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Abstract 
 
 
Spectra-Based Fault Localisation (SBFL) aims to assist de- bugging by applying risk 
evaluation formulæ (sometimes called suspiciousness metrics) to program spectra and 
ranking statements according to the predicted risk. Designing a risk evaluation formula is 
often an intuitive process done by human software engineer. This paper presents a Genetic 
Programming approach for evolving risk assessment formulæ. The empirical evaluation 
using 92 faults from four Unix utilities produces promising results1. GP-evolved equations 
can consistently outperform many of the human-designed formulæ, such as Tarantula, 
Ochiai, Jaccard, Ample, and Wong1/2, up to 5.9 times. More importantly, they can perform 
equally as well as Op2, which was recently proved to be optimal against If-Then-Else-2 
(ITE2) structure, or even outperform it against other program structures. 

                                                
1 The program spectra data used in the paper, as well as the complete empirical results, are available from: 
http://www.cs.ucl.ac.uk/staff/s.yoo/evolving-sbfl.html. 
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Abstract

Recently the complete genomes of several more species of mycoplasma have been published.
We can now see at least 473 Affymetrix HG-U133 +2 Homosapiens probes match one or more
species of mycoplasma. Analysis of published data from thousands of human GeneChips finds
correlations between probes in human studies between different labs in different countries
which suggests contamination with mycoplasma is the common factor.
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1 Introduction

It is well known that mycoplasma contamination is rife in molecular biology laboratories [6]. Depend-
ing upon medium, mycoplasma contamination rates of 1% to 15–35% (or even higher) have been re-
ported [7]. Many labs routinely sterilised their equipment to counter it. About 1% of published NCBI’s
GEO GeneChip data appear to be contaminated [8]. Aldecoa-Otalora et al. [8] showed one complete
Affymetrix probeset (1570561 at, 22 probes including controls) actually represents the 16S-23S rRNA
intergenic transcribed spacer of mycoplasma genomes. This DNA sequence was included in a human mi-
croarray (the HG-U133 +2) and so it measures expression of mycoplasma genes. Here we suggest many
more individual HG-U133 +2 probes also do so and, all those that give a signal, are correlated. This
correlation strengthens the earlier claim that a sample which express 1570561 at does so because it is con-
taminated by mycoplasma. Given the disruptive effect of mycoplasma on human cells’ metabolisms [6], if
a sample is contaminated no gene expression measurements from it (whether measured by microarray or
any other technique) can be relied upon.

Whilst Aldecoa-Otalora et al. [8] suggested 1570561 at was the only probeset to target Mycoplasma arthri-
tidis, firstly several more species of mycoplasma have been fully sequenced since, and secondly here we
report many individual HG-U133 +2 probes map to one or more of the published mycoplasma genomes
(see Table 2).

2 Method

As part of a study of alternative splicing of human exons previously we had down loaded, checked for
spatial errors and quantile normalised all the human GeneChip CEL files from NCBI’s GEO repository [9;
10; 11]. In particular we have 2757 HG-U133 +2, which are now available via RNAnet [12]. (GEO, like
other Bioinformatics databases, continues to grow rapidly and it now contains many more data.)

Aldecoa-Otalora et al. [8] suggested that an EST DNA sequence within the reference human genome
is actually DNA from mycoplasma. This public sequence was used by Affymetrix when they designed
their HG-U133 +2 GeneChip and Aldecoa-Otalora et al. suggested that the probes in this probeset do not
measure expression of human genes but instead they measure expression of mycoplasma genes. Using
RNAnet they were able to show the probeset was essentially quiescent except in about 0.7% of GEO.
Aldecoa-Otalora et al. suggested that in those cases the probeset was active because the supposedly human
samples were in fact contaminated with mycoplasma. As support for this they also reported that the suspect
samples were significantly more likely to be from cell lines [8, Supplementary Material].

Since [8] was published more species of mycoplasma have been fully sequenced. Using Bowtie [13]
(release 0.12.7 with parameters --all --best) we find 437 HG-U133 +2 probes (including control
probes) match one or more species of the 30 mycoplasma genomes we downloaded from ftp.ncbi.nih.
gov (see the appendix). We restricted our search to the 106 probes that match one or more mycoplasma
genome exactly. (None of these 106 are control probes.) We then calculated all possible pairwise corre-
lations for individual probes. We report normal (i.e. Pearson) correlation but also calculated Spearman’s
rank correlation since it can be readily converted into a non-parametric statistical test. We also formulated a
second null hypothesis by dividing at the median values each probe verses probe scatter plot into four quad-
rants. If there is no correlation between the two probes the four quadrants should contain approximately
equal numbers of points. We test this with a Chi-squared test.

2.1 Setting a Signal Threshold

Microarray data are notoriously noisy. Although the RNAnet data have been filtered for spatial errors [11]
some noise remains. Low intensity signals are especially prone to crosstalk from other nearby probes giving
loud signals [14]. Figure 1 shows two example scatter plots where most of the data lie in the range 50–100
and are essentially noise. There are many reasons why a probe may give a weak signal, including poor
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Figure 1: Sample scatter plots of normalised HG-U133 +2 probes which match published mycoplasma
genome exactly. Gene expression values taken from GEO. 33 samples suspected of mycoplasma contam-
ination plotted with ×. Left chosen as has small correlation. Right chosen with high correlation and same
vertical data.

probe design. So below a certain signal strength we cannot rely on probe data. This section is concerned
with setting a threshold below which we shall ignore probe signals.

We approached the problem of where to set a reasonable threshold on GeneChip data by noting that in
general probes in the same probeset should be correlated. Therefore we took the subset of our all-pairs
correlations corresponding to both pairs being in the same probeset and plotted them. In Figure 2 the
horizontal axis is used simply to order all these correlations by the mean expression (of the least active of
each pair).

It is clear from Figure 2 that when both probes are active (i.e. both have average expression above 120)
then they are correlated. (53% of normalised probe values are below 120. See also Figure 3.) Therefor
of our 106 probes which exactly match a mycoplasma genome we selected the 61 with mean normalised
expression of at least 120. This gives C61

2 = 1830 pairings.

3 Results

Table 1 gives the correlations of all 61 probes which match exactly against mycoplasma and have a reason-
able expression on the 33 suspect cel files. Apart from a small number of exceptions and the anomalous
behaviour of one of the 61 probes (next paragraph) all are correlated.

Even at p = 0.1, only probe (211690 at.pm8) fails to show statistically significant correlation against many
of the other 60 probes. We suggest 211690 at.pm8 is atypical because of two outliers. (The two outliers are
shown in Figure 4. Apart from them 211690 at.pm8 does not have a large signal.) Hence we feel justified
in excluding it. Except 211690 at.pm8, there are only 13 other pairs (shown in bold in Table 1) with poor
statistical significance.

Like Table 1, the numbers in Figures 5 and 6 show Pearson correlation (multiplied by ten) for our 61 probes.
White–Yellow backgrounds indicate high correlation, whilst blue indicates near zero. The high contrast
between correlation on the contaminated data (Figure 5) and little correlation across several thousand other
CEL files (Figure 6) is dramatic. (Figure 7 summarises Figures 5 and 6.)
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Figure 2: Using χ2 to see which probe pairs in the same Affymetrix probeset are statistical correlated. Of
the 106 HG-U133 +2 probes which match mycoplasma exactly, there are 450 pairs from the same probeset
(plotted). Setting a threshold at 120 means only 7 pairs of 189 (3.7%) have χ2 < 3.84. (χ2 > 3.84 is
needed for a p-value of better than 5%, 1 dof.)
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Figure 3: Distribution of normalised HG-U133 +2 probes. All GEO, centile bins, note log scale.
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Table 1: Pearson correlation (×10) between HG-U133 +2 probes which match one or more species of
mycoplasma genome exactly across 33 “Human” GEO cel files identified by [8] as suspicious. 3rd col-
umn is location of the HG-U133 +2 probe in the Mycoplasma hyorhinis HUB-1 genome (NC 014448.1).
4th column give average normalised expression in the 33 CEL files. Figures in bold indicate neither χ2

more Spearman rank correlation show two probes to be statistically correlated at the 10% level. Excluding
211690 at.pm8 (see Figure 4), only 13 (of 1770, 0.7%) probe pairs fail to pass either statistical test.

probe name HUB-1 mean 1 2 3 4 5 6 7 8 910111213141516171819202122232425262728293031323334353637383940414243444546474849505152535455565758596061
61 224354 at.pm1 752866 303 9 9 9 9 9 7 9 9 8 9 7 6 3 1 4 8 7 5 5 9 9 9 9 9 8 8 8 7 8 9 9 9 8 8 9 8 8 9 8 9 9 7 7 7 7 7 8 7 8 8 8 9 910 8 9 8 5 9 9
60 224354 at.pm2 752849 380 8 9 9 910 6 9 9 9 9 6 5 2 0 2 7 8 4 5 9 8 9 8 9 8 8 9 8 8 9 8 9 8 8 8 8 7 8 8 8 8 7 7 7 7 7 8 8 8 8 81010 9 910 8 5 9 9
59 224354 at.pm3 752835 176 8 9 9 9 9 6 9 9 8 8 6 7 4 2 2 8 7 5 6 8 9 9 9 9 8 8 9 7 8 8 8 9 7 8 8 8 8 8 8 8 8 8 8 7 7 8 8 8 9 9 8 9 910 8 9 7 6 9 9
58 224354 at.pm5 752768 490 5 5 5 6 5 6 6 5 4 4 3 8 8 7 1 8 6 8 7 3 3 3 2 3 2 1 3 2 2 3 3 4 2 3 2 2 2 2 3 3 3 1 2 4 5 8 7 6 7 7 7 4 5 5 4 5 3 6 5 5
57 224354 at.pm6 752748 248 6 8 8 8 8 4 7 7 7 7 9 4 0 -1 5 5 4 3 4 8 7 9 7 8 7 7 7 6 7 8 7 7 5 6 7 7 6 7 7 7 7 5 5 6 6 5 7 6 7 7 7 8 8 7 7 8 3 7 8 8
56 224354 at.pm7 752723 404 810101010 7 9 9 9 9 7 6 3 1 2 8 7 5 6 9 9 9 8 9 8 8 9 8 8 9 8 9 7 8 8 8 7 8 8 9 8 7 7 7 7 8 8 8 9 9 91010 9 9 8 5 910 9
55 224354 at.pm8 752649 142 6 8 8 8 9 4 7 8 9 8 5 3 1 0 1 6 6 3 3 9 7 8 7 8 8 8 9 8 8 8 7 8 7 6 7 6 6 7 7 7 6 6 7 8 8 6 7 6 7 7 7 9 9 8 9 7 4 8 9 8
54 224354 at.pm9 752522 357 9 9 9 9 9 7 9 9 8 9 6 6 3 1 2 8 7 5 5 9 9 9 9 9 8 8 9 8 8 9 9 9 8 8 9 8 8 9 9 9 8 8 8 7 7 7 8 7 8 8 81010 8 9 7 510 910
53 224354 at.pm10 752507 388 8 9 9 910 6 9 9 9 9 7 5 2 1 2 7 7 5 5 9 9 9 8 9 8 8 9 8 9 9 8 9 8 8 8 8 7 8 8 8 8 7 7 8 8 8 8 8 8 9 810 10 910 8 5 910 9
52 224354 at.pm11 752425 359 8 9 9 9 9 6 9 9 9 9 6 4 1 -0 2 7 7 3 410 9 9 9 9 9 9 9 9 9 9 9 9 8 8 9 8 8 9 9 9 8 8 8 7 7 6 7 7 7 8 7 1010 910 8 4 910 9
51 1567703 at.pm4 661475 140 6 8 7 8 8 5 7 7 7 6 6 7 5 4 2 8 6 7 7 7 6 7 6 7 6 6 7 6 6 7 5 7 4 5 5 5 4 5 5 6 5 5 5 8 8 910 91010 7 8 8 7 9 7 7 8 8 8
50 1567703 at.pm5 661460 191 6 8 7 8 8 5 7 7 7 6 6 7 5 4 2 8 7 7 6 7 6 7 6 7 6 6 7 6 6 7 6 7 4 5 5 5 5 5 6 6 6 6 6 7 7 9101010 10 8 9 8 7 9 7 7 9 8 8
49 1567703 at.pm6 661458 221 6 8 7 8 8 5 7 7 6 6 6 7 5 4 2 8 7 7 6 7 6 7 6 6 6 6 7 5 6 7 6 7 4 5 5 5 5 5 5 6 6 5 6 7 7 91010 1010 7 8 8 7 9 7 7 9 8 8
48 1567703 at.pm7 661453 250 5 7 7 8 7 4 7 6 6 6 6 6 5 4 1 8 7 7 6 6 5 7 5 6 5 6 6 5 6 6 5 6 4 4 5 4 4 4 5 5 5 5 5 7 7 910 1010 9 7 8 7 6 8 6 6 8 8 7
47 1567703 at.pm8 661451 226 5 8 7 8 8 4 7 7 7 6 6 7 5 4 1 8 7 7 6 7 6 7 5 6 5 6 7 5 6 6 5 7 4 4 5 5 4 5 5 5 5 5 5 7 7 9 10101010 7 8 8 7 8 7 7 8 8 8
46 1567703 at.pm9 661448 157 5 7 6 7 7 4 7 6 6 5 4 8 7 6 1 8 6 6 6 6 5 6 5 5 4 5 6 5 5 5 4 6 4 4 4 4 4 4 5 5 4 5 5 7 7 9 9 9 9 9 6 8 7 6 8 5 8 8 7 7
45 1567703 at.pm10 661443 121 5 6 6 7 7 3 6 6 6 6 4 5 4 2 1 6 4 4 4 7 6 6 6 7 6 7 7 7 6 6 5 7 5 5 6 5 5 5 6 6 5 5 6 9 7 7 7 7 7 8 7 8 7 8 7 6 5 7 7 7
44 1567703 at.pm11 661440 123 4 6 6 6 7 3 6 6 7 6 5 4 3 1 1 6 4 4 4 7 5 6 5 6 7 7 7 7 7 6 5 6 4 4 5 4 4 4 5 5 4 5 5 9 7 7 7 7 7 8 7 8 7 8 7 6 4 7 7 7
43 233847 x at.pm4 658617 215 5 5 6 6 6 2 6 6 6 6 4 3 0 0 1 5 6 1 0 8 8 7 9 8 8 8 9 8 9 8 7 8 8 8 8 7 8 8 8 7 810 5 6 5 5 5 6 6 5 8 7 8 7 7 5 2 8 7 7
42 233847 x at.pm10 658441 308 6 6 7 6 6 3 7 7 6 7 4 3 0 -0 1 5 6 1 1 8 9 8 9 9 8 8 8 8 8 8 8 8 8 8 9 8 8 8 9 8 8 10 5 5 5 5 5 5 6 5 8 7 8 6 7 5 1 8 7 7
41 234623 x at.pm2 458898 338 8 8 8 8 8 5 8 8 7 8 6 4 0 -1 3 5 6 3 3 910 9 9 9 8 8 8 8 8 910 9 91010 910101010 8 8 4 5 4 5 5 6 6 5 8 8 8 6 8 7 3 8 8 9
40 234432 at.pm7 458777 128 9 8 9 8 9 6 9 9 8 9 6 4 0 -1 3 6 6 3 4 910 9 910 9 8 8 8 81010 9 9 910 9 91010 10 8 7 5 6 5 5 5 6 6 6 9 8 9 7 9 7 3 8 8 9
39 234432 at.pm6 458762 122 8 8 8 8 8 5 8 9 8 8 5 4 0 -1 2 6 6 2 3 910 9 9 9 9 8 9 8 8 9 910 91010 91010 1010 9 8 5 6 5 5 5 5 6 5 9 8 9 7 8 7 3 8 8 8
38 234623 x at.pm5 458703 175 9 8 8 8 8 6 8 9 8 9 5 4 -0 -1 2 5 6 2 3 910 9 9 9 8 7 8 8 8 910 91010101010 101010 8 8 4 5 4 5 4 5 5 5 9 8 9 7 8 7 2 8 8 9
37 234623 x at.pm6 458667 162 8 7 8 7 8 6 8 8 7 8 4 4 0 -0 2 5 6 2 3 8 9 8 9 9 8 7 8 7 7 910 9 91010 9 1010 910 8 8 4 5 4 4 4 5 5 4 8 7 8 6 7 6 2 8 7 8
36 234623 x at.pm7 458657 160 8 8 8 8 8 6 8 8 8 9 5 4 0 -1 2 5 5 2 3 9 9 9 9 9 7 7 8 7 8 910 9 9 910 910 9 9 9 8 7 4 5 4 5 4 5 5 5 8 8 8 6 8 7 2 8 8 8
35 234623 x at.pm8 458639 204 8 8 8 8 8 5 8 9 8 9 5 4 0 -1 2 5 6 2 3 910 9 9 9 8 8 8 8 8 910 91010 101010101010 9 8 5 6 4 5 5 5 5 5 9 8 9 7 8 7 2 8 8 9
34 234623 x at.pm9 458622 189 9 7 8 8 8 6 8 8 7 8 5 4 0 -1 2 5 6 2 3 810 8 9 9 8 7 8 7 7 910 9 9 10 9101010 910 8 8 4 5 4 4 4 5 5 5 8 8 8 6 8 6 3 8 8 8
33 234623 x at.pm10 458613 149 7 7 8 7 8 5 7 8 8 8 4 3 -0 -1 1 5 6 1 2 9 9 8 9 9 8 7 8 8 8 9 9 9 910 9 910 9 9 9 8 8 4 5 4 4 4 4 4 4 8 8 8 7 7 5 2 7 8 8
32 234432 at.pm4 458586 127 8 8 9 8 9 5 8 9 9 9 6 4 0 -0 2 6 7 3 310 9 9 910 9 8 9 9 910 9 9 9 9 9 9 910 9 9 8 8 6 7 6 7 6 7 7 7 9 9 9 8 9 7 4 9 9 9
31 234623 x at.pm11 458574 232 9 8 9 8 9 6 9 9 8 9 6 4 0 -1 2 6 6 3 4 910 9 9 9 8 8 8 8 8 9 9 91010101010 91010 8 7 5 5 4 5 5 6 6 5 9 8 9 7 8 7 3 8 8 9
30 234432 at.pm3 458574 169 8 9 9 9 9 5 9 9 9 9 7 4 0 -1 3 6 6 3 310 910 910 9 9 9 9 9 910 9 9 9 9 9 9 910 9 8 8 6 6 5 6 6 7 7 7 9 9 9 8 9 8 3 8 9 9
29 1561775 at.pm7 313206 121 6 7 8 7 8 2 7 7 8 7 5 2 -0 -1 2 5 6 1 1 9 8 8 9 9 9 910 9 9 8 9 8 7 8 8 7 8 8 8 8 8 9 7 6 5 6 6 6 6 6 9 9 8 8 8 7 2 8 8 8
28 1561775 at.pm6 313184 126 6 7 8 7 8 2 7 7 8 7 5 2 -0 -2 2 4 6 1 1 9 8 8 8 9 9 910 9 9 8 9 8 7 8 7 7 8 8 8 8 8 8 7 7 5 5 5 5 6 6 9 8 8 8 8 6 2 7 8 7
27 1561775 at.pm5 313181 164 6 7 8 7 8 3 7 8 8 8 6 4 0 -1 2 5 6 2 2 9 9 9 9 910 9 1010 9 8 9 8 8 8 8 8 8 9 8 8 8 9 7 7 6 7 6 7 7 7 9 9 9 9 9 7 3 9 9 8
26 1561775 at.pm2 313114 162 6 7 7 7 8 2 7 7 7 7 6 2 -1 -2 2 4 6 1 1 9 8 9 9 9 9 9 9 9 9 8 8 7 7 8 7 7 7 8 8 8 8 8 7 7 5 6 6 6 6 6 9 8 8 8 8 7 1 8 8 8
25 1561775 at.pm1 313103 127 6 7 8 7 8 3 7 7 8 7 6 2 -1 -2 3 4 6 0 1 9 9 8 9 9 910 9 9 9 8 9 8 8 8 7 8 8 9 9 8 8 8 7 6 4 5 5 6 6 6 9 8 8 8 8 7 2 8 8 8
24 233822 x at.pm4 185155 202 8 8 9 8 9 5 8 9 8 9 6 4 -0 -1 2 6 6 2 31010 910 9 9 9 9 910 910 9 9 9 9 9 9 910 9 9 8 6 7 5 6 6 6 7 7 9 9 9 8 9 8 3 9 9 9
23 233822 x at.pm7 185083 141 8 7 8 7 8 5 8 8 7 8 6 4 0 -1 3 5 6 2 2 910 9 10 9 9 9 8 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 5 6 5 5 5 6 6 6 9 8 9 7 8 7 2 9 8 9
22 233822 x at.pm8 185070 567 8 9 9 9 9 6 9 9 9 9 7 4 0 -0 4 6 7 4 4 9 9 9 9 8 9 9 8 810 9 9 8 8 9 9 8 9 9 9 9 8 7 6 6 6 7 7 7 7 7 9 9 9 8 9 9 3 9 9 9
21 233822 x at.pm9 185028 175 9 8 9 8 9 6 9 9 8 9 6 5 0 -0 3 6 7 3 3 9 91010 9 8 9 8 8 910 9 91010 9 910101010 9 8 5 6 5 6 5 6 6 6 9 9 9 7 9 7 3 9 8 9
20 233822 x at.pm10 185012 128 7 8 9 9 9 5 8 9 9 9 6 4 0 -1 2 6 7 3 3 9 9 910 9 9 9 9 910 910 9 8 9 9 8 9 9 9 9 8 8 7 7 6 7 6 7 7 710 9 9 9 9 8 3 8 9 9
19 1570561 at.pm11 20275 468 6 7 6 7 6 8 6 6 5 5 3 7 6 5 1 7 4 9 3 3 4 2 3 1 1 2 1 1 3 4 3 2 3 3 3 3 3 3 4 3 1 0 4 4 6 6 6 6 6 7 4 5 5 3 6 4 7 6 5 5
18 1570561 at.pm10 20264 556 5 6 5 6 5 6 6 5 4 4 2 7 7 7 0 8 4 9 3 3 4 2 2 0 1 2 1 1 3 3 3 1 2 2 2 2 2 2 3 3 1 1 4 4 6 7 7 7 7 7 3 5 5 3 5 3 8 5 4 5
17 1570561 at.pm2 20137 7142 6 7 7 7 7 5 7 7 6 6 4 6 3 3 0 8 4 4 7 7 7 6 6 6 6 6 6 6 6 6 7 6 6 6 5 6 6 6 6 6 6 6 4 4 6 7 7 7 7 6 7 7 7 6 7 4 6 7 8 7
16 1570561 at.pm1 20126 3312 7 8 7 8 7 7 8 7 6 6 4 9 7 6 1 8 8 7 6 6 6 5 6 4 4 5 4 5 6 6 6 5 5 5 5 5 5 6 6 5 5 5 6 6 8 8 8 8 8 8 7 7 8 6 8 5 8 8 7 8
15 211690 at.pm9 19121 177 2 2 2 2 2 1 2 2 1 2 5 2 0 -0 1 0 0 1 2 3 4 3 2 3 2 2 2 2 3 2 2 1 2 2 2 2 2 2 3 3 1 1 1 1 1 1 1 2 2 2 2 2 2 1 2 5 1 2 2 4
14 211690 at.pm8 19095 168 1 1 0 1 0 3 2 0 0 0 -2 7 9 -0 6 3 7 5 -1 -0 -0 -1 -1 -2 -2 -1 -2 -1 -1 -1 -0 -1 -1 -1 -1 -0 -1 -1 -1 -1 -0 0 1 2 6 4 4 4 4 4 -0 1 1 0 1 -1 7 2 0 1
13 211690 at.pm7 19080 671 3 3 2 3 2 4 4 2 1 1 -0 8 9 0 7 3 7 6 0 0 0 0 -0 -1 -1 0 -0 -0 0 0 0 -0 0 0 0 0 -0 0 0 0 0 0 3 4 7 5 5 5 5 5 1 2 3 1 3 0 8 4 2 3
12 211690 at.pm5 19012 154 7 6 5 6 5 7 7 6 4 5 3 8 7 2 9 6 7 7 4 5 4 4 4 2 2 4 2 2 4 4 4 3 4 4 4 4 4 4 4 4 3 3 4 5 8 7 6 7 7 7 4 5 6 3 6 4 8 7 5 6
11 211690 at.pm1 18889 161 5 6 6 6 7 4 6 6 5 6 3 -0 -2 5 4 4 2 3 6 6 7 6 6 6 6 6 5 5 7 6 6 4 5 5 5 4 5 5 6 6 4 4 5 4 4 6 6 6 6 6 6 7 6 5 7 9 3 6 6 7
10 1555623 at.pm11 8754 442 91010 910 8 910 9 6 5 1 0 2 6 6 4 5 9 9 9 8 9 7 7 8 7 7 9 9 9 8 8 9 9 8 9 8 9 8 7 6 6 6 5 6 6 6 6 6 9 9 9 8 9 7 4 8 9 9
9 1555623 at.pm10 8681 180 8 910 910 6 8 9 9 5 4 1 0 1 6 6 4 5 9 8 9 7 8 8 7 8 8 8 9 8 9 8 7 8 8 7 8 8 8 7 6 6 7 6 6 7 6 6 7 7 9 9 8 9 9 7 4 8 9 8
8 1555623 at.pm9 8666 1149 910101010 810 910 6 6 2 0 2 7 7 5 6 9 9 9 8 9 7 7 8 7 7 9 9 9 8 8 9 8 8 9 9 9 8 7 6 6 6 6 7 6 7 7 7 9 9 9 8 9 7 5 9 9 9
7 1555623 at.pm8 8651 140110 9 910 9 8 10 8 9 6 7 4 2 2 8 7 6 6 8 9 9 8 8 7 7 7 7 7 9 9 8 7 8 8 8 8 8 8 9 8 7 6 6 6 7 7 7 7 7 7 9 9 9 7 9 7 6 9 9 9
6 1555623 at.pm6 8466 318 9 8 7 8 7 8 8 6 8 4 7 4 3 1 7 5 6 8 5 6 6 5 5 3 2 3 2 2 5 6 5 5 6 5 6 6 6 5 6 5 3 2 3 3 4 4 4 5 5 5 6 6 7 4 7 4 6 6 6 7
5 1555623 at.pm5 8338 466 9101010 7 9101010 7 5 2 0 2 7 7 5 6 9 9 9 8 9 8 8 8 8 8 9 9 9 8 8 8 8 8 8 8 9 8 6 6 7 7 7 8 7 8 8 8 910 9 910 8 5 910 9
4 1555623 at.pm4 8321 918 91010 10 81010 9 9 6 6 3 1 2 8 7 6 7 9 8 9 7 8 7 7 7 7 7 9 8 8 7 8 8 8 7 8 8 8 8 6 6 6 7 7 8 8 8 8 8 9 9 9 810 8 6 9 9 9
3 1555623 at.pm3 8309 587 910 1010 7 9101010 6 5 2 0 2 7 7 5 6 9 9 9 8 9 8 7 8 8 8 9 9 9 8 8 8 8 8 8 8 9 8 7 6 6 6 6 7 7 7 7 7 9 9 9 810 8 5 9 9 9
2 1555623 at.pm2 8290 1693 9 101010 8 910 910 6 6 3 1 2 8 7 6 7 8 8 9 7 8 7 7 7 7 7 9 8 8 7 7 8 8 7 8 8 8 8 6 5 6 6 7 8 7 8 8 8 9 9 9 810 8 5 9 9 9
1 1555623 at.pm1 8276 1265 9 9 9 9 910 9 8 9 5 7 3 1 2 7 6 5 6 7 9 8 8 8 6 6 6 6 6 8 9 8 7 9 8 8 8 9 8 9 8 6 5 4 5 5 5 5 6 6 6 8 8 9 6 8 6 5 8 8 9
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Figure 4: Scatter plot of normalised gene expression values for suspect GEO cel files for 211690 at.pm8
against another probe to show two outliers (? near x = 600).

4 Discussion

4.1 Does it Matter?

Contamination by mycoplasma is difficult to detect but the activity of mycoplasma genes can overwhelm
the expressed RNA signal from human genes in the infected sample. Miller et al. [6] say mycoplasma
contamination has “potentially major consequences for the diagnosis and characterization of diseases using
expression array technology.” Yet the suspect GEO data is used in five different publications in top flight
journals. So far in total they have been cited 67 times. None of them explicitly mention mycoplasma
contamination.

Only in one study are there a sizable number of published samples. In the others, it appears between 26%
and 100% of the samples in the study were contaminated.

In all published cases the HG-U133 +2 measurements were backed up by real time PCR. Western blot-
ting was also used in most cases. Although the publicly available data in GEO suggests the Affymetrix
GeneChip samples were contaminated, other techniques are typically used to confirm HG-U133 +2 results
and so are used later. This confirmation aims to overcome noise inherent in GeneChips and get more reli-
able measurements of expressed RNA rather than to address problems where the sample’s metabolism has
been changed by mycoplasma. Hence whilst we do not know that the samples used with RT-PCR etc. were
also infected, there seems little reason to be confident that they were not.

4.2 Is it a Surprise?

Given the high frequency of mycoplasma contamination reported in microbiology laboratories (particularly
for cell lines) [6], it is not unexpected that data from contaminated cell lines have been published. However,
in addition to those previously reported, we find many Affymetrix probes designed from the human genome
which match one or more published mycoplasma genomes and where they find a signal, they all respond
in the same way giving, for GeneChips, unusually high correlations (see Figure 7).
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Figure 5: Pearson correlation (cf. Table 1) expressed as colours for 61 HG-U133 +2 Affymetrix probes
which match mycoplasma exactly on 33 samples suspected of mycoplasma contamination
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Figure 6: Pearson correlation expressed as colours (cf. Figure5) for same 61 HG-U133 +2 Affymetrix
probes which match mycoplasma exactly across rest of HG-U133 +2 data in NCBI’s GEO database. (No-
tice, as expected [15], probes with a run of 4 Gs are correlated.)
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Figure 7: Distribution of all against all Pearson correlation coefficients for 61 HG-U133 +2 probes which
map exactly to one or more species of mycoplasma bacteria and have a mean value ≥ 120. The two his-
tograms contrast 33 human samples identified by [8] as suspected of being contaminated with mycoplasma
(solid line, cf. Table 1 and Figure 5) v. rest of GEO (cf. Figure 6). (Data grouped in 0.1 wide bins). Dot-
ted line is the underlying distribution. It is taken from 24132 well behaved HG-U133 +2 probes, one per
Ensembl human exon (drawn to the same scale).

4.3 Correlation as an Investigative Bioinformatics Datamining Tool

The existence of NCBI’s GEO and other large bioinformatics data repositories enables correlation studies
like these which would be impractical for all but the largest laboratories or bioinformatics processing ser-
vices. RNAnet provides convenient and near instant access to normalised GEO data and so allows cross
site comparisons and data mining exploration of gene expression data. It has been used to investigate al-
ternative exon splicing and alternative polyadenylation [16], human chimeric transcripts [17] and antisense
expression (NAT) [18]. Given sufficient data, correlation is a powerful data mining tool. Other possibilities
include cross correlating RNAnet (or other datasets) to investigate other contaminates, such as e-coli or
viruses.

4.4 Errors in Public Datasets

Aldecoa-Otalora et al. [8] suggested a gene sequence in the human genome was not human but was in fact
a DNA sequence from mycoplasma and further that it had been copied by a commercial company and in-
corporated into a gene expression measuring device (i.e. probeset 1570561 at on Affymetrix’ HG-U133 +2
microarray). They also suggested that 33 public datasets in GEO are unreliable due to the presence of
mycoplasma in the experiments they report. Since then we have reported a second mycoplasma gene
sequence (DA466599) in the human genome [19; 20] and recently Longo at al. [21] reported other (non-
human) public genome sequences appear to have have been contaminated with human genes. Here we have
strengthened our claim that the 33 public datasets in GEO were contaminated by mycoplasma by reporting
another 1530 data pairs which are correlated (p = 5%) across the 33 suspect datasets.

Despite Aldecoa-Otalora et al. [8] having been published three years ago, Both the original sequence
(AF241217) and the second one (DA466599 [20]) are still described as “Homo sapiens” within the NCBI
reference human genome. In view of the exponential rise in genomic sequence data available via the
Internet, everyone needs to be increasingly suspicious of public genomic databases.
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A Mycoplasma Genomes Used

All the Mycoplasma genomes were down loaded from FTP site ftp.ncbi.nih.gov files genomes/
Bacteria/Mycoplasma * (30 files, 24 November 2011) and incorporated into a Bowtie EBWT
database. See Table 2.

Table 2: Genomes of thirty species of Mycoplasma

Genome fasta description Mycoplasma Complete Genome
gi|148377268|ref|NC 009497.1| agalactiae PG2
gi|291319937|ref|NC 013948.1| agalactiae chromosome
gi|193082772|ref|NC 011025.1| arthritidis 158L3-1
gi|339320528|ref|NC 015725.1| bovis Hubei-1 chromosome
gi|313678134|ref|NC 014760.1| bovis PG45 chromosome
gi|83319253|ref|NC 007633.1| capricolum subsp. capricolum ATCC 27343
gi|240047135|ref|NC 012806.1| conjunctivae HRC/581 chromosome
gi|294155300|ref|NC 014014.1| crocodyli MP145 chromosome
gi|308189587|ref|NC 014552.1| fermentans JER chromosome
gi|319776738|ref|NC 014921.1| fermentans M64 chromosome
gi|294660180|ref|NC 004829.2| gallisepticum str. R(low) chromosome
gi|108885074|ref|NC 000908.2| genitalium G37
gi|321309518|ref|NC 014970.1| haemofelis str. Langford 1
gi|269114774|ref|NC 013511.1| hominis ATCC 23114 chromosome
gi|54019969|ref|NC 006360.1| hyopneumoniae 232
gi|72080342|ref|NC 007332.1| hyopneumoniae 7448 chromosome
gi|71893359|ref|NC 007295.1| hyopneumoniae J chromosome
gi|304372805|ref|NC 014448.1| hyorhinis HUB-1 chromosome
gi|313664890|ref|NC 014751.1| leachii PG50 chromosome
gi|47458835|ref|NC 006908.1| mobile 163K
gi|330370665|ref|NC 015407.1| mycoides subsp. capri LC str. 95010 plasmid pMmc-95010,

complete sequence
gi|331703020|ref|NC 015431.1| mycoides subsp. capri LC str. 95010
gi|127763381|ref|NC 005364.2| mycoides subsp. mycoides SC str. PG1 chromosome
gi|26553452|ref|NC 004432.1| penetrans HF-2
gi|13507739|ref|NC 000912.1| pneumoniae M129
gi|15828471|ref|NC 002771.1| pulmonis UAB CTIP
gi|344204770|ref|NC 015946.1| putrefaciens KS1 chromosome
gi|325972867|ref|NC 015155.1| suis str. Illinois chromosome
gi|325989358|ref|NC 015153.1| suis KI3806
gi|71894025|ref|NC 007294.1| synoviae 53
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B HG-U133 +2 Probesets working with Mycoplasma

Table 3: Of the 473 HG-U133 +2 probes which match mycoplasma, 106 probes match one or more my-
coplasma genomes (See Table 2) exactly. Of these 61 have a strong signal and come from the following
ten probesets. (GO annotations are from Affymetrix’ netaffy and so assume human genes.) Mycoplasma
hyorhinis HUB-1 [22] gene ids from NCBI NC 014448.1

Probeset GO biological process term GO molecular func-
tion term

Symbol HUB-1 Gene de-
scription

224354 at glucose metabolic process,
oxidation reduction

glyceraldehyde-3-
phosphate dehydro-
genase (phospho-
rylating) activity
protein binding NAD
or NADH binding

gap Glyceraldehyde
3-phosphate dehy-
drogenase C

1567703 at rpmF 50S ribosomal pro-
tein L32

233847 x at ribF Riboflavin biosyn-
thesis protein

234623 x at as 234432 at
234432 at MHR 0358 hypothetical protein
1561775 at MHR 0246 hypothetical protein
233822 x at tRNA aminoacylation for

protein translation
nucleotide binding
aminoacyl-tRNA
ligase activity ATP
binding

serS Seryl-trna synthetase
protein

1570561 at first reported mycoplasma probeset [8] 16S-23S ribosomal RNA inter-
genic spacer. I.e. lies between
MHR r001 16S ribosomal RNA
(18326..19674) and MHR r002 23S
ribosomal RNA (20595..22932)

211690 at rRNA processing transla-
tion translational elongation
TOR signaling cascade ri-
bosomal small subunit bio-
genesis glucose homeostasis
positive regulation of apop-
tosis

structural constituent
of ribosome protein
binding

MHR r001 16S ribosomal RNA

1555623 at oxidation reduction oxidoreductase activ-
ity FAD or FADH2
binding

MHR 0008 dihydrolipoamide
dehydrogenase
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