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Abstract This study identified the widely used T7 in vitro tran-
scription system as a major source of artifact in the tiling array
data from nine eukaryotic genomes. The most affected probes
contained a sequence motif complementary to the +1 to +9 ini-
tial transcribed sequence (ITS) of the T7-(dT),4 primer. The
abundance of 5’ ITS cRNA fragments produced during target
preparation was sufficient to drive undesirable hybridization. A
new T7-(dT),4 primer with a modified ITS was designed that
shifts the artifactual motifs as predicted and reduces the effect
of the artifact. A computational algorithm was generated to filter
out the likely artifactual probes from existing whole-genome til-
ing array data and improve probe selection. Further studies of
Arabidopsis thaliana were conducted using both T7-(dT),4 prim-
ers. While the artifact affected transcript discovery with tiling ar-
rays, it showed only a minor impact on measurements of gene
expression using commercially available ‘gene-only’ expression
arrays.
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1. Introduction

Microarray technology has provided unprecedented oppor-
tunities to study an entire genome in a high throughput man-
ner. As recent developments in chip production permit higher
oligonucleotide density and more versatile chip designs, appli-
cations have extended beyond the analysis of annotated gene
expression to include unbiased whole-genome exploration [1—
11]. This has led to improved detection of predicted intron/
exon boundaries and transcriptional splice variants, as well
as the identification of many putative small non-coding RNAs
and miRNAs. A number of unexpected transcriptional phe-
nomena, such as widespread signals in antisense, intronic
and intergenic regions, were also observed in whole-genome
tiling array experiments performed in several organisms.
Although the biological significance of this unusual transcrip-
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tion remains largely unknown, an even more critical issue is
which of the observed signals are a genuine reflection of
in vivo transcription. As microarrays can be very sensitive to
low levels of transcription, it is not always possible to verify
the authenticity of a putative transcript through traditional
methods involving Northern blots or reverse transcriptase
polymerase chain reaction (RT-PCR). The large number of de-
tected RNAs would also make the verification process costly
and laborious. As the number of probes used in microarray
investigations continues to rise, even a low false positive rate
of detection can be expected to produce increasingly significant
errors in genome discovery. Consequently it is of utmost
importance to identify sources of artifact and take steps to re-
duce the false positives that inevitably arise in this technology
[12-14].

It has previously been noted that experimental artifacts may
arise through cross-hybridization, contamination from geno-
mic DNA and unspliced RNA or unintended double-stranded
labeling of RNA [13]. In addition, it is expected that different
microarray platforms and labeling systems will have a set of
artifacts specific to the methods used (see Supplementary Dis-
cussion). This study provides evidence of an important se-
quence-specific artifact for all oligonucleotide microarrays
that use T7 RNA polymerase for cRNA target production.
Technical and computational solutions to ameliorate this
problem are also presented.

2. Results

2.1. High signal bias in C-rich probes

A comparison of the signal intensity and nucleotide compo-
sition of probes was performed on data from previously pub-
lished Arabidopsis thaliana 36-mer whole-genome tiling
microarrays synthesized on a maskless photolithography plat-
form [4,15]. In contrast with the entire set of oligos, the top 5%
of probes ranked by signal intensity showed a marked increase
in cytosine and decrease in adenine content, while the fre-
quency of thymine and guanine residues remained relatively
unaffected (Fig. 1). This trend was reproducible in data from
an earlier Arabidopsis tiling study using 25-mer Affymetrix ar-
rays, indicating a common bias that was independent of probe
length, chip synthesis technology, or laboratory handling [2].
Further analyses were performed on data from other eukary-
otic arrays, and a similar bias was noted for honeybee
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Fig. 1. Nucleotide composition shifts among high signaling probes. The nucleotide abundances among the top 5% highest signaling oligos from an
individual array were compared with the overall nucleotide abundances among all probes on that array. The average change in probe composition for
multiple arrays (48, 13, 17, 6, 17, 8, 27, 24, 135, and 90 arrays, respectively) from each genome is shown. Error bars indicate standard deviation. A4.
thaliana® [4), A. mellifera, C. reinhardtii, T. pseudonana, S. cerevisiae, S. purpuratus tiling arrays were hybridized with cRNA derived from T7-based
IVT reactions. D. melanogaster, H. sapiens, and O. sativa tiling arrays were hybridized with randomly primed first strand cDNA. A. thaliana® [2)
arrays were composed of 25-mer probes for the Affymetrix platform; S. purpuratus was a 50-mer array synthesized by maskless photolithography; all
other arrays had 36-mer probes also synthesized with maskless photolithography.

(Apis mellifera), Chlamydomonas reinhardtii, and diatom (Tha-
lassiosira pseudonana) [9,10,16]. For both Arabidopsis sets and
for honeybee, data from each individual array showed a nearly
identical shift in the cytosine enrichment of the top 5% of
probes (data not shown). In contrast, the exact shifts were dif-
ferent among each of the four Chlamydomonas arrays,
although the overall trend was similar. Despite being synthe-
sized with the same maskless technology, the human, rice (Or-
yza sativa), and fruit fly (Drosophila melanogaster) arrays did
not share the nucleotide bias among their high signal probes,
and yeast (Saccharomyces cerevisiae) data showed substan-
tially lower bias [3,5,7,17]. Thus it was unclear if the C-rich
correlation with high signal was either due to a genome-specific
cause, or a difference in laboratory techniques. Also notable
was the relative absence of nucleotide bias in the sea urchin
(Strongylocentrotus purpuratus) tiling data, the only genome
examined with 50-mer microarray probes [11]. Several possible
explanations were considered for these observations (see Sup-
plementary Discussion).

2.2. Oligomeric motif analysis

To determine if other factors contributed to the C-rich signal
bias, it was examined whether a random distribution of high
C-content across a probe was sufficient to be associated with
high signal, or if clusters of cytosines were more important.
Moreover, we were curious if other neighboring nucleotides
had signal enhancing effects. To investigate this phenomenon,
we devised a method that reflects the representation of short
oligomeric sequences among the probes with the strongest ar-

ray signals. For a given N-mer a score was assigned as the
median signal intensity of all probes containing the N-mer se-
quence, divided by the median signal of all probes on the ar-
ray. Scores were calculated for all permutations of N-mers of
2-9 bases in length, and the N-mers were ranked by score
for further examination.

MN-mer

N-mer Score () =

)
N2—9 Mall probes

where m is the median signal intensity.

This analysis was performed on oligonucleotide array data
from multiple genomes, and representative results are shown
in Fig. 2.

It became apparent that the score for the top oligomeric se-
quence of a given length approached a logarithmic increase in
proportion to the length of the N-mer (Fig. 2A). Furthermore,
a relatively small proportion of the N-mers were associated
with large changes in signal intensity. In contrast, the bottom
range of scores remained relatively unaffected by changes in N-
mer length. The scores of longer N-mers should approach a
limit when additional neighboring nucleotides cease to be
important. However, the observation of dramatically rising
scores coupled to increasing complexity indicated that an
unexpectedly long sequence specificity was likely to be found
among the top-scoring motifs. Further analysis of the 9-mer
sequences showed a striking C-rich bias in nucleotide compo-
sition among the highest scoring 1% of the motifs (Fig. 2B).
This was consistent with our earlier observation of increased
C-content among high signal probes.
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