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when more than two groups were involved. If data were not normally distrib-
uted, a nonparametric test (Mann—Whitney U-test) was used for the compar-
isons of results. Data were expressed as mean + s.e.m.
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DNA microarrays have the ability to analyze the expression of thou-
sands of the same set of genes under at least two different experi-
mental conditions!. However, DNA microarrays require substantial
amounts of RNA to generate the probes, especially when bacterial
RNA is used for hybridization (50 pg of bacterial total RNA con-
tains approximately 2 pg of mRNA)2. We have developed a comput-
er-based algorithm for prediction of the minimal number of
primers to specifically anneal to all genes in a given genome. The
algorithm predicts, for example, that 37 oligonucleotides should
prime all genes in the Mycobacterium tuberculosis genome. We test-
ed the usefulness of the genome-directed primers (GDPs) in com-
parison to random primers for gene expression profiling using
DNA microarrays. Both types of primers were used to generate flu-
orescent-labeled probes and to hybridize to an array of 960
mycobacterial genes. Compared to random-primer probes, the
GDP probes were more sensitive and more specific, especially when
mammalian RNA samples were spiked with mycobacterial RNA.
The GDPs were used for gene expression profiling of mycobacterial
cultures grown to early log or stationary growth phases. This
approach could be useful for accurate genome-wide expression
analysis, especially for in vivo gene expression profiling, as well as
directed amplification of sequenced genomes.

We developed a computer algorithm to define the minimal num-
ber of oligonucleotides of a given length capable of priming all genes
within any genome. Using the genome sequence of Mycobacterium
tuberculosis, we applied the algorithm, setting the oligonucleotides
length at eight or seven bases, and requiring 100% coverage of the
3,924 open reading frames (ORF) in the genome® (Fig. 1A). The
search was limited to the first 500 bp of each complementary
sequence of each ORF to generate long probes for efficient
hybridization. The priming efficiency of the mycobacterial genome-
directed primers (mtGDPs; 37 primers) was compared to the prim-
ing efficiency of seven- or six-nucleotide random primers in a stan-
dard reverse transcription reaction. Probes generated from the same
mycobacterial RNA (log phase cultures) using mtGDPs or random
primers were hybridized simultaneously to the same slides, and the
signal intensities of the 960 arrayed genes were calculated and com-
pared*®. There was a high correlation level between the signals of
both probes for the whole array of genes (r = 0.97). Additionally, sig-
nals generated by mtGDPs were significantly higher than random
primer-generated signals (P < 0.05) (Fig. 1B, C). Signal intensities
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and stored in
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4. The segment which is found in the most sequences is selected as the first Best Reverse Primer.

The remaining segments are checked to find the primer found in the highest number of remaining sequences. This is
done recursively until a set of primers is obtained that is found in all sequences.

) aact caccacggcggcget cgeat ccgt cageget ccaageget ag .
Reverse Primers ggcggt gt cgacggact at gt ct at ct gt t gat gccggt t cggt t gccggget geggegt cga Best Reverse Primers
Table Table
cacat cgat gt gcgt gccgat gacaccggcggegeggat cgat gt cggt ggt t ct gccat ga
cgt cggcg cagctttat cacccgcaacgccaaggat gtt cggtt cct ggat gt ct aa Pri mer # Covered
t cggcgge t ggcgacgat aat gccgt cggeggcgggacgccaacggcgeagaccagacgggeaat t aa cggcggeg 686
cggcggeg gccccgaccaccgagegt cgaggt gcaaccgegcet cet ga cggegtcg 1206
gcggegge caccgat ct gat ccggcggcgggeggeat cgaagt gacget ggcagaccgggact aa etc.
t acgat cggccgacggacccggt ggt gat cgagt cgat caccat ct cct ga
cggegt cg cgct taccget gecggt t acgecggt cgcggecaaaggt ga
cgecggeg gcacggcggegaggggcect cgecat at t gccggt aggggt ccgegegacacct acggat aa
acggcgt cgeeggt tt gt t gct cacgat gcget ggeat t ga

Figure 1 (A) Flowchart depicting the
algorithm used for developing
genome-directed primers  from
bacterial genomes. Mycobacterium
tuberculosis genome was used as a
model for such analysis. (B, C)
Comparison of cDNA labeling using
different protocols. A fluorescence
image of a subset of 960-gene array
hybridized with labeled cDNA primed
with either mtGDPs (B) or random
primers (C). Each image represents
six constellations of arrayed genes,
where the first spot in rows 1 and 3 is
a purified 16S rDNA-PCR product.

from both probes were above the threshold level of the background
(true signals) in 86% (mtGDPs) to 89% (random primers) of the
arrayed genes. Random primers with seven or six nucleotides gave
similar results when compared to the mtGDPs.

To test for any biased priming of mtGDPs toward any class of
genes, we computed the sequence distribution of the mtGDPs set in
the M. tuberculosis genome. Based on this sequence homology (Fig.
2A), 82 % of the genes could be primed with the mtGDPs at 10 or
more sites, whereas only 2.5% of the genes could be primed at 100 or
more sites. However, after probe hybridization, we found no correla-
tion between the computed priming matches of each gene and the
signal intensities of such genes. For example, the 16s rRNA gene with
10 hits of mtGDPs gave the highest expression level under all growth
conditions, whereas other genes with more than 100 hits of mtGDPs
gave low expression levels. To decide on a suitable RNA concentra-
tion for labeling using the GDPs, decreasing concentrations of
mycobacterial total RNA (5.0, 2.5, 0.7, and 0.3 pg) were used to gen-
erate probes for DNA microarrays. The total number of DNA spots
with true signal intensities generated from either RNA-based probes
or genomic DNA probes were compared after hybridization to the
960 DNA microarrays. Less than 20% of the genes generated true
signals from 0.2-2.5 pg of total RNA compared to 96% when 5 g
total RNA were used to synthesize the labeled probe (Fig. 2B).
Furthermore, an overall reduction in signal intensity for each gene
accompanied the reduction in the amounts of mycobacterial RNA.
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To test the usefulness of the mtGDPs for in
vivo gene expression analysis, we asked whether
the mtGDPs can be used for labeling bacterial
RNA when mixed with mammalian RNA
(extracted from activated monocytic cell
lines®’). In these experiments, Cy5-labeled
probes were generated from 5 pg of pure
mycobacterial RNA whereas Cy3-labeled probes
were generated from 5 Pg of mycobacterial RNA
mixed with mammalian RNA in different ratios
(1:50 and 1:100). Genes with signal intensities
generated from spiked mammalian RNA probes
that did not have corresponding true signals
from the pure mycobacterial probes were con-
sidered genes with nonspecific signals (possibly
generated from the overlapping sequences in
mammalian RNA). Using the mtGDPs probes at
60°C hybridization, nonspecific signals account-
ed for 25% and 27% of the true signals when 50:1 and 100:1 spiked
mammalian RNA were used, respectively (data not shown).
However, at 65°C hybridization, the nonspecific signals dropped to
13.5% of the true signals. In contrast, using the same stringent
hybridization conditions (65°C) and probes generated from random
primers, nonspecific signals accounted for 32% of the true signals
when 50:1 spiked mammalian RNA was used.

A possible reason for genes with nonspecific signals observed
with mixed RNA samples is the sequence similarity between
mycobacterial transcripts and mammalian transcripts from activat-
ed monocytic cells. Upon mycobacterial infection and especially in
the site of infection, the host RNA will be rich with cytokine tran-
scripts?. Therefore, we analyzed the frequency of occurrence of
mtGDPs in human cytokine-encoding genes. Based on sequence
identity, our computer analysis revealed the majority of mtGDPs
have a 0-5% chance of priming cytokine transcripts. To directly test
this overlap, we arrayed 34 human cytokine encoding genes along-
side mycobacterial genes on the same slide. Equal amounts (5 pg) of
mammalian RNA extracted from activated THP-1 and U-937 cells
were labeled in standard reverse transcription reactions using either
random primers or mtGDPs. The labeled cDNA probes were mixed
and allowed to hybridize to the same DNA microarrays at 60°C.
High signal intensities were observed for the mammalian genes
when probed with random primer-generated cDNA whereas signals
were below the background levels for the mtGDP-generated cDNA
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Figure 2. mtGDPs for measuring gene expressions. (A) A histograph representing the distribution of mtGDPs in the M. tuberculosis genome. The
numbers of mtGDPs match in each gene were sorted from the highest to the lowest. Genes with more than 100 matches of mtGDPs per gene
were excluded (0.5% of the genes). (B) A histograph representation (with standard errors) of true hybridization signals generated from 0.3, 0.7,
2.5, or 5.0 ug of total M. tuberculosis RNA in comparison to hybridization signals generated from 2 ug M. tuberculosis genomic DNA.

(data not shown). This demonstrates the relative lack of priming of
at least this set of mammalian genes by mtGDPs under moderately
stringent hybridization conditions.

We next used the mtGDPs to identify differentially expressed
genes (degs) in mycobacterial cultures grown to logarithmic phase
compared to stationary phase. For this set of experiments, Cy5-
labeled genomic DNA (gDNA) from M. tuberculosis H37Rv was
cohybridized with Cy3-labeled cDNA prepared from either logarith-
mic or stationary-phase RNA. Signals generated from gDNA allowed
the normalization of gene expression level since every gene is present
once in the genome. Normalized ratios of log phase probes and sta-
tionary-phase probes were used to calculate the log ratios of gene
expression under different growth conditions. Genes with a change
in log ratio of threefold or more from the mean are considered genes
with high expression levels (Table 1 and our web site®). About 10% of
genes were differentially expressed under both growth conditions.
The majority of the degs were of unknown function.

Table 1. Partial list of genes differentially expressed in M. tuber-
culosis growing in log or stationary phases?

Stationary phase Log phase
Gene name Log ratio Gene name Log ratio
romJ 0.74 MTV005.08c 0.87
rplP 0.64 MTV025.093¢c 0.80
1S1547 0.58 MTV025.001B 0.69
rplK 0.43 MTV027.15¢c 0.66
ribF 0.37 MTV034.04 0.65
cysA 0.36 MTYC373.10c 0.59
nrdG 0.35 MTV004.03c 0.47
galu 0.35 MTV025.026¢ 0.43
cysE 0.35 RecX 0.37
rpsS 0.32 MTV014.24c 0.36
pstB 0.32 Eph 0.35
hspR 0.31 MTV017.53 0.33
aroQ 0.31 DapA 0.32
clpP2 0.30 MTV021.08c 0.31

aThe normalized ratios of intensity for Cy3- (total RNA) to Cy5 (genomic
DNA)-labeled probes were used as a measure for transcripts hybridization
signals for each gene relative to its gDNA hybridization signals. A logarithmic
ratio of the normalized simple ratios was calculated to compare the expres-
sion profile of mycobacterial cultures grown at log and stationary phases. A
change of threefold or more from the mean of the normalized fluorescence
intensities of each probe was considered a significant change of gene
expression. The complete table can be accessed from our web site?.
http://cbi.swmed.edu/Computation/gdp/gdp.html.
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In bacterial gene expression studies, random primers are usually
used to prepare reverse transcriptase-dependent cDNA. However,
when using arrays for estimating gene expression levels during the
pathogen infection, only limited amounts of bacterial mRNA conta-
minated with the host RNA are present. Under such circumstances,
random primers would label both the host and pathogen transcripts,
thereby decreasing the sensitivity of detecting bacterial mRNA and
increasing the chances for nonspecific signals. In this report, we
investigated the usefulness of a strategy that uses a minimal set of
oligonucleotides deduced from a sequenced genome to prime all
transcripts for bacterial DNA microarrays analysis. The rationale
was that such genome-directed primer sets would preferentially
prime the pathogen transcripts, leading to the detection of the
pathogen transcripts in a heterogeneous population of RNA.
Labeled cDNA prepared from mtGDPs was more efficient and more
sensitive in assays of mycobacterial transcripts, even when mycobac-
terial RNA was diluted with mammalian RNA. In mixed RNA sam-
ples and under stringent hybridization conditions, a lower percent-
age of nonspecific signals (13.5%) were detected when mtGDPs were
used to generate the labeled probes as compared to random primers
(32%). If necessary, the assay could be improved by changing the
hybridization conditions or altering the algorithm to eliminate
primers recognizing mammalian transcripts. However, more strin-
gent hybridization conditions could reduce the overall hybridization
signals, making the signal quantification of the whole array more
difficult. By eliminating primers responsible for crosshybridization,
a higher number of primers would be needed. We also demonstrated
that mtGDPs could be used to identify differentially expressed genes
of M. tuberculosis in stationary versus log growth phases.

The GDP algorithm could also be used for finding primers for
PCR amplification for rapid building of genomic libraries. Using the
mtGDPs, it should be possible to use RNA samples extracted from
infected tissues or cell cultures in DNA microarray assays without
any further purification, enrichment, or concentration procedures.
Our results indicate that GDPs may provide more sensitivity and
specificity in the analysis of pathogen transcripts in infected tissues,
facilitating searches for new targets for vaccine and drug therapy.

Experimental protocol

Design of mycobacterial genome-directed primers (mtGDPs). The mtGDPs
are 7- or 8-mer oligonucleotides chosen from M. tuberculosis genome using a
novel searching algorithm (Fig. 1A). The algorithm can be used to define the
minimal number of oligonucleotides of a given length capable of priming all
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genes within any genome. The basic algorithm parameters are (1) sequences
of each gene in a genome (2) the length of the search region (in either forward
or reverse directions) within which an oligonucleotide must have a match (3)
the desired number and length of the oligonucleotides, and (4) the percent-
age of the ORFs to be covered. We applied this algorithm to M. tuberculosis
genome using the sequence data stored in an SQL database. The 37 oligonu-
cleotides identified through this method as well as the GDP-Finder program
can be downloaded from our web site®. These primers were synthesized in-
house using ABI DNA Synthesizer (Applied Biosystems, Foster City, CA) and
used for labeling mycobacterial transcripts from purified mycobacterial total
RNA or from mixed mycobacterial and mammalian total RNA in different
ratios as described below.

Hybridization and data processing. A detailed description of building the
mycobacterial DNA microarrays and generating labeled probes can be found
in our web sited. For each hybridization experiment, cDNA-labeled probes
were generated from 5 g of total RNA harvested from mycobacterial cultures
grown to either log or stationary growth phases. Labeling of RNA transcripts
was performed in presence of reverse transcriptase (SuperScript II,
Gibco/BRL, Grand Island, NY). 6-mers random primers (Gibco/BRL), 7-
mers random primers (ABI DNA Synthesizer), and GDPs (ABI DNA
Synthesizer) were labeled with Cy3- or Cy5-dCTP fluorophores (Amersham,
Arlington Heights, IL) according to the manufacturer’s protocol. When
decreasing concentrations of mycobacterial RNA (less than 5 pg) were tested,
total RNA extracted from Cos-7 cells was used to maintain 5 pg for each
labeling reaction. Mycobacterial genomic DNA samples (2 pg each) were
labeled by nick translation system labeling kit (Promega, Madison, WI) and
according to the manufacturer’s protocol. Hybridized slides were scanned by
a laser confocal microscopy (Scan Array 3000, Telechem International Inc.,
San Jose, CA) after independent excitation of the fluorophores Cy3 and Cy5.
The signal and background fluorescence intensities were calculated for each
DNA spot using image analysis software (Imagene, Biodiscovery Inc., Los
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Angelas, CA) by averaging the intensities of every pixel inside the target
region (segmentation method). The probe intensity for each DNA spot was
the difference between average signal intensity and average local background
intensity. The ratios of intensity for Cy5- to Cy3-labeled probes were deter-
mined for each DNA spot, reflecting the relative abundance of mRNA tran-
scripts in each probe. A change of two standard deviations or more from the
mean of the normalized fluorescence intensities of each fluorophore was con-
sidered a significant preferential gene expression.
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