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Abstract: Oligonucleotide arrays are increasingly used in comparative genomic hybridization (CGH) to detect genomic copy number 
variation (CNV). The design of these arrays usually prefers uniquely mapped probes but routinely includes multiply mapped probes 
within a genome to maintain the high coverage and resolution. These duplicated probes could cause several limitations: besides their 
effects on the CNV calling, this kind of design also leads to the difficulty of converting genome coordinates between different genome 
assemblies. In this study, we tested over 385,000 probes for the genome coordinate conversion between two cattle genome assemblies 
and found out 33,910 (8.8%) of these probes cannot be uniquely mapped due to short sequence duplications. We also studied the 
distribution pattern of these short sequence duplications and discussed their potential impacts. Finally, we proposed and tested a 
dynamic neighboring extension search (DNES) algorithm to solve this conversion problem in order to facilitate a direct migration and 
comparison of array CGH results across different genome assemblies.
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Introduction
Recent findings revealed that genomic structural 
variation, including copy number variation (CNV, 
i.e. large-scale insertions and deletions) is common 
in normal primates, rodents and dogs.1–8 In humans, 
more than 6,000 CNV regions have been identified 
in normal individuals, and at least several hundreds 
are common in the population (as of 07/2009, 
http://projects.tcag.ca/variation/). Undoubtedly one 
of the major technological breakthroughs in the CNV 
discovery was the development of oligonucleotide 
microarrays for comparative genomic hybridization 
(CGH) experiments.9,10 The oligonucleotide arrays 
are based on synthetic probes 45–85 bp in length, 
representing a tiling path along the entire genome.11–13 
It is generally accepted that the first and important 
step of array CGH technology is to design these 
representative probes. The uniqueness and uniformity 
of the probes are two important factors that will 
determine the accuracy and completeness of the 
subsequent CNV calling and analysis. Such design 
process was often conducted by computer tools using 
a genome assembly. These design algorithms usually 
prefer uniquely mapped probes but routinely include 
multiply mapped probes within a genome to maintain 
the high coverage and resolution.

With the continuing updates of the genome assem-
blies, DNA sequences and their genome coordinates 
can be rearranged to create a more accurate genome 
representation. The above-mentioned array design 
which allows duplicated probes could lead to the 
difficulty of migrating genome coordinates across 
assemblies, thus prevent the direct comparison of 
array CGH results based on different assemblies. 
Tools like LiftOver have been developed to facilitate 
genomes coordinate conversion across assemblies 
and species. Using the blat algorithm and premade 
coordinate conversion files like over.chain,14 one can 
migrate coordinates from one assembly to another in 
a batch mode. However, LiftOver was not designed 
efficiently to handle these duplicated probes: even 
under optimized settings, the mapping results could be 
incomplete thus misleading. Instead of mapping short 
DNA sequence and converting genome coordinates, 
other related tools like MUMer15,16 were designed 
for large-scale genome alignment and comparison 
and are generally computationally intensive and 
demanding.

In this study, we illustrated that the probe mapping 
uncertainty is due to short sequence duplication. 
We tested the genome coordinate conversion using 
MegaBLAST for over 385,000 probes between 
two cattle genome assemblies (Btau_3.1 and 
Btau_4.0) and found out about 33,910 (8.8%) of 
these probes cannot be uniquely mapped. In order 
to map these duplicated probes, we proposed and 
tested a dynamic neighboring extension search 
(DNES) algorithm to progressively use the flank-
ing sequence information. We discussed the poten-
tial impacts of these short sequence duplications in 
the context of the CGH array design and the CNV 
calling and analysis.

Materials and Methods
Array CGH and probe design
As described previously,11 the whole-genome array 
was designed incorporating ~390,000 oligonucle-
otides of variable length (45–75 bp) to achieve a melt
ing temperature of 76 °C and a median probe spacing 
of 5.8 kb (http://www.nimblegen.com/products/cgh/
other.html). Probes for the whole-genome arrays 
were selected based on their uniqueness (allowing up 
to 2 perfect hits) and base pair composition. Briefly, 
starting with DNA sequence masked for repetitive 
elements in the genome,17 clusters of 10 probes were 
selected at 5,000-bp intervals throughout the cattle 
genome. The interval spacing within each cluster was 
25 bp. Instead of a single fixed length, oligonucle­
otides were of variable length to achieve a target 
melting temperature of 76 °C. Probe lengths were con-
strained to be a minimum of 45 bp and a maximum 
of 85 bp. Optimal probes were selected by evaluat-
ing the 10 probes for each cluster using a composite 
quality score. This quality score is a sum of quality 
components (C1 ... Cn) multiplied by their importance 
weights (W1 ... Wn). The components for the whole-
genome array were the two uniqueness measures: 
1) a boolean measure of the base pair composition 
that fails oligonucleotides having runs of homopoly-
mers, and 2) the variance from the optimal Tm tar-
get. The best oligonucleotide from each cluster was 
selected and incorporated into an array design using 
ArrayScribe array design software (NimbleGen). The 
selection of oligonucleotide probes was independently 
made using either Btau_3.1 or Btau_4.0 version of 
the cattle genome.
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Uniqueness of probes was ascertained by deter-
mining the number of 45 mer matches (the minimal 
oligonucleotide length) of each oligonucleotide in 
the genome, as well as the average frequency of the 
windowed 15mer oligonucleotides that comprised 
the longer oligonucleotide. However, they allow 
probes to have multiple perfect matches within the 
genome assembly when unique probes were not avail-
able at the desired density.

Difference between bovine genome 
Btau_3.1 and Btau_4.0
Btau_3.1 (August 2006) was produced with a com-
bination of WGS and BAC sequence by the Atlas 
genome assembly system using a version of the 
Integrated Bovine Map that represents merged data 
from several independent maps.18 Btau_4.0 is a newer 
(October  2007) assembly of  the cattle reference genome 
(http://www.hgsc.bcm.tmc.edu/project-species-m-
Bovine.hgsc?pageLocation=Bovine). This assembly 
added relatively little new sequence data, and thus 
contigs and scaffolds are not significantly changed, 
but used the ILTX and BAC finger-print contig maps 
and split scaffolds based on consistent bovine and 
sheep BES data to place the contigs and scaffolds in 
the genome, thereby resulting in more accurate chro-
mosome structures.19 Detailed description of genome 
assembly process was presented previously.20

Btau_3.1 to Btau_4.0 probe conversion
All the Btau_3.1 probes (385,048) were mapped 
using MegaBLAST against the Btau_3.1 and Btau_
4.0 assemblies with minimum 40 base pair match 
required21 (Parameters: -D 2 -v 7 -b 7 -e 1e-40 -s 90 -W 
12 -F F). After initial search, only the matched results 
with 100% identity for the full length of the query 
sequence were kept. A total of 33,912 probes (8.8%) 
were found out having duplicated mapping locations 
in the Btau_4.0 assembly. For the comparison pur-
poses, a sequence similarity search was also repeated 
on the Btau_3.1 assembly, and almost the same num-
ber of probes (33,910) was found to be duplicated 
mapped in this self-mapping exercises.

Results and Discussion
Mapping probes on genome assemblies
We first tested LiftOver to convert 385,048 probes 
designed using the Btau_3.1 assembly. Only 319,140 

probes are successfully mapped onto the Batu_4.0 
assembly under the LiftOver’s default setting. A total 
of 65,908 probes (i.e. 17.2%) did not produce mapping 
results, which include both uniquely and multiply 
mapped probes. Using MegaBLAST,21 we processed 
the same 385,048 Btau_3.1 probes in order to map them 
onto the Btau_4.0 assembly. In this search, only the 
matched results with 100% identity for the full length 
of the probes are kept. A total of 33,912 probes (~8.8%) 
were mapped to more than one location on the Btau_4.0 
assembly. In order to test whether such duplicated hits 
are due to the difference between these two assem-
blies, we also used MegaBLAST to map these 385,048 
probes against the Btau_3.1 assembly itself, and a sim-
ilar result (33,910 probes, ~8.8%) were obtained. As 
shown in Table 1, both Btau_3.1 and Btau_4.0 assem-
blies have almost identical numbers of duplicated 
probes which strongly indicates that the duplicated 
probes are not due to the differences between the 
Btau_3.1 and Btau_4.0 assemblies. On the other hand, 
it suggested that the Btau_3.1 and Btau_4.0 assem-
blies produce almost identical results under our current 
MegaBLAST search setting. In fact, the discrepancy of 
2 probes (the difference between 33,912 and 33,910) 
supported the description that the Btau_4.0 assembly 
adds relatively little new sequence data, and thus con-
tigs and scaffolds are not significantly changed. The 
major difference between these 2 assemblies is that 
the Btau_4.0 assembly used different map information 
from that was used for the Btau_3.1 assembly to place 
the contigs and scaffolds in the genome, which resulted 
in more accurate chromosome structures.

However, these macro structural changes did not 
significantly interfere our mapping effort performed 
at the micro structural level (45–75 bp).

Dynamic neighboring extension search 
(DNES) algorithm
Since not all Btau_3.1 probes can be uniquely mapped 
to the Btau_4.0 assembly due to short sequence dupli-
cation, we proposed a dynamic neighboring exten-
sion search (DNES) algorithm to uniquely map these 
duplicated probes. The algorithm of our proposed 
method is presented in Figure 1. It includes several 
steps as follows:

Step 1: Use MegaBLAST to map the Btau_3.1 probes 
on the Btau_4.0 assembly.
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Step 2: Count their mapping times on the Btau 4.0 
assembly.
Step 3: If the mapping result from Step 2 is equal to 
1, output mapped probe and go to next probe until all 
of them are processed. If it is greater than 1, retrieve 
the probe ‘s flanking sequences (50 bp at the both 
ends) and go back to Step 1 to repeat MegaBLAST 

with the elongated sequence. Iteratively increase the 
input sequence by retrieving flanking sequences for 
each cycle until the mapped result is equal to 1. Then 
output mapped probe and go to next probe until all of 
them are processed.

With this algorithm, all the duplicated probes 
were uniquely mapped on the Btau_3.1 and Batu_4.0 
assemblies. Using this genome coordinate conver-
sion, the CGH results based on the Btau_3.1 were 
successfully migrated onto the Btau_4.0 assembly.

Distribution landscapes of short 
sequence duplication
We further analyzed the distribution patterns for 
these duplicated probes. Depending on their mapped 
locations, the duplicated probes can be divided into 

aCGH Probe on Btau_3.1

MegaBLAST to Btau_4.0 

Unique Match Found 

Yes

Output Mapped Probe 

Go to Next Probe

Increase Probe Length 

Using Flanking 50 bp 

No

Figure 1. The flow chart of the dynamic neighboring extension search (DNES) algorithm. MegaBLAST is used to map the Btau 3.1 probes on the Btau 4.0 
assembly. If the mapping result is 1, output mapped probe and go to next probe. If it is greater than 1, retrieve the probe’s flanking sequences (50 bp at 
the both ends) and perform MegaBLAST with the elongated sequence. Iteratively increase the input sequence by retrieving flanking sequences for each 
cycle until the mapped result is equal to 1. Then output mapped probe and go to next probe until all of them are processed.

Table 1. Duplicated probes mapped in the Btau_3.1 and 
Btau_4.0 assemblies.

Btau_3.1 Btau_4.0
Number of duplicated 
probes

33,910 33,912

Total probes studied 385,048 385,048
Percentage of duplicated 
probes

8.8% 8.8%
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intrachromosmal and interchromosomal duplications. 
For intrachromosomal duplications, the majority of 
mapped locations exist on the same chromosome as 
tandem duplications, i.e. identical sequences in close 
proximity with either the same or inverted orientation. 
For interchromosomal duplications, mapped locations 
exist on different chromosomes. Some of these exam-
ples are illustrated in Figure 2. In panel A, two pairs of 
paralleled green lines represent direct tandem duplica-
tions. In panel B, one pair of paralleled green lines and 
two crossed red lines indicate inverted tandem dupli-
cations. In panel C, pairs of interchromosomal dupli-
cations are located at the different chromosomes. To 
further evaluate the pattern of short sequence dupli-
cation, we prepared a whole-genome distribution 

map of duplicated probes on the Btau_4.0 assembly 
(Fig. 3). To quantitatively evaluate the distribution of 
duplicated probes, the probe densities with respect to 
each chromosome are plotted in Figure 4. This probe 
density is computed as the number of duplicated probes 
in each chromosome divided by number of probes in 
the chromosome. A similar plot was obtained when the 
number of duplicated probes was normalized by the 
length of each chromosome (data not shown). The 
density distribution in both autosomal chromosomes 
and X chromosome is quite consistent (around 5%). 
The duplicated probes have larger density value 
in unassigned chromosome (chrUn) than the other 
chromosomes, which is expected since chrUn usually 
includes more uncertain or duplicated sequences than 

B

9,700,459 9,700,551

10,272,558 10,272,610 10,368,748

Btau_3.1 chr1 

Btau_4.0 chr1 

19,751,266 19,751,315

23,930,847 24,135,980

Btau_3.1 chr8 

Btau_4.0 chr8 
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Btau_4.0 chr18 
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10,368,800 

23,936,896 24,136,029 

51,681,117

53,690,025
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Figure 2. Examples of short sequence duplications. A) Two pairs of paralleled green lines represent direct tandem duplications; B) One pair of paral-
leled green lines and two crossed red lines indicate inverted tandem duplications; and C) Interchromosomal duplications are located at the different 
chromosomes.
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Figure 3. A genome-wide distribution map of short sequence duplications in the Btau_4.0 assembly. Short sequence duplications are represented as 
green bars on chromosomes and chromosomes are shown in the scale of Mb (1,000,000 bp).
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Figure 4. Duplicated probe density in each chromosome. The probe density is represented by the percentage of duplicated probes on each chromosome, 
i.e. the number of duplicated probes divided by the total number of probes in the chromosome.
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the other chromosomes. All the duplicated probes seem 
to be uniformly distributed on the Btau_4.0 assembly, 
which suggested they are widely spread across the 
genome. The location variety shows complex nature 
of the short sequence duplication and therefore could 
propose challenges to the array CGH calling algo-
rithm and CNV analysis if not taken into consider-
ation. Besides the difficulties of genome coordinate 
conversion, these perfectly duplicated probes could 
cause several limitations: such as in CGH, hybridiza-
tion signals on these duplicated probes are actually 
derived from multiple genomic loci which share the 
same or similar sequence. If not taken into consider-
ation, these averaged values from distinct loci could 
confuse the CNV calling algorithms.

In this study, we began with a practical probe con-
version task to facilitate the array CGH result migra-
tion and comparison across assemblies. We detected 
the widely spread short sequence duplication and 
proposed a dynamic neighboring extension search 
(DNES) algorithm to uniquely map duplicated probes. 
We studied their types and distribution patterns in 
the Btau_4.0 genome assembly. It is worthwhile to 
note that some of these duplications can be artifi-
cially created by the assembly error. An alternative 
assembly of the cattle genome (UMD2) was reported 
to be significantly improved and different from the 
Btau_4.0 assembly.22 Comprehensive comparison 
of cattle genome assemblies prepared by different 
assemblers thus assembling algorithms is clearly 
beyond the scope of this study. We did map these 
probes on the UMD2 genome assemblies. We found 
that a fewer but significant portion (about 9,000 
probes) has multiple mapping locations and around 
8,500 probes cannot be mapped on the UMD2 
assembly. Therefore, in conclusion, although their 
extent varies across different assemblies, these short 
sequence duplications are widely distributed. This 
short sequence duplication is significantly shorter 
than the well-studied segmental duplication, which by 
definition are referring to duplicated DNA segments 
with 1 kb length and 90% sequence identify.19 
In human, segmental duplications are often found 
to be organized around ‘core’ duplicons, which are 
enriched for genes and transcripts.23 They function 
as hotspots for nonallelic homologous recombination 
leading to genomic disorders, copy number varia-
tion and gene and transcript innovations. Although, 

the short sequence duplication may overlap with 
segmental duplication occasionally, their generation 
and evolution are not yet understood and deserve our 
further investigation.
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