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Abstract
Background: The objective of this research was to investigate the reproducibility of cross-species
microarray hybridisation. Comparisons between same- and cross-species hybridisations were also
made. Nine hybridisations between a single pig skeletal muscle RNA sample and three human
cDNA nylon microarrays were completed. Three replicate hybridisations of two different amounts
of pig RNA, and of human skeletal muscle RNA were completed on three additional microarrays.

Results: Reproducibility of microarray hybridisations of pig cDNA to human microarrays was high,
as determined by Spearman and Pearson correlation coefficients and a Kappa statistic. Variability
among replicate hybridisations was similar for human and pig data, indicating the reproducibility of
results were not compromised in cross-species hybridisations. The concordance between data
generated from hybridisations using pig and human skeletal muscle RNA was high, further
supporting the use of human microarrays for the analysis of gene expression in the pig. No
systematic effect of stripping and re-using nylon microarrays was found, and variability across
microarrays was minimal.

Conclusion: The majority of genes generated highly reproducible data in cross-species microarray
hybridisations, although approximately 6% were identified as highly variable. Experimental designs
that include at least three replicate hybridisations for each experimental treatment will enable the
variability of individual genes to be considered appropriately. The use of cross-species microarray
analysis looks promising. However, additional validation is needed to determine the specificity of
cross-species hybridisations, and the validity of results.

Background
One approach for identifying novel genes associated with
physiological pathways is to identify genes whose expres-
sion changes with differences in experimental treatment
or phenotype. This approach has been implemented using
several different techniques, including the use of cDNA
microarrays to quantitate and evaluate the expression of
thousands of genes simultaneously [1]. Various types of
microarrays have been utilized to study a wide range of bi-

ological models (for example, [2–4]. To date, examples of
experiments using microarrays to evaluate changes in
gene expression in mammalian species other than hu-
mans and rodent species are lacking, primarily due to the
limited availability of arrays. Although resources are being
developed that will facilitate production of microarrays
for livestock species [5,6], the resulting microarrays may
not meet the needs of all researchers. One alternative to
developing species-specific microarrays may be to utilize
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commercially available human or rodent microarrays in
cross-species hybridisations. This approach would allow
microarrays that are currently commercially available to
be utilized to study additional mammalian species. A va-
riety of human microarray systems are commercially
available and represent well over 30,000 gene and EST se-
quences. In addition, cross-species hybridisation would
allow a common set of genes to be evaluated in experi-
mental models developed from multiple species, further
utilizing the power of comparative genomics.

Important criteria for evaluating any microarray system
include the reproducibility of the data generated, the spe-
cificity of detection of the targeted gene, and the validity
of the results that identify differences in gene expression.
The experiments described herein are a first step toward
the systematic validation of cross-species microarray anal-
ysis, with a focus on the reproducibility of the data gener-
ated. The methods described to analyze reproducibility in
these experiments may be used to evaluate the reproduci-
bility of any microarray platform. Secondary objectives of

these experiments were to compare gene expression pro-
files from cross-species and same-species hybridisations,
and to evaluate the variability among nylon micorarrays
from a commercial source.

Results
An overview of the experimental design is presented in Ta-
ble 1, and an example of a microarray image generated by
hybridisation of pig skeletal muscle RNA to a human
cDNA nylon microarray is shown in Figure 1. The com-
plete dataset is provided as an additional file, see Addi-
tional file 1: [data.xls]. Table 2 presents summary statistics
for the raw data from each hybridisation. Our primary ob-
jective was to investigate the reproducibility of replicated
cross-species hybridisations. The distributions of all data
were significantly different from normal because of a large
number of genes with low hybridisation signals and few
genes with high signals. Approximately 48% of genes
from pig and human hybridisations, were considered un-
detectable. Because of this, two correlation coefficients
and a Kappa statistic [7], each with different assumptions
regarding the distribution of the data set, were calculated
(Table 3). Average values of the Pearson and Spearman
correlation coefficients for the mean normalized data
ranged from 0.96 to 0.97 for both human and pig data.
Weighted Kappa values ranged from 0.80 to 0.86 for pig
data, and were 0.86 for human data. These statistics indi-
cate reproducibility was high for both pig and human hy-
bridisations. High reproducibility is also evident when
comparing the distribution of data from one replicate to
another (Figure 2A,2B,2C,2D).

Reproducibility of the data was further evaluated by con-
sidering standard deviations for individual genes and
identifying genes with the highest variability across repli-
cates. Figure 3 shows the distribution of standard devia-
tions versus average expression over three replicate
hybridisations for human and pig (2, 4, and 6 �g) hybrid-
isations. Highly variable genes were defined as those with
a standard deviation greater than twice the standard devi-
ation of the population of standard deviations from the
human data, or greater than 0.119. A total of 603 variable
genes were found in the human data, and 966, 574, and
587 variable genes were identified from hybridisations us-
ing 2, 4, or 6 �g pig RNA, respectively. When the variable
genes identified from human and from pig (4 �g of RNA)
data were compared, 239 genes were common to both.
We consider these genes to be highly variable. An addi-
tional 335 were variable in pig but not human, while an
additional 364 were variable in human but not pig. Vari-
able genes were found among genes of all expression lev-
els for both pig and human data (Figure 4).

Our second objective was to compare results obtained
from the hybridisation of human and pig skeletal muscle

Figure 1
Microarray image generated from the hybridisation
of pig skeletal muscle total RNA to the GF211
human nylon cDNA microarray (ResGen) containing
4,324 human gene and EST sequences.
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Figure 2
Scatterplots of data generated from two replicate hybridisations of pig or human skeletal muscle RNA to a
human cDNA nylon microarray. Data are median normalized and log transformed results from two hybridisations of (A)
4 �g of human RNA, (B) 2 �g of pig RNA, (C) 4 �g of pig RNA, or (D) 6 �g of pig RNA.

Table 1: Overview of experimental design

Filter: 1 2 3 4 5 6

3rd Use Human, 4 Pig, 2 Pig, 6 Pig, 4 Pig, 4 Pig, 4
4th Use Pig, 6 Human, 4 Pig, 2 Pig, 4 Pig, 4 Pig, 4
5th Use Pig, 2 Pig, 6 Human, 4 Pig, 4 Pig, 4 Pig, 4

A total of 18 hybridizations were done on six nylon cDNA microarray filters (GF211; ResGen). Each filter was stripped and reused a total of five 
times, and these data are from the third, fourth and fifth use of each filter. Three replicates each of 4 �g human skeletal muscle RNA, and 2 and 6 
�g of pig skeletal muscle RNA were hybridized to filters 1 through 3. A total of nine replicates of 4 �g of pig skeletal muscle RNA was hybridized to 
filters 4 through 6. Each entry shows the species and amount (�g) of total RNA used in the hybridization.
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RNA to human cDNA microarrays. A comparison of the
gene expression profiles from the two species, based on
the average of three replicate hybridisations for each, is
presented in Figure 5. Concordance among replicates was
assessed using pairwise Pearson and Spearman correla-
tion coefficients, and the Kappa statistic. Each of these sta-
tistics suggests high concordance between results
obtained from human and pig (Table 4). Results of using
different cutpoints to categorize data generated similar
Kappa statistics, ranging from 0.72 to 0.85 (data not
shown). In the examination of the discordance between
human and pig results, Bowkers test for symmetry using

categorized data was statistically significant (p < 0.001)
indicating that, in general, stronger hybridisation signals
were detected from human than from pig. Examination of
the standard deviations showed no obvious differences
among human and pig 2, 4, or 6 �g RNA (Figure 6). How-
ever, data from the pig using 6 �g of RNA has several large
standard deviations, possibly indicating that this concen-
tration causes more variable results.

To determine if washing and rehybridizing to the same fil-
ter had a significant effect on hybridisation signals, stand-
ard deviations were calculated for the third, fourth and

Table 2: Summary statistics for each hybridization

Species �g of 
RNA

Filter Filter 
Use

Mean Median Std Dev Lower Quartile Upper Quartile

Pig 2 2 3 68.35 15.06 149.84 11.23 36.66
Pig 2 3 4 65.12 15.74 132.57 11.50 40.69
Pig 2 1 5 72.72 16.79 155.46 13.12 36.82
Pig 6 3 3 99.38 21.86 206.13 14.58 70.68
Pig 6 1 4 90.25 21.35 183.37 14.66 63.30
Pig 6 2 5 93.00 21.28 189.28 15.31 61.85
Human 4 1 3 101.24 22.26 213.14 14.94 67.21
Human 4 2 4 74.21 19.40 147.96 12.59 60.95
Human 4 3 5 82.24 20.26 166.78 13.55 57.82
Pig 4 4 3 72.86 15.69 167.32 12.21 31.74
Pig 4 5 4 73.47 15.48 159.54 11.57 38.57
Pig 4 6 5 208.75 30.11 518.36 19.70 87.03
Pig 4 5 3 98.87 26.76 196.68 18.50 64.91
Pig 4 6 4 74.62 16.91 159.59 12.83 38.43
Pig 4 6 3 82.25 15.85 190.79 11.98 35.76
Pig 4 4 4 73.73 16.40 149.18 11.38 51.40
Pig 4 5 5 97.89 17.11 215.71 12.09 54.11
Pig 4 4 5 75.41 19.18 167.72 15.19 35.23

The overall mean, median, standard deviation, and quartiles across all genes are shown for each hybridization, based on the raw expression data.

Table 3: Concordance within replicates of same- and cross-species hybridizations to a human nylon cDNA microarray

Type of RNA Pearsona Spearmanb Weighted Kappac

Human, 4 �g 0.97 0.97 0.86
Pig, 2 �g 0.97 0.97 0.82
Pig, 4 �g 0.97 0.97 0.80
Pig, 6 �g 0.96 0.97 0.86

aPearson correlation coefficient assumes data are normally distributed. bSpearman correlation coefficient assumes data are symmetrical. cThe 
weighted Kappa statistic assumes data are ordinal. . Pearson and Spearman correlation coefficients were calculated from median normalized and log 
transformed data. All genes were categorized according to their normalized expression level (undetectable, 0; low, 0 to 1.3; medium 1.3 to 3.0; or 
high, >3.0) for calculation of the weighted Kappa statistic. Results are the average of the three pairwise comparisons among three hybridizations of 
each type of RNA.
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fifth use of the filters. These distributions are presented in
Figure 7A. No trend toward increasing or decreasing ex-
pression among the third, fourth and fifth use of the filters
was observed. However, the average hybridisation signals
detected from the second replicate on filter 5 and the third
replicate on filter 6 were significantly lower and higher, re-
spectively, than the other seven replicates. Although these
results may indicate an effect of washing and reuse of the
filters, they may also represent variability in reactions to
produce labeled probe. Thus, no evidence was found that
would suggest washing and reusing filters up to five times
systematically increases variability of hybridisation re-
sults.

Additionally, variation in hybridisation signals due to the
use of different filters was evaluated (Figure 7B). No evi-
dence for significant filter effects was found, indicating

that on average similar results would be obtained from
different filters. To investigate variability across filters
more closely, standard deviations of within and across fil-
ter average hybridisation signals were calculated. This
analysis identified a small number of genes that appear to
be highly variable across filters. Thus, even though the av-
erage filter effect across all genes is small, a small number
of genes may produce very different hybridisation signals
because of filter differences.

Discussion
Overall, cross-species hybridisations (pig to human) gen-
erated reproducible results that were consistent with re-
sults generated by same-species hybridisations (human to
human) from the same tissue. Although data from repli-
cate hybridisations were highly reproducible on average, a
small number (approximately 6%) of genes were identi-

Figure 3
Scatterplots of standard deviations calculated from three replicate hybridisations of pig or human skeletal
muscle RNA to a human cDNA nylon microarray. Standard deviations and means for each gene were calculated from
median normalized and log transformed results from three hybridisations of (A) 4 �g of human RNA, (B) 2 �g of pig RNA,
(C) 4 �g of pig RNA, or (D) 6 �g of pig RNA.
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fied that produced highly variable results across both hu-
man and pig replicates. This observation is significant
because it highlights the need for replication in microar-
ray experimentation. The importance of replication in
microarray gene expression studies has been addressed by
Lee [8]. These authors concluded that more reliable anal-
yses of gene expression data are obtained by pooling data
from multiple replicates, and recommended that at least
three replicate hybridisations be completed for each ex-
perimental treatment. In addition, as we have described,
specific genes that generate highly variable data may be
singled out from all genes evaluated on a microarray by
identifying genes with the greatest standard deviation
across replicates. Once these highly variable genes are
identified, they may be considered separately in analyses

to identify differential gene expression among experimen-
tal treatments. In this way, results for highly reproducible
genes will not be compromised by a small number of
highly variable genes, and differential gene expression ob-
served for highly variable genes may be considered with
appropriate caution.

In order to determine if low sequence similarity contrib-
uted to increased variation in the pig data, we compared
human sequences on the microarray to pig EST sequences.
Because similarities between the human and pig sequenc-
es may not be found due to different regions of the genes
being represented by EST sequences, we obtained the ten-
tative human consensus (THC) sequence from the TIGR
Gene Index  [http://tigrblast.tigr.org/tgi/] that represented

Figure 4
Distribution of variable genes across expression categories. Genes were categorized according to their average
median normalized log transformed intensity (undetectable 0; low, 0–1.3; medium, 1.3–3; or high, � 3). Variable genes were
identified as genes with a standard deviation greater than two times the average standard deviation of the human data. The
total number of genes in each expression category, and the number of genes variable in pig, human, or both, are shown.
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the human sequence on the microarray. The THC se-
quence was used in a BLAST search to identify similar pig
EST sequences. A subset of 380 genes that were consistent-
ly expressed at high levels in both pig and human were
used as controls to determine the sequence similarity of
genes that generated strong and reproducible signals. Of
these 380 genes, 211 (55%) were similar to pig EST se-
quences over at least 100 bp. Taken together, sequences of
the 211 genes were 84% identical between pig and human
over 32,772 bp of sequence. This identity is consistent
with estimates of overall similarity between pig and hu-
man genomes. The lack of identification of a correspond-
ing pig sequence could indicate that sequence similarity
for that gene was low, or that EST sequence for that pig
gene has not yet been generated. Of 31 genes that were
variable in both pig and human data, 19 had hits to pig
EST with overall identity of 83% across 3,658 bp. Two

genes (AA456850 and AA282063) that were variable in
pig but not human data had significant hits to pig EST
with 92% identity over 335 bp. Additionally, specific ex-
amples of pig EST with with greater than 90% identity to
the human sequence were found within each group of
genes investigated (pig EST accession numbers BI183743,
BI186313, and BG894921 represent non-variable, varia-
ble in both, and variable in pig, respectively). Based on
this analysis, there is not a clear correlation between se-
quence similarity and variability. However, it is difficult to
interpret cases where no pig EST is identified. A more thor-
ough investigation of the relationship between sequence
similarity and variability of the microarray data will de-
pend on more complete sequence information from the
pig.

Figure 5
Comparison of gene expression profiles generated from hybridisations of pig and human skeletal muscle RNA
with a human cDNA nylon microarray. Data shown are the average median normalized and log transformed intensity of
three hybridisations of human and pig skeletal muscle RNA with the GF211 human nylon cDNA microarray (ResGen) contain-
ing 4,324 human gene and EST sequences.
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Figure 6
Density plot of the distribution of standard deviations. Standard deviations were calculated from median normalized
log transformed data of three replicates each of human, 4 �g RNA (black); pig, 2 �g (blue); pig, 4 �g (red); and pig, 6 �g (green)
hybridisations.

Table 4: Concordance between pig and human hybridizations to a human nylon cDNA microarray

Comparison Pearsona Spearmanb Weighted Kappac

Human versus 2 �g Pig 0.93 0.93 0.76
Human versus 4 �g Pig 0.93 0.93 0.80
Human versus 6 �g Pig 0.95 0.95 0.78

aPearson correlation coefficient assumes data are normally distributed. bSpearman correlation coefficient assumes data are symmetrical. cThe 
weighted Kappa statistic assumes data are ordinal.  Pearson and Spearman correlation coefficients were calculated from median normalized and log 
transformed data. All genes were categorized according to their normalized expression level (undetectable, 0; low, 0 to 1.3; medium 1.3 to 3.0; or 
high, >3.0) for calculation of the weighted Kappa statistic. Results are the average of the nine pairwise comparisons among three replicates of 
human and three replicates of pig (2, 4, or 6 �g) skeletal muscle RNA.
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Our results also demonstrate minimal variation across
microarrays, as well as minimal effect of stripping and re-
using the GF211 nylon microarray (ResGen). However, it
should be recognized that microarrays from only a single
source were evaluated. Similar experiments would be
needed before the results pertaining to variation across ar-
rays and across multiple array uses could be extended to
microarrays produced by other manufacturers or in-house
facilities.

These experiments represent a first step toward systematic
validation of cross-species microarray hybridisation.
However, it should be recognized that other factors, such
as specificity of the arrays to detect the targeted gene, va-
lidity of results identifying differential gene expression,
and multiple sources of variation, should be considered
for any microarray platform. The issue of cross-hybridisa-

tion of related genes on cDNA microarrays was addressed
by Miller [9]. These authors used high-stringency condi-
tions and found that minimal cross-hybridisation oc-
curred among genes with up to 94% sequence identity.
Although this work demonstrates that microarray hybrid-
isation can be very specific, the high stringencies would
likely prevent cross-species hybridisation. A balance that
allows cross-species hybridisation while minimizing
cross-hybridisation of related genes will be needed in or-
der to obtain optimal results from cross-species microar-
ray experiments. A limited number of studies have
validated differences in gene expression found by cross-
species microarray experiments [10–12]. Huang [11] suc-
cessfully validated differential expression of 15 genes
identified by cross-species (mouse on human microarray)
hybridisation using reduced stringency. Clearly, valida-
tion of results will be even more critical in cross-species

Figure 7
Density plot of the distribution of standard deviations.(A) Standard deviations were calculated from median normal-
ized log transformed data of three replicates each from hybridisations representing the third (blue), fourth (black), and fifth
(red) use of the filters. (B) Standard deviations were calculated from median normalized log transformed data of three repli-
cates each from hybridisations using Filter 4 (black), Filter 5 (blue), and Filter 6 (red).
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microarray experiments because of questions surrounding
cross-hybridisation of related genes under conditions of
reduced stringency. A final consideration for microarray
experimentation is the potential for multiple sources of
variation. In our experiment, all hybridisations were done
using single pig or human RNA samples. Thus, variation
among replicates represents technical variation, including
variation in labeling of cDNA and minor variations in hy-
bridisation and washing conditions. Experiments to in-
vestigate differential gene expression will also include
biological variation among subjects receiving the same
treatment (see [13]), and experimental variation caused
by the treatments of interest. In our experiment, we chose
to only consider technical variation because our primary
objective was to evaluate the reproducibility of the data
with as little confounding variation as possible.

In summary, our results demonstrate that cross-species
microarray data are reproducible. Although other factors
need to be investigated to validate the use of cross-species
microarray experimentation, our results indicate repro-
ducibility of the data should not be a limitation in cross-
species microarray experiments.

Conclusions
Gene expression data generated across replicate hybridisa-
tions was highly reproducible for the majority of genes on
the microarrays. However, the identification of a small
number of genes with variable results emphasizes the
need for replication in microarray experiments. A mini-
mum of three replicates of each experimental treatment
would facilitate the identification of these highly variable
genes. Variability among replicate hybridisations was sim-
ilar for human and pig, indicating cross-species hybridisa-
tion results are expected to be as reliable as same-species
hybridisations. Similar expression profiles were generated
from hybridisations of human and pig skeletal muscle
RNA with human cDNA microarrays. Together, these re-
sults support the use of commercially available human
microarrays for cross-species analysis of gene expression
in the pig.

Methods
Microarray hybridisations
Pig skeletal muscle RNA was obtained from a longissimus
dorsi muscle sample. All pig RNA was generated from a
single extraction using Trizol reagent (Life Technologies)
according to manufacturers' instructions. A single sample
of human skeletal muscle RNA was purchased (Clontech).
Total RNA was reverse transcribed and labelled with 33P-
dCTP in a 20 �l reaction. Initially, 2, 4, or 6 ug of RNA was
combined with 2 ug of oligo dT (ResGen) and denatured
at 70�C for 10 minutes. The final reaction included 1X
First Strand Buffer (Life Technologies), 5 mM DTT (Life
Technologies), 1.5 mM dATP, dGTP and dTTP, 1.5 �l Su-

perscript II Reverse Transcriptase (Life Technologies), and
10 �l of 33P-dCTP (ICN, specific activity 3,000 Ci/mmol).
The reaction incubated at 37�C for 90 minutes, and the la-
belled probe was purified using a Bio-Spin 6 Chromatog-
raphy Column (Bio-Rad).

The GF 211 Human GeneFilters (ResGen) nylon microar-
rays, containing approximately 4324 human genes of
known function were used. Microarrays were pre-hybrid-
ized for 2 hours at 42�C with 5 ml of MicroHyb hybridi-
sation solution (ResGen) plus 5 �g denatured Cot-1 DNA
(ResGen) and 5 �g of poly dA. The purified and denatured
probe was added the hybridisation solution, and hybridi-
sation was carried out 12 to 16 hours at 42�C. Microarrays
were washed twice in 2X SSC, 1% SDS at 45�C for 20 min-
utes, followed by a final wash in 0.5X SSC, 1% SDS at
45�C for 15 minutes. The stringency of the washes were re-
duced from the recommended 50 and 55�C washes to pre-
serve cross-species hybridisation signals. Data were
collected using a Cyclone Storage Phosphor System (Pack-
ard Instruments), and quantified using Pathways 3.0 soft-
ware (ResGen). Data were exported from Pathways 3.0
into SAS [14] for statistical analyses. All microarrays were
stripped by pouring boiling 0.5% SDS over them and agi-
tating for one hour. Microarrays were re-used for a total of
5 hybridisations, as recommended by the manufacturer.

Experimental design
A total of six microarrays were used and hybridisations
were performed on three consecutive days. Data from
days 1, 2 and 3 were the third, fourth and fifth use, respec-
tively, of each microarray. Filters 1, 2 and 3 were hybrid-
ized with cDNA reverse transcribed from 2 and 6 �g of pig,
and 4 �g of human total RNA, and filters 4, 5 and 6 were
hybridized with cDNA reverse transcribed from 4 �g of pig
total RNA (see Table 1). Comparisons of 4 �g pig RNA
with human or 2 or 6 �g pig RNA (Tables 2 through) used
data generated from the third, fourth and fifth uses of fil-
ters 4, 5 and 6, respectively.

Statistical methods
Data were normalized by dividing individual intensity
levels by the median intensity for the membrane and tak-
ing the log. Pairwise Pearson and Spearman correlation
coefficients were calculated and averaged over the 9 possi-
ble pairs in cross-species comparisons, and three possible
pairs in the within species comparisons. Normalization to
the median was used because there were a large number
of genes with low signals, as well as some outliers. Analy-
ses were performed on a mean normalized dataset and re-
sults were similar. We further considered a transformation
to an ordinal scale. Each gene was categorized into one of
four levels (undetectable 0; low, 0–1.3; medium, 1.3–3; or
high, �3). We chose these cutpoints to separate the high
signals and undetectable signals from the mid-range sig-
Page 10 of 11
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nals. As these categories were defined arbitrarily, addition-
al cutpoints were examined. This ordinal transformation
was performed in order to calculate the kappa statistic.
The kappa statistic is a chance corrected measure of agree-
ment, that is the calculation of the statistic takes into ac-
count the marginal distributions. The kappa will have
lower values than other correlation coefficients when the
marginal distributions are unequal, and thus may repre-
sent a more realistic assessment of the underlying agree-
ment [7]. Bowkers test for symmetry [14] was used to test
the hypothesis that detectable expression from pig and
human did not differ systematically.

The variability of each gene was studied by computing the
standard deviation of three replicate hybridisation signals
for each gene. The distribution of these standard devia-
tions (mean, standard deviation, and range of the 4324
standard deviations) was then examined. Variability
across filters was also evaluated by computing the average
hybridisation signal for each gene across three replicates,
and then calculating the standard error of the means from
each filter.
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