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ABSTRACT

DNA microarrays have been widely used in gene
expression analysis of biological processes. Due to
a lack of sequence information, the applications have
been largely restricted to humans and a few model
organisms. Presented within this study are results
of the cross-species hybridization with Affymetrix
human high-density oligonucleotide arrays or
GeneChip1 using distantly related mammalian spe-
cies; cattle, pig and dog. Based on the unique feature
of the Affymetrix GeneChip1 where every gene is
represented by multiple probes, we hypothesized
that sequence conservation within mammals is high
enough to generate sufficient signals from some of
the probes for expression analysis. We demonstrated
that while overall hybridization signals are low for
cross-species hybridization, a few probes of most
genes still generated signals equivalent to the
same-species hybridization. By masking the poorly
hybridized probes electronically, the remaining
probes provided reliable data for gene expression
analysis. We developed an algorithm to select the reli-
able probes for analysis utilizing the match/mismatch
feature of GeneChip1. When comparing gene expres-
sion between two tissues using the selected probes,
we found a linear correlation between the cross-
species and same-species hybridization. In addition,
we validated cross-species hybridization results by
quantitative PCR using randomly selected genes.
The method shown herein could be applied to both
plant and animal research.

INTRODUCTION

Modulation of gene expression represents one of the fundamen-
tal mechanisms in biology underlining both physiological
developments and pathological derailments. Microarrays have
become instrumental in comprehensive investigation of gene
expression, providing important new insights into the molecular
mechanisms of biological processes (1,2). Despite its potential
to revolutionize the genetic analysis of biological systems, the
powerful method has been largely restricted to human and a few
model species, mainly due to the lack of sequence information.

Manufacturing high-density DNA microarrays is time-consum-
ing and expensive, involving sequencing gene transcripts on
a large scale from various tissues, clustering the expressed
sequence tags (ESTs) to generate unique transcripts, annotating
the transcripts, designing probes, and synthesizing or spotting
the probes on glass plates (3,4). Ideally such a huge undertaking
could be avoided and some existing microarrays could be trans-
planted for cross-species analysis.

Recent studies have suggested that all mammalian species
diverged from a common ancestor about 100–65 million years
ago (5). The short geological time span plus the preservation
of protein functions result in a high degree of nucleotide
sequence conservation among mammalian species. Maka-
lowski and Boguski (6) have compared 2820 orthologous rodent
and human sequences and revealed a high resemblance of gene
transcripts between the two distantly related mammals. They
showed that the average identity between human and mouse
in protein-coding nucleotide sequences (CDS) is 85.9%, in
50-untranslated region (50-UTR) is 69.7%, and in30-untranslated
region (30-UTR) is 71.0%. Many efforts have been spent pre-
viously on cross-species gene expression analysis by using
conservedheterologousprobesandadjustinghybridizationcon-
ditions, such as temperature and buffer components (7). Such
empirical approaches, however, are inadequate and impractical
for a microarray due to its huge variety of sequences and its
exorbitant cost. We decided to explore a unique feature of Affy-
metrix GeneChip1—each gene was represented by multiple
and, most times, non-overlapping oligonucleotide probes, 11
to 20 of them in general. We hypothesized that sequence con-
servation within mammals is high enough for one or several of
the probes to be the same or nearly the same as its orthologs in
human. Then, the selected probe(s) would provide valuable
information for gene expression analysis in cross-species hybri-
dization. To investigate the feasibility, we chose three mam-
mals, cattle, pig and dog, for testing.

MATERIALS AND METHODS

Microarrays and RNA

Human Genome U133A GeneChip1 and Mouse Genome
430A GeneChip1 microarrays were purchased from Affy-
metrix (Affymetrix, Santa Clara, CA). Human and mouse
heart and liver total RNAs were purchased from Clontech
(Clontech, Palo Alto, CA). Heart and liver of cattle, dog
and pig were obtained from freshly slaughtered carcasses.
Total RNAs were isolated from heart and liver tissues by a
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method described Gauthier et al. (8). One hundred micrograms
of total RNA were treated with 1.0 U of DNAse I (Amplifica-
tion grade, Gibco-BRL, Bethesda, MD) at 37�C for 15 min.
The RNAs were further purified using RNeasy Mini columns
(Qiagen, Chatsworth, CA).

Preparation of cDNA

Complementary DNA (cDNA) was prepared with cDNA
Synthesis System Kit purchased from Roche Diagnostics
(Roche Diagnostics GmbH, Mannheim, Germany). In short,
a mixture, containing 20 mg of total RNA, 200 pmol of
oligo[(dT)24T7promotor]65 primer, and ddH2O in a volume
of 21 ml, was incubated at 70�C for 10 min, then placed on
ice. The first-strand cDNA was synthesized by adding the
following reagents to the mixture, 8 ml of 5· RT buffer, 4 ml
of 0.1 M DTT, 4 ml of 10 mM dNTP, 1 ml of RNase inhibitor
(25 U/ml), and 2 ml of AMV reverse transcriptase (25 U/ml).
The reaction was incubated at 42�C for 60 min and terminated
by cooling on ice.

The second-strand cDNA was synthesized with a reaction
mixture containing 40 ml of the first-strand cDNA reaction,
72 ml of ddH2O, 30 ml of 5· second-strand buffer, 1.5 ml of
10 mM dNTP, 6.5 ml of second-strand enzyme blend consisting
of DNA polymerase I (80 U), Escherichia coli ligase (20 U), and
RNase H(4 U). The reaction was incubated at 16�C for 2 h. The
reaction was stopped by adding 17 ml of 0.2 M EDTA (pH 8.0).

The dscDNA preparation was digested with 1.5 ml of RNase
I (10 U/ml) at 37�C for 30 min to remove residual RNA, and
subsequently treated with 5 ml of Proteinase K (0.6 U/ml) at
37�C for 30 min.

The dscDNA preparation was extracted sequentially with
200 ml of phenol, 200 ml of phenol/chloroform/isoamyl alcohol
(25/24/1), and twice with 200 ml of chloroform/isoamyl alco-
hol (24 : 1). The supernatant was saved and mixed with 0.6 vol
of 5 M NH4OAc, and then with 2.5 vol of chilled alcohol.
It was kept at �60�C for 1 h to precipitate dscDNA. The
mixture was centrifuged at 10 000 g for 10 min. The pellet
was washed with 300 ml of 80% alcohol, and then air-dried.
The dscDNA was dissolved in 1.5 ml of ddH2O.

Preparation of biotin-labeled cRNA

Biotin-labeled nucleotide Bio-11-CTP and Bio-16-UTP were
purchased from Enzo Biochem (Enzo Biochem, New York).
T7 RNA polymerase MEGAscript T7 Kit was purchased from
Ambion (Ambion, Austin, TX). Reaction mixture contained
2.0 ml of 10· T7 RNA polymerase buffer, 2.0 ml of 75 mM
ATP, 2.0 ml of 75 mM GTP, 1.5 ml of 75 mM CTP, 1.5 ml
of 75 mM UTP, 3.75 ml of 10 mM Bio-11-CTP, 3.75 ml of
10 mM Bio-16-UTP, 2.0 ml of 10· T7 RNA polymerase
enzyme mix, and 1.5 ml of cDNA (as prepared above). The
reaction mixture was incubated at 37�C for 5 h. The labeled
cRNA was purified with RNeasy Mini kit and eluted in 50 ml of
ddH2O. It was fragmented at 95�C for 35 min in a solution
containing 40 mM Tris-acetate (pH 8.1), 100 mM KOAc, and
30 mM MgOAc. The fragmented cRNA was used either imme-
diately for chip hybridization or stored in a �80�C freezer.

Hybridization with Affymetrix GeneChips1

A hybridization mix consisting of 50 mg of fragmented cRNA,
125 ml of 2· MES buffer (0.2 M MES pH 6.7, 2M NaCl, 0.02%

Triton), 6.25 ml of acetylated BSA (20 mg/ml), 2.5 ml of herring
sperm DNA (10 mg/ml), 2.5 ml of biotinylated Control Oligo
(5 nM, Affymetrix, Santa Clara, CA), and ddH2O in a total
volume of 250 ml, was heated at 95�C for 5 min and then
allowed to equilibrate at 45�C

Microarray chips were first treated at 45�C for 5 min with
250 ml of prehybridization solution consisting of 125 ml of 2·
MES buffer and 125 ml of ddH2O. They were then incubated
with the hybridization solution at 45�C for 16 h in a rotary
agitation hybridization oven.

GeneChip washing, staining and scanning

After the removal of hybridization solution, the chips were
washed ten times with 6· SSPE-T (0.9M NaCl, 0.06M
NaH2PO4 pH 6.7, 6 mM EDTA and 0.01% Triton) using
the Affymetrix Fluidics Station. Chips were rinsed once
with 0.1· MES and then incubated with 0.1· MES at 45�C
for 15 min in a rotary oven. The chips were rinsed with 1·
MES before being stained with 220 ml of staining solution
containing 205 ml of 1· MES, 23 ml of acetylated BSA
(20 mg/ml), and 2.3 ml of phycoerythrin-strepavidin conjugate
(1 mg/ml) (Molecular Probes, Eugene, OR). Chips were incu-
bated in staining solution at 35�C for 15 min in a rotary oven.
The chips were subsequently washed with 6· SSPE-T ten
times on an Affymetrix Fluidic Station. The chips were imme-
diately scanned on a HP GeneArray Scanner.

GeneChip image quantification and data processing

GeneChip images were quantified and gene expression values
were calculated by Affymetrix Microarray Suite Version 5.0
(MAS 5.0) (9). Individual electronic mask was generated by
Affymetrix MAS 5.0. Tools for generating a combined mask
are present but not functional in the current version of MAS
5.0. We wrote a supplement software program in Perl to carry
out the operation. Gene expression ratios were calculated
and their scatter plots were drawn by Microsoft Excel 2002
(Microsoft, Redmond, WA).

Quantitative PCR (TaqMan1 reaction)

A mixture of 1.0 mg of total RNA, 2.0 mM oligo(dT)24 primer,
and ddH2O in a volume of 11.0ml was heated to 70�C for 10 min
and cooled to 0�C. Added to the mixture was 4.0 ml of 5· first-
strand buffer, 2.0ml of 0.1 M DTT, 1.0ml of 10 mM dNTP, 200 U
of Superscript II reverse transcriptase (Life Technology,
Rockville, MD), and ddH2O to a final volume of 20 ml. The
mixture was incubated at 42�C for 1 h to synthesize first-strand
cDNA. Reactions were terminated by adding 80 ml of TE buffer
followed by purification with QIAquick PCR Purification col-
umns (Qiagen, Chatsworth, CA). The first-strand cDNA was
eluted in 500 ml of ddH2O. The relative concentrations of target
genes were quantified by the TaqMan1 reaction using an ABI
Prism1 7000 thermal cycler. TaqMan1 probes and forward and
reverse primers were designed using the Primer Express 2.0
software program (Applied Biosystems, Foster City, CA). The
sequences of PCR primers and TaqMan probes are listed
in Table 1. The PCR primers and FAM/TAMRA-labeled
TaqMan1 probes were synthesized by Integrated DNA
Technology Inc (Coralville, IA). TaqMan1 reactions were
performed in triplicate for each gene in a mixture containing
0.5–5 ml of the first-strand cDNA (depended upon target
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transcript concentration), 1· TaqMan1 buffer, 5 mM MgCl2,
200 mM dNTPs, 300 nM of each forward and reverse primers,
150 nM TaqMan1 probe, and 0.625 U of AmpliTag Gold DNA
polymerase (Applied Biosystems) in a volume of 50 ml.
TaqMan PCR was performed on an ABI 7000 fluorescence
detection thermal-cycler with the following protocol: 95�C
10 min, then 40 cycles of 95�C 15 s, 60�C 1 min. Average
threshold cycle (Ct) was calculated from triplicates of each
gene and used for subsequent analysis.

RESULTS

We first compared the signals of cross-species hybridization
with that of same species through examination of a few indi-
vidual genes. Figure 1 shows the chip images of ribosomal
protein L37 of human, cattle, dog and pig. In the figure, ‘PM’
stands for perfect-match probes and ‘MM’ for mismatch
probes. The MM probe has a mutation in the middle of a
25 bp oligonucleotide. It serves as a control for hybridization
specificity. Hybridization signal of a probe is calculated by the
difference PM � MM. When hybridization signal was positive
and relatively strong, we labeled it with an asterisk. Figure 1
demonstrates that ribosomal protein L37 is about equally
expressed in human heart and liver with all 11 probes gen-
erating hybridization signals, while in cross-species hybrid-
izations, cattle, dog and pig have much fewer probes
generating hybridization signals, 4, 4 and 2 respectively. How-
ever, with the few informative probes, we could still make the
same conclusion that ribosomal protein L37 is about equally
expressed in heart and liver in the three mammals. It can be
seen that the asterisk distribution is species specific. For exam-
ple, both heart and liver of cattle have asterisks positioned at 3,
4, 5, 11, dog at 1, 3, 4, 5, and pig at 4 and 5, indicating the
signals were derived from the genetically distinct specimens
rather than random noises.

Figure 2 shows the hybridization images of troponin C. It is
highly expressed in human heart but not in liver. All 11 probes
hybridized with human heart, while only about half of that

hybridized with the hearts of cattle, dog and pig. Again, the
images demonstrate species-specific hybridization pattern.
The few informative probes of cross-species hybridization
could lead us to the same conclusion—troponin C is highly
expressed in heart but not in liver. (Note: the non-specific
hybridizations of the livers are magnified by Affymetrix
MAS 5.0 for image examination, which is not adjustable
for individual gene inspection.)

Figure 3 is the hybridization images of apolipoprotein CIII.
It is highly expressed in human liver but not in heart. Ten out
of eleven probes hybridized with human liver, while only two
hybridized with the liver of other mammals. With the infor-
mative probes, we could still reach to the same conclusion that
apolipoprotein CIII is expressed in liver but not in heart in all
three mammals. Together, Figures 1–3 demonstrate that in
cross-species hybridization, a few informative probes could
generate valuable information for comparative gene expres-
sion analysis.

To understand the mechanism of the cross-species hybrid-
ization we compared the sequences of Affymetrix GenChip
probes with their mammalian orthologs presently available in
NCBI nucleotide databases, shown in Figure 4. Figure 4
demonstrates that signals from cross-species hybridization
are true correlated with target mutations. In general, the
more the mutations, the lesser the hybridization. It is,
however, not just the number of mutations that ultimately
determines cross-species hybridization signals, the relative
positions of the mutations plays an equally important role.
For example, both targets 10 and 11 of cattle ribosomal pro-
tein L37a have two mutations: while target 11 generated good
hybridization signals, target 10 did not; both target 2 and
4 of cattle troponin C have two mutations: while target 4
generated good hybridization signals, target 2 did not. It
appears that a relatively long stretch of perfect-matched
oligonucleotides, >16 bp long, is essential for stable hybrid-
ization and signal generation.

To select informative probes for signal calculation, we arbi-
trarily installed a mask, PM � MM > 200 and PM/MM > 2, to
screen off poorly hybridized probes. Figure 5 compares overall

Table 1. Oligonucleotide sequences for TaqMan reactions

TaqMan target Forward primer Reverse primer sequence Tagman probe

CD63 protein ATTTCGTTGTGAAGGACATCCA CAGCCAGGCCGCAATCT ACTGAGGGCTGTGTGGA
Membrane-type matrix

metalloproteinase 1
TGGAAATTCAACAACCAGAAGCT GTCCCGCAGGGCTGACTT AAGGTTGAGCCGGGC

Very long-chain acyl-CoA
dehydrogenase

CTGTCCAGGGCCTCAAGATC GATACACCAGCTGTCACAGAGCAT CTGAGTGAAGGCCACC

Glutathione peroxidase TCGAAAAGTGCGAGGTGAATG CCCGAAGGAAGGCGAAGA AGAAGGCGCATCCG
Beta-actin CTGGAACGGTGAAGGTGACA CCACACTGTAGAACTTTGGGAATG CAGTCGGTTGGATCGA
Ubiquinol-cytochrome c reductase

core protein I
TGCTGGGCGCACACTTC CGTTTCGGAGGAGGTTTTTG CGACATGATGTTCGTCC

Apolipoprotein E CTGCTCAACACCCAGGTCATT GTAGGCCTTCACCTCCTTCATG AGGAACTGACGGCGCT
Skeletal muscle actin, alpha 1

(ACTA1)
GTTCATCGGCATGGAATCG CGCACTTCATGATGCTGTTGT CGGGAATCCATGAGAC

Fibrinogen beta-chain GGAGCGTACACCTGGGACAT CCAGGAGCCCTGCCAGTT CGGCACAGACGATGG
Beta-2-glycoprotein I CCACGCGATGTTTGGAAAT TGCGTCCAGTTCCCATGTT ACACCGTTACCTGCACG
Tensin mRNA TGACCTGGGAGTTGTCTTTGG TGCCGTATTCTGGAAATCGAT CTTGACGATGCCTTCA
Inhibin A subunit GATGGTGCCCAACCTTCTCA CACAGCGGGATTCCCTTAGA CCAGCACTGTGCTTG
Complement cytolysis inhibitor GCCAACCTCACGCAGAATG GTCGGAGCCGTGGGAATT CGACCGCTACTATCT
Formiminotransferase cyclodeaminase CCTGGCCTGCCGATCTG AATAGGCACCAAACACACCTGTCT CTGCAGGTGGCAGC
Delta-tubulin (LOC51174) GAACTCACTGACATACAGCACGTTT AATGAGCATCTGTCTCAGATGTTTG CTTGGGCTGGCCTC
T-box 4 (TBX4) CCCCACTGAGCTGTAACATGTG CATCGTCTGAACGCTGTAGCTT ACGTCTGTCTCACCGTAC
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chip signal before and after mask installation. Of three species
and two tissues, there is on average more than a 7-fold signal
increase after the mask installation, meaning the sensitivity of
cross-species hybridization is greatly increased. This large

enhancement is primarily due to the fact that in cross-species
hybridization, most probes do not produce hybridization sig-
nals because of their mutations. By installing the mask, we
simply removed the interfering noise of the mutated probes

Heart

Pig

Dog

Cattle

Human

Liver

Figure 1. Hybridization images of heart and liver ribosomal protein L37a of human, cattle, dog and pig. PM and MM denote perfect match probes and mismatch
probes, respectively. The probes that produce a relatively high hybridization signal are labeled with an asterisk.

Heart Liver

Dog

Cattle

Human

Pig

Figure 2. Hybridization images of heart and liver troponin C of human, cattle, dog and pig. PM and MM denote perfect match probes and mismatch probes,
respectively. The probes that produce a relatively high hybridization signal are labeled with an asterisk.

Heart

Human

Cattle

Dog

Pig

Liver

Figure 3. Hybridization images of heart and liver apolipoprotein C-III of human, cattle, dog and pig. PM and MM denote perfect match probes and mismatch probes,
respectively. The probe that produce a relatively high hybridization signal are labeled with an asterisk.
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and let probes with good hybridization signals represent the
gene hybridization.

While we greatly increased sensitivity of cross-species
hybridization with the electronic mask, we might have
inadvertently reduced the specificity of cross-species hybrid-
ization, allowing unspecific hybridization signals to represent
true gene expression, which, in the same-species hybridization,

could be avoided or alleviated by averaging with other
probes. To verify whether the cross-species hybridization
truly reflects the concentrations of gene transcripts, we need
to test the method on reference solutions wherein gene
transcript quantities are known or identifiable by alternative
methods. High-density cDNA microarrays and high-density
oligonucleotide microarrays have been scrutinized and have

Affmetrix Probes Targets

2. GTACCAAGAAAGTCGGGATCGTCGG
1. GGCGACATGGCCAAACGTACCAAGA

3. AATTGAAATCAGCCAGCACGCCAAG
4. TGGCACTGTGGTTCCTGCATGAAGA
5. GCACTGTGGTTCCTGCATGAAGACA
6. TGCATGAAGACAGTGGCTGGCGGTG
7. CCACTTCCGCTGTCACGGTAAAGTC
8. TCCGCTGTCACGGTAAAGTCCGCCA
9. GCTGTCACGGTAAAGTCCGCCATCA
10.GTCACGGTAAAGTCCGCCATCAGAA
11.GGTAAAGTCCGCCATCAGAAGACTG

Human Ribosomal Protein L37a Cattle Ribosomal Protein L37a

GTTGCGTTAACATGGCTAAACGCACCAAGA 
GCACCAAGAAGGTCGGAATCGTGGG 
AATTGAAATCAGCCAGCACGCCAAG
TGGCACTGTGGTTCCTGCATGAAAA
GCACTGTGGTTCCTGCATGAAAACA
TGCATGAAAACAGTAGCTGGTGGTG
CCACCTCTGCCGTCACAGTCAAGTC
TCTGCCGTCACAGTCAAGTCCGCCA
GCCGTCACAGTCAAGTCCGCCATCA
GTCACAGTCAAGTCCGCCATCAGAA
AGTCAAGTCCGCCATCAGAAGACTG

2. GAGTTCAAGGCAGCCTTCGACATCT
1. TGGATGACATCTACAAGGCTGCGGT

3. ATGGCTGCATCAGCACCAAGGAGCT
4. GGTGGACTTTGATGAGTTCCTGGTC
5. GTTCCTGGTCATGATGGTTCGGTGC
6. GGTTCGGTGCATGAAGGACGACAGC
7. GGGAAATCTGAGGAGCTGTCTGACC
8. AATGCTGCAGGCTACAGGCGAGACC
9. TACAGGCGAGACCATCACGGAGGAC
10.GGAGGACGACATCGAGGAGCTCATG
11.GACGGCCGCATCGACTATGATGAGT

Human Troponin C Cattle Troponin C

TGGATGACATCTACAAGGCTGCGGT
GAGTTCAAGGCGGCCTTTGACATCT
ATGGCTGCATCAGCACCAAGGAGCT
AGTGGACTTTGATGAGTTCTTGGTC
GTTCTTGGTCATGATGGTTCGGTGC
GGTTCGGTGCATGAAGGATGACAGC
AGGAAAGTCTGAGGAAGAGCTTTCAGACC
AATGCTTCAGGCTACAGGGGAGACC
TACAGGGGAGACCATCACAGAGGAC
AGAGGACGACATTGAGGAGCTCATG
GATGGCCGCATCGACTATGATGAGT

2. TGCCCGAGCTTCAGAGGCCGAGGAT
1. TGGCCTCTGCCCGAGCTTCAGAGGC

3. TTCAGAGGCCGAGGATGCCTCCCTT
4. CACCAAGACCGCCAAGGATGCACTG
5. GACCGCCAAGGATGCACTGAGCAGC
6. AGGATGCACTGAGCAGCGTGCAGGA
7. CCGATGGCTTCAGTTCCCTGAAAGA
8. CCCTGAAAGACTACTGGAGCACCGT
9. GACTACTGGAGCACCGTTAAGGACA
10.GCACCGTTAAGGACAAGTTCTCTGA
11.GGACCCTGAGGTCAGACCAACTTCA

Human Apolipoprotein C-III Dog Apolipoprotein C-III

TGGCCTCCGCCCGAGCCCTGGAGGAAGAGGAC
TGACC-AGCGTTCAGGAGTCCCAGG-T
T--GGAGGAAGAGGACCCCTCCCTCCT
CACCAAGACGGCCCAGGA--CACGCGCTG
GACGGCCCAGGA--CACGCTGACCAGC
AGGA--CACGCTGACCAGCGTTCAGGA
CCGATAGCTTCAGTTCCCTGAAAGA
CCCTGAAAGACTACTGCAGCA-CGT
GACTACTGCAGCA-CGTTTAAGGGCA
GCA-CGTTTAAGGGCAAGTTCACTGG
GGATTCAGCCTCTGAGGCCAAACCAACTCCA

Figure 4. Sequence comparison of GeneChip probes and their heterologous targets. The mutated nucleotides are labeled with bold, italic and underlined fonts. The
probes that produce a relatively high hybridization signal are labeled with an asterisk.

PAGE 5 OF 14 Nucleic Acids Research, 2004, Vol. 32, No. 11 e93



been shown repeatedly to be able to quantify relative
concentrations of gene transcripts since their inception eight
years ago, especially in the case of same-species hybridization
(10,11). It has also been well documented that equivalent organs
of different mammals perform similar physiology function,
e.g. pig and human islets, which forms the basis of xenotrans-
plantation—organs are transplanted between different mammal
species (12,13). Therefore, it is reasonable to assume that
equivalent organs of different mammals have similar gene
expression profile. As a result, gene transcript concentrations
of our investigative mammals could be approximately deter-
mined bymeasuring the equivalentorgansofhumansusing Affy-
metrix human GeneChips. Then, the accuracy of a cross-species
hybridization could be determined by comparing with a same-
species hybridization with equivalent organs using Pearson
correlation coefficient or Euclidean distance as quantitative
measures (14). Since most gene expression experiments are
designed to find differentially expressed genes, the correlation
of gene expression ratio between two sets of equivalent tissues,
two from human and two from other mammals, would be more
meaningful.

Figure 6 is a compilation of scatter plots of Ln[Cattle(Heart/
Liver)] versus Ln[Human(Heart/Liver)]. In the plot, we used
logarithms of ratios, so that a/b and b/a would carry the same
weight when calculating Pearson correlation coefficients. We
used a serial combination of PM � MM and PM/MM to select
informative probes from cattle hybridization and to calculate
gene expression with them. Figure 6 provides both sensitivity
and specificity of a cross-species hybridization, because not
only does it inform us how many genes are detected by cross-
hybridization (sensitivity) but also how accurate relative gene
expression values are (specificity, correlation coefficient r). It
demonstrates that both sensitivity and specificity of cattle
hybridizations were determined by electronic masks we
chose. In general, masks of lower PM � MM or PM/MM
resulted in a higher number of genes being detected, i.e.
increased sensitivity, while higher PM � MM or PM/MM
resulted in a higher level of correlation coefficient, i.e.
increased specificity. At PM � MM > 300 and PM/
MM > 2.0, we detected 2972 gene transcripts in cattle heart
and liver, which is comparable with the same-species hybrid-
ization, wherein we detected 2151 transcripts in human heart
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Figure 5. The increases of chip hybridization signals after applying of electronic mask.
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and liver at PM � MM >100 using MAS 5.0 default setting.
Across the 2972 genes, the correlation coefficient between
cattle and human is 0.792, which is quite high considering
the number of genes involved in the calculation, the intrinsic
variation between separate chip experiments (15), and the
natural physiological differences between human and cattle.
Similar conclusions could also be reached from dog and pig
experiments (data not shown).

To confirm the cross-species hybridization we randomly
selected from the Genechips’ 16 targets that have been
sequenced and annotated for cow, dog and pig in NCBI

nucleotidedatabase (www.ncbi.nlm.nih.gov).Weused theTaq-
Man reaction to confirm the cross-species hybridization data
(16,17). The results are listed in Table 2. We drew
(Ctheart �Ctliver) or DCt against Log(heart/liver)GeneChip in Fig-
ure 7. The results demonstrate a linear relationship. As well
articulated by Ji et al. (18), the DCt measures log concentration
ratio between two samples. Therefore, in general, the two inde-
pendent methods, cross-species GeneChip hybridization and
TaqMan reaction, concur on gene transcript measurement.

To further validate the cross-species hybridization we pre-
pared cRNAs from mouse heart and liver and hybridized them

Figure 6. Scatter plots of Ln(Cattle Heart/Liver) versus Ln(Human Heart/Liver). Electronic masks with various combinations of PM � MM and PM/MM were
applied. A scatter plot was drawn for each mask as shown.
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with both Human Genome U133A and Mouse Genome
MOE430A GeneChip. Thus, the same transcripts were
analyzed by both the same-species and cross-species hybrid-
izations. Due to the differences of individual transcript anno-
tations and arrangements, the human genes on chip U133A and
their mouse orthologs on MOE430A cannot be aligned on
whole genome scale. We manually and randomly pick 53
transcripts that have the same descriptions on both the
human and the mouse GeneChip. We listed their gene expres-
sion values in Table 3. In Table 3, the gene expression of the
same-species hybridization on MOE430A were calculated by
the algorithm employed in Affymetrix MAS 5.0 using all 11
probes, while the expression by the cross-species hybridization
on U133A were calculated by algorithm described in this
manuscript using PM � MM > 200 and PM/MM > 2.0
mask. After masking off poorly hybridized probes, there
were, on average, only two to three informative probes left
for each gene. We compared gene expression ratios of heart to
liver between the same-species and the cross-species in
Figure 8. Figure 8 demonstrates a strong linear relationship
between the two measurements with a correlation coefficient
of 0.93 across 53 randomly selected genes. Since the data were
derived from 28 genes, a Student t-test was performed by
calculating Equation 1 (19):

tn�2 =
r

ffiffiffiffiffiffiffiffiffiffiffiffi
n � 2

pffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � r2

p 1

where r is coefficient of correlation and n is sample size. The
result of t51 = 18.1 yields a very high level of statistical sig-
nificance (p < 8.28 · 10�24), rejecting the null hypothesis H0

(that there is no linear relation between the ratios obtained by
the two methods).

DISCUSSION

In this study we tested cross-species hybridization of three
distantly related mammals on Affymetrix human GeneChip1.
We designed a method for its practical applications, demon-
fstrating that both sensitivity and specificity of cross-species

hybridization could be substantially increased by selecting
informative probes with electronic masks. This method is
easy to implement, requiring no additional equipment or mod-
ification of experimental procedures. It largely expands the
scope of microarray applications, from human and closely
related Primates (20,21) to Carnivora and Artiodactyla. The
results are highly significant for agricultural and animal
researches, where many investigative species are not equipped
with sequence information. In the near future, it is possible that
one GeneChip1 of a model species could be employed for all
of its relatives, e.g. human for all mammals, rice for all grasses,
with one generic procedure demonstrated in this study.

We have demonstrated the validity of cross-species hybrid-
ization by three independent methods, by TaqMan quantitative

Table 2. Comparison of GeneChip signals and TaqMan Ct values

Affymetrix
Probe

Hybridization
target, NCBI
accession no.

Annotation GeneChip
detected
probe no.

GeneChip
signal heart

GeneChip
signal liver

TaqMan
Ct heart

TaqMan
Ct liver

200663_at AJ012589 Bovine CD63 protein 2 609 528 24.7 – 0.3 24.3 – 0.0
160020_at AF290429 Bovine membrane-type matrix metalloproteinase 1 2 834 780 34.7 – 0.5 33.6 – 0.4
200710_at U30817 Bovine very-long-chain acyl-CoA dehydrogenase 4 374 584 26.7 – 0.5 27.5 – 0.1
200736_s X13684 Bovine glutathione peroxidase 1 2 390 133 27.5 – 0.3 28.8 – 0.5
200801_x AY141970 Bovine beta-actin (ACTB) 2 485 819 25.5 – 0.0 23.7 – 0.1
201903_at NM_174629 Bovine ubiquinol-cytochrome c reductase core protein I 4 446 75 32 – 0.1 35.8 – 0.1
203381_s X61171 Bovine apolipoprotein E 2 12 646 36.1 – 0.0 27.7 – 0.2
203872_at NM_174225 Bovine skeletal muscle actin, alpha 1 (ACTA1) 4 551 4 25.5 – 0.4 Undet.a

204988_at V00110 Bovine fibrinogen beta-chain 4 3 1018 35.2 – 0.3 19.2 – 0.1
205216_s X60065 Bovine beta-2-glycoprotein I 1 1 1764 Undet. 20.7 – 0.2
221246_x AF225897 Bovine tensin mRNA 2 337 19 29.3 – 0.2 33.4 – 1.0
210141_s M13273 Bovine inhibin A subunit 1 475 1 27.5 – 0.1 39.3 – 0.7
208791_at M84639 Swine complement cytolysis inhibitor 1 8 1058 29.1 – 0.4 26.0 – 0.5
220604_x L16507 Swine formiminotransferase cyclodeaminase 1 1 385 Undet. 29.3 – 0.1
221326_s AF416724 Canine delta-tubulin (LOC51174) 1 578 269 35.7 – 0.1 38 – 0.4
220634_at AY185179 Canine T-box 4 (Tbx4) 1 1597 4 31.4 – 0.4 32.5 – 0.7
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Figure 7. (Ctliver � Ctheart) versus Log2(heart/liver)GeneChip. Gene targets were
randomly selected from cattle, dog and pig GeneChip hybridization. Cts were
determined by TaqMan reaction using ABI 7000. Note: We use Ct = 40 to
represent undetectable genes. The line in the graph represents the line of linear
regression between the two sets of data.
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PCR and by the same-species hybridization using randomly
selected genes, and by hybridization with the same organs
from different species. The notion that the same organs
have similar gene expression patterns may not be true for
all individual genes and for all organs. As demonstrated pre-
viously, primates have pronounced differences in gene expres-
sion in brains (22,23). Nevertheless, similarity of gene
expression in heart and liver among different mammals has
been indirectly demonstrated in this study.

Since gene expression values are continuous variables, we
employed linear correlation coefficient to compare the cross-
species hybridization with other established experimental
procedures. We strenuously avoided using the artificial
classifications, such as ‘positive’ and ‘negative’, to analyze
our experimental data, because they are arbitrary and inevit-
ably subjective. When comparing the correlation coefficient of
the cross-species hybridization versus TaqMan with the pub-
lished same-species hybridization versus TaqMan (24,25),
we found they are quite similar or even better, meaning the
cross-species hybridization is as reliable as the same-species
hybridization. The result is somewhat unexpected, but is quite
explicable by the fact that in the cross-species hybridization,
we always select the probes with good hybridization signals
for gene expression calculation, thus avoiding the interfer-
ences of the probes with low signal noises.

Why is it necessary to select informative probes for cross-
species hybridization? The answer can be better understood by
first examining the algorithm used by Affymetrix MAS 5.0 in
calculating gene expression (9). In MAS 5.0, a gene expression
value is calculated by the weighted average of all of its probe
signals using One-step Tukey’s Biweight Estimates. The

weight carried by each probe is inversely related to its distance
from the mean value of the probes. As shown in Figures 1–3, in
the same-species experiment, when most probes generate
hybridization signals, the algorithm provides a robust estimate
of gene expression by reducing the influence of outliers. In
cross-species hybridization, when most probes do not generate
hybridization signals due to their target mutations, however,
MAS 5.0 will treat the few informative probes as outliers. If
not singled out by electronic masks, they will be overwhelmed
by mutated ones. Therefore, the appropriate application of an
electronic mask is essential for signal calculation in cross-
species hybridizations.

Another related question is whether the few informative
probes could truly represent gene expression. We have
made a simple calculation on probe usage by each gene in
cattle heart/liver experiment with a mask PM � MM > 200 and
PM/MM > 2. The mask singled out 4745 genes with expres-
sion value >200 AU. Out of the 4745, 1192 genes have mul-
tiple probes and 3553 have single probes. On average each
gene is represented by 1.5 probes. Statistically, randomly cho-
sen 1.5 probes are not as reliable as 11 probes for gene expres-
sion calculation, which is mathematically evident from Central
Limit Theorem (26). However, this is only true if the single or
few oligos are randomly selected from the probe set. After
close examinations of GeneChip hybridization, we found that
there are usually large variations among individual probes of
each transcript. Carefully selecting those with good hybridiza-
tion specificity (PM/MM > threshold) and signals (PM-
MM > threshold) can not only increase GeneChip sensitivity
but also maintain its specificity. Moreover, in almost all other
formats of high-density DNA microarrays, a gene is repres-
ented by a single probe, whether it is PCR-amplified cDNA or
in vitro-synthesized oligonucleotide (27,28). Thus, the ‘one
gene one probe’ microarray is a universally accepted standard,
at least right now. There is a notion that while it is acceptable
for longer cDNA array to work with one probe per gene, it is
unacceptable for shorter oligonucleotides to work with less
than 11 probes. The notion, however, is unsubstantiated. In
fact, Agilent has been manufacturing oligonucleotide arrays
for years with either three 25mer per gene or one 60mer per
gene, resulting in hundreds of published papers. It is due to the
advance of photolithographic technology that Affymetrix is
able manufacture high-density oligonucleotide arrays with 11
probes per gene. The feature is almost impossible for a cDNA
array to achieve with its probes synthesized by PCR and arrayed
by dipping/spotting methodology. For accurate measurements,
all cDNA arrays should have multiple probes per gene,
because compared with the shorter oligonucleotide arrays,
the longer cDNA probes have a much higher chance of
cross-hybridizations or contaminations. Therefore, it is the
technology not the requirement that ultimately determines
the number of probes per gene in an array. We simply
exploited the unique multiple-probe design of GeneChip,
which is afforded by photolithographic technology, and
selected part of it for cross-species hybridization analysis.
Moreover, we have demonstrated that cross-hybridization
results can be confirmed by both same-species hybridizations
and TaqMan reactions. When using the cross-species hybrid-
ization, it is important to understand that the measured gene
expression value will be different even if one-base change
occurs between species. Therefore, it is invalid to use the
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Figure 8. Correlation of the cross-species hybridization and the same-species
hybridization on GeneChip. Complementary RNAs from mouse heart and
liver were hybridized with both Human Genome U133A and Mouse
Genome MOE430A GeneChip. The gene expression of the same-species
hybridization on MOE430A were calculated by the algorithm employed in
Affymetrix MAS 5.0 using all 11 probes, while the expression by the cross-
species hybridization on U133A were calculated by algorithm described in this
manuscript using PM � MM > 200 and PM/MM > 2.0 mask. The line in the
graph represents the line of linear regression between the two sets of data.
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present method to compare the gene expression of different
species, because they may have different genetic alterations.
However, because the purpose of almost all gene expression
analysis is to find relative gene expression changes among
multiple tissues or multiple states in an investigative species,
the absolute gene expression measurement is of little conse-
quence. Just as both cDNA microarrays, which have probes
several hundred base pairs long, and oligonucleotide micro-
arrays, which have probes twenty-five base pairs long, can all
be used for gene expression analysis, the cross-species hybrid-
ization, which utilizes even shorter probes on GeneChip, can
also be used for gene expression analysis. It should also be
stressed that good and clean chip hybridizations are essential
for cross-species analysis and even more so than in the same-
species hybridizations. The reason is that when fewer or even a
single probe is used for gene expression analysis, unspecific
hybridizations, such as ‘snowflakes’ or peeling of probes,
which can usually be eliminated by Affymetrix default algo-
rithm as outliers, will be calculated as real signals.

Because each sample can have its own mask, a question also
arises as to which mask should be chosen when comparing
multiple samples or tissues. Again, the solution could be
reached by examining the purpose of installing an electronic
mask. The electronic mask is intended to remove the mutated
probes which interfere with signal calculation. As shown in
Figures 1–4, some mutated probes generate low hybridization
signals, but the low signal could also be produced by the
samples that simply have low gene expression, such as tropo-
nin C in liver. The difference is that the mutated probes have
low signals across all tissues, while the regulatory ones have
low signals in only some of them. A simple mask will indis-
criminately remove both kinds of probes. A combined mask,
which was created from all individual masks using the Boo-
lean logic function, AND, will specifically remove the mutated
probes while keeping those of the regulatory ones. Therefore,
when comparing multiple samples, we first created a combined
mask, and then used it for gene expression calculation.

One particular concern about the method is its error rate.
Because of the electronic mask, fewer than the 11 probes that
were spotted on GeneChip are utilized for cross-species
expression analysis. Questions arise whether the selected
probes can still accurately measure gene expression; whether
there are substantial differences between the selected few and
the whole set of GeneChip probes with regard to gene expres-
sion measurement, and if there were, what the error rates are.
These questions are very much related to a more fundamental
one facing oligonucleotide arrays: can individual oligo probes
25 bp long provide necessary specificity for gene expression
analysis? Do we have to average the signals of all 11 probes for
that? Theoretically, these questions could be answered with
human and mouse chips. Mouse samples would hybridize with
all 11 probes on the mouse chip but only with highly conserved
ones on the human chip. We could then compare the signals of
the mouse chip with their human chip counterparts and find
whether there is any correlation. Technically, however, such a
scheme is very difficult to carry out on a large scale. Because
very few human and mouse orthologs have been identified on
human and mouse GeneChips, finding human and mouse
orthologs has to be done manually, which is very slow and
labor intensive, making whole genome comparison almost
impossible. In addition, the mouse and human probes were

designed separately from different regions of their represent-
ative sequences, sharing almost no common probes. Even
though Affymetrix has identified some homologs among
different chips and listed them in its website (http://
www. affymetrix.com/support/technical/comparison_spread-
sheets. affx), the homologs and orthologs are quite different
things, which has been clearly explained by Makalowski and
Boguski (6).

To answer the critical question of whether the selected
probes with high hybridization signals could faithfully repres-
ent gene expression, we further analyzed the same-species
hybridizations of human heart and liver. We imposed elec-
tronic masks on chip .cell files in the same way we did in cross-
species hybridization. We reasoned that if the selected probes
did not always hybridize with their intended targets and fre-
quently produce unspecific noises, then we would not find
good correlation between the signals generated from the
selected probes and those from the whole sets.

Figure 9 compares signal ratios of heart/liver before and
after masks. The comparisons are made for the transcripts that
can be detected both before and after masks (>100 AU, arbit-
rary unit of fluorescence). It demonstrates very high correla-
tions between the two. linear correlation coefficients, 0.98,
0.97 and 0.97 after mask (PM � MM > 100 PM/MM > 2.0,
PM � MM > 200 PM/MM > 2.0 and PM � MM > 300 PM/
MM > 2.0, respectively). On average, usable probes were
reduced to 2.82, 2.57 and 2.54 probes per transcript in detect-
able ones (>100 AU) after mask, (PM � MM > 100 PM/
MM > 2.0, PM � MM > 200 PM/MM > 2.0 and
(PM � MM > 300 PM/MM > 2.0, respectively). Thus, with
the much fewer probes, the gene expression ratios were kept
almost constant, irrespective of the cutoff values of the masks.

Figure 10 shows Venn diagrams of differentially expressed
genes (more than 2-fold) before and after mask installation. It
demonstrates that the large majority of differentially expressed
genes detected before mask installation can also be detected
afterward. Out of 1237 differentially expressed genes before
mask, 1068, 1075 and 1059 were detected after mask
(PM � MM > 100 PM/MM > 2.0, (PM � MM > 200 PM/
MM > 2.0 and PM � MM > 300 PM/MM > 2.0 respectively).
Around 85% of the differentially expressed gene detected by
full sets of probes can also detected by the selected probes with
all three masks we tested. Figure 10 also demonstrates a large
increase of detectable differentially expressed genes after
mask installation. The main reason is that chip sensitivity is
largely increased after the mask installation; many previously
undetectable genes (<100 AU) became detectable (>100 AU).
Even though these parts of the data (dotted green) cannot be
directly verified by the data before mask, their validity can
be indirectly inferred by statistical reasoning. If we consider
the whole set of data after mask as a population and those
co-detected before mask as a sample, then validity of the
population can be inferred by the validity of the sample. There-
fore, the mask can be used to increase sensitivity of GeneChip
even in the same-species hybridization.

As shown in Figures 1–4, the number of informative probes
a heterologous gene holds is influenced by the number of
nucleotide mutations the gene has. The highly conserved cattle
troponin C has more informative probes than the relatively
variable dog apolipoprotein C-III. It is essential to understand
the statistical nature of this relation, so that it could be
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generalized for future cross-species hybridizations. We created
a simple mathematic model for cross-species hybridization
based upon the experimental results described above. From
Figure 4, we concluded that a contiguous matched oligo of

16 bp long was sufficient to generate a specific hybridization
signal. A similar conclusion has also been reached by Kane
et al. (29) using an alternative method. If we assume general
homology between human and an investigative mammal is H
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and DNA mutation is random, then the probability of getting a
16 bp contiguous match is H16 and the probability of getting
at least one mismatch is 1�H16. If we start from 50 end of
a probe and assume the first 16 bp oligo has mismatches,
then the conditional probability of having mismatches for
the second 16 bp oligo, which is only a one-base shift from
the first one, is decided by the number of mismatches held by
the first 16 bp oligo. If the first 16 bp oligo has only one
mismatch, then the conditional probability of the second
one having mismatches is 15/16 + (1�H)�15/16 ·
(1�H) = 1�H/16. If the first one has two or more mismatches,
then the conditional probability of the second one having
mismatches is 1. The probability distribution of the first 16
bp oligo having one or multiple mismatches is a binomial one
described by Equation 2:

P X = kð Þ = Ck
16H16�k 1 � Hð Þk

2

where P(X = k) represents the probability of the first 16 bp
oligo having k mismatches.

Therefore, the conditional probability of the second 16 bp
oligo having mismatches can be described by Equation 3:

P 2nd j 1stð Þ = C1
16H15 1 � Hð ÞP16

k¼1 Ck
16H16�k 1 � Hð Þk

1 � H=16ð Þ

+
P16

k¼2 Ck
16H16�k 1 � Hð ÞkP16

k¼1 Ck
16H16�k 1 � Hð Þk

3

where P(2nd j 1st) represents the conditional probability of the
second 16 bp oligo having mismatches in the event that the
first one has mismatches.

From the General Rule of Multiplication (30), we can estim-
ate the probability of both the first and the second oligos
having mismatches by Equation 4:

P 1st \ 2ndð Þ = P 1stð ÞP 2nd j 1stð Þ 4

where P(1st \ 2nd) represents the probability of both the
first and the second oilgos having mismatches, P(1st)
represents the probability of the first oligo having mismatches,
and P(2nd j 1st) represents the conditional probability of the
second oligo having mismatches in the event the first one has
mismatches. For a 25 bp probe, there could be 10 overlapping
but different 16 bp oligos. The probability of all the 10 oligos
having mismatches can be described by Equation 5.

Pð1st\ 
 
 
 \ 10thÞ = ð1 � H16Þ

·

"
C1

16H15ð1 � HÞP16
k¼1 Ck

16H16�kð1 � HÞk
ð1 � H=16Þ

+
P16

k¼2 Ck
16H16�kð1 � HÞkP16

k¼1 Ck
16H16�kð1 � HÞk

#9

5

where P(1st\ 
 
 
 \10th) is the probability of all the ten 16 bp
oligos of the probe having mismatches. For an oligonucleotide
microarray with N probes for each gene, the probability of all
N probes having mismatches for all 16 bp oligos is given by

Formula 6:

ð1 � H16ÞN

"
C1

16H15ð1 � HÞP16
k¼1 Ck

16H16�kð1 � HÞk
ð1 � H=16Þ

+
P16

k¼2 Ck
16H16�kð1 � HÞkP16

k¼1 Ck
16H16�kð1 � HÞk

#9N

6

where H is the nucleotide homology between the microarray
and investigative species and N is the number of probes. The
probability of finding at least one perfectly matched 16 bp
oligo in all N probes is given by Formula 7:

1 � ð1 � H16ÞN

"
C1

16H15ð1 � HÞP16
k¼1 Ck

16H16�kð1 � HÞk
ð1 � H=16Þ

+
P16

k¼2 Ck
16H16�kð1 � HÞkP16

k¼1 Ck
16H16�kð1 � HÞk

#9N

7

From Formula 7 we can estimate the chance of getting infor-
mative probes in a cross-species hybridization. For example,
Makalowski and Boguski (6) have shown that average identity
between human and mouse in protein-coding nucleotide
sequences (CDS) is 85.9%, in 30-untranslated region
(30-UTR) is 71.0%. Then, the chance of finding at least one
informative probe for a rodent gene on Human-U133 GeneChip
in the 30-UTR region is 16% and in CDS region is 69%. There-
fore, we are able to find informative probes for many genes
among the thousands on an Affymetrix GeneChip.
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