of gene Rv0288, coding for a
ember of the ESAT-6 protein family, was also down-

egulated in H37Ra, but to a lower extent (64%). These
ndings were highly reproducible.

Controls. Control assays were performed at various
teps of the mRNA DD procedure. As controls of the
uccessful cDNA synthesis from strains H37Rv and
37Ra, the oligo(dT)-primed RT reaction products of

he extracted RNA, together with (a) samples of un-
reated cellular RNA, (b) oligo(dT)-primed RT-reaction
roducts of RNase-treated RNA, and (c) RT-reaction
roducts of RNA in the absence of oligo(dT)-priming,
ere probed for cDNAs of two constitutively expressed
ycobacterial genes, i.e., the 65 KDa antigen gene (24)

nd the 85-C antigen gene (25) by a PCR employing
pecific primers. As positive control, a sample of
enomic DNA was PCR-amplified by the two sets of
pecific primers mentioned above. The expected 225
nd 307 bp PCR products were detected when the
DNAs derived from oligo(dT)-primed RT-transcribed
NAs, but not from untranscribed RNA, or from RT-
roducts of RNase-treated, oligo(dT)-primed RNA or
rom RT-products in the absence of oligo(dT)-priming
data not shown). As already reported (16), these con-

by mRNA DD and M. tuberculosis H37Rv Genes

. tuberculosis H37Rv genes

Position of
homologous sequence Gene productb

315–532 Hypothetical protein
992–1142 Probable polyketide synthase

1–139 PPE protein
160–291 ESAT-6 family protein
365–424 Hypothetical protein
951–1128 Hypothetical protein

Cole et al. (20).
ted
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rol data indicate the successful oligo(dT)-primed RT-
ediated synthesis of cDNA for mycobacterial mRNAs

nd, at the same time, rule out contamination of RNA
amples with genomic DNA.
Further experiments were run to control whether

he battery of the selected arbitrary primers was ap-
ropriate for the study of mycobacterial gene expres-
ion; in particular, a dot-blot hybridization analysis
as performed, in which all the 55 products of
ligo(dT)-primed RT-PCRs obtained from H37Rv RNA
ere spotted onto nylon filters and then probed for the
ycobacterial cDNAs of the antigens 65 KDa and 85-C.
s shown in Fig. 3, the probe for the 65 KDa antigen
ene strongly hybridized with RT-PCR products ob-
ained with primer pair 8-9, and with primer 9 alone
used as up- and down-stream primer) and, also, al-
hough weakly, with RT-PCR products obtained with
rimer pairs 2-9, and 7-9. Probe for the 85-C antigen
ene, on the contrary, failed to detect RT-PCR products
erived from any arbitrary primer pair combination
not shown). These results indicate that the selected
rimers are able to detect part of the genes expressed
n M. tuberculosis.

ISCUSSION

The original mRNA DD protocol uses a two-base
nchored oligo-dT primer for RT-dependent cDNA syn-
hesis and the same primer with an arbitrary 10-base
ligonucleotide for PCR amplification (12). This ap-
roach has a significant limitation as it identifies

FIG. 2. Gene expression of in M. tuberculosis H37Rv and H37Ra a
as transcribed by oligo(dT)-primed RT and the generated cDNA
xpressed in the mRNA DD assay (see text and Table 2 for further de
eparated by 2% agarose gel electrophoresis and stained with ethid
bsence of cDNA (H2O); b, RT-PCR carried out with RNA preparation
, PCR carried out with M. tuberculosis H37Rv DNA. At the bottom o

n gray level values by GelBase Pro software, are reported.
99
DNAs biased to the 39-ends of the corresponding
RNAs, often within untranslated regions (12, 26). On

he other hand, due to the general scepticism on the
xistence of polyadenylated tracts in bacterial mRNAs
hat can be targeted to initiate oligo(dT)-primed RT
ynthesis of cDNA, the very few reported applications
f DD techniques to prokaryotes make use of arbitrary
rimers for cDNA synthesis (27, 28, 29), which may
ead to the generation of many false-positive results
hat need further time-consuming controls. The results
eported in our study show that the mRNA DD method,
ased on the oligo(dT)-primed RT-dependent transcrip-
ion of poly-A tailed mRNAs and a PCR amplification of
he RT products by pairs of 12-base arbitrary primers,
an be successfully applied to the investigation of gene
xpression in M. tuberculosis. Moreover, the mRNA
D strategy used in our study allows the cloning of

DNAs complementary to portions of mRNAs other
han just their 39-termini and PCR reactions can be
un at a relatively high annealing temperature (i.e.,
0°C), which produces clear banding patterns without
ackground smear due to continuous low-stringency
riming of oligonucleotides that do not match perfectly.
By our mRNA DD method, 6 genes that appear to

e markedly downregulated in the avirulent H37Ra
train have been detected. The detection of these genes
tems from the analysis of a limited number of the
any differentially generated bands and from the use

f a panel of arbitrary primers that, as shown in the
ontrol experiments, do not guarantee the detection of
he complete M. tuberculosis gene repertoire. It has

ssed by RT-PCR. Total RNA from M. tuberculosis H37Rv and H37Ra
re PCR-amplified by primers specific for the genes differentially
ls), indicated at the bottom of the panel. The RT-PCR products were

bromide. Lanes: M, molecular marker; a, PCR carried out in the
m H37Ra; c, RT-PCR carried out with RNA preparation from H37Rv;
e figure, the peak areas of bands from H37Ra and H37Rv, expressed
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tai
ium
fro
f th



t
i
e
d
a
g
m
e
a
p
s
t
r
c
c
g
h
e
M
p
r
p
t
m

nificance, possibly as a source of antigenic variation or
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herefore to be expected that the cloning and sequenc-
ng of other differential cDNAs or the screening of gene
xpression with novel arbitrary primers may lead to
etection of more genes that are downregulated in the
virulent H37Ra strain. These considerations, to-
ether with the experimental data, suggest that the
utation H37Rv 3 H37Ra affects the regulatory rep-

rtoire of M. tuberculosis gene expression, an extensive
nd complex apparatus that includes many different
romotors, 13 putative s factors and over 100 tran-
criptional regulatory proteins (20). In agreement with
his hypothesis, in fact, Collins and co-workers (30)
eported that a mutation in the principal s factor
aused the loss of virulence in a strain of the M. tuber-
ulosis complex. It is, however, stricking that 3 of the 6
enes detected by mRNA DD code for proteins that
ave been predictively associated, although to a differ-
nt extent, to immunological or pathogenetic aspects of
. tuberculosis infection (20), in particular: ESAT-6, a

otent T-cell antigen, unique to pathogenic mycobacte-
ial species (22, 23) recognized by a high proportion of
rotective T cells in animal models (31); the PPE pro-
eins, predictively abundant and antigenically poly-
orphic, that are thought to be of immunological sig-

FIG. 3. Dot-blot hybridization. The RT-PCR products, obtained
rom H37Rv RNA with the 10 arbitrary primers in all the 55 com-
inations, were spotted onto nylon filters and then hybridized by
ddition of a peroxidase-labeled probe for the gene of antigen 65
Da, prepared by PCR with specific primers (see Table 2) from DNA
f M. tuberculosis H37Rv. Hybridization was then detected on auto-
adiographic films by the enhanced chemiluminescence gene detec-
ion system. Numbers at the top of the strips indicate the abritary
rimers pairs; positive controls consisted of a spotted RT-PCR-
roduct, obtained from total RNA from M. tuberculosis H37Rv tran-
cribed by oligo(dT)-primed RT and PCR-amplified by primers spe-
ific for the 65 KDa antigen gene [Ctrl(1)], and the unlabeled 65 KDa
ntigen gene probe itself [Ctrl(2)].
100
y inhibiting antigen processing (20); and, finally, the
olyketide synthase, that is also thought to play a role
n M. tuberculosis infection or disease, possibly by the
ynthesis of new lipids and polyketide metabolites (20).
By transfecting and expressing the genes potentially

nvolved in M. tuberculosis virulence in other non-
athogenic bacteria, it will now be possible to dissect
. tuberculosis virulence properties and to study the

andidate virulence factors at a molecular level.
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