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Abstract

An organism’s transcriptome is the set of all transcripts within a cell at a certain time.
We often analyze the transcriptome by quantifying gene expression and performing
subsequent analyses such as a differential expression or a network analysis. Such analysis
helps us in understanding and interpreting the functional elements of the genome. Many
challenges limit the accuracy and ability to map all the RNA-Seq correctly into its
genome sequence. Some of these challenges are exemplified when mapping sequences
fall at exon junctions, sequences containing polymorphisms, multiple insertions or
deletions, and reads falling partially or wholly within introns. One of the most significant
problems is the loss of data occurring from the inability to map sequences when they
align to multiple genomic locations, sometimes called ambiguous sequence mappings. In
this paper, we present a novel method to increase the accuracy of gene expression
estimation by relying on a statistical approach to increase the accuracy of mapping the
ambiguous reads to their proper locations within the genome. This approach allows us to
better identify significantly expressed genomic locations so we can accurately map
ambiguous reads to their most likely accurate genomic locations and to define more
precisely which genes are expressed throughout the genome. Due to its statical nature the
approach can be easily combined with other existing mapping tools and mechanisms as
well.

1 Introduction

RNA-Seq is a technique that utilizes next-generation sequencing technologies to study transcriptomes
at the nucleotide level. RNA-Seq is known for its precision in measuring transcripts levels and their
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identify various isoforms, yet it faces some challenges that hinder it from being the technique of choice
for gene expression profiling. One of the main challenges appears when attempting to map RNA
sequences to a reference genome; high percentages of short sequence reads are often assigned to
multiple genomic locations. A sequence mapping is said to be “ambiguous” when the read sequence is
mapped to multiple genomic locations within a genome. One approach to handling these “ambiguous
mappings” has been to discard them [2,26]. This results in a loss of data, which can sometimes be as

large as half of the sequenced data and also affects precise breakpoint prediction [23].

Another approach assigns them randomly to one of the locations from a set of best assignments
using mapping tools like MAQ [12] -MAQ has been superseded by BWA for sequence aligment- or
BWA [22]. Another approach “rescues” multi-reads through estimating an initial gene expression
through allocating unique reads which are used to partially allocate the ambiguous reads and then a
final gene expression is acquired through re-estimating the gene expression after the allocation of the
multi-reads [3, 4, 15]. All of these approaches will result in a significant loss of the original data and
other problems that might occur such as an overestimation of homoeolog co-regulation and the incorrect
inference of subgenome asymmetry in network topology these types of problems can hinder our
understanding of duplicate gene expression. These problems can be reduced by modifying the factors
influencing the ambiguity sequencing and resequencing strategy and the fundamental resources[24].

Tools like Eland [14], SOAP [11], MAQ [12], BWA[22], RMAP [13], Seqmap [16], and Bowtie
[1] are usually used to perform initial mapping of sequence data to a corresponding reference genome.
Nevertheless, these tools do not fully address the ambiguous mappings of the sequence reads. This is
an important problem since those ambiguous reads often comprise a large portion of the genomic
sequences generated. Newer tools like RSEM[27], Salmon[28], and FUDA[29] provide a better
estimation but are not suitable for all situations.

Sequence-based transcriptome analysis, specifically the high throughput sequencing of cDNA
known as RNA-Seq, has emerged as an alternative to microarray gene expression profiling [10] which
had long been the most widely used method for transcriptome analysis. The reason for RNA-Seq’s
emergence over microarrays was due to several reasons and is mainly motived by the limitations of
microarray studies, such as access and cost. Microarray experiments require the physical disruption of
the cell to get access to gene expression patterns, and the complexity and limited amount of tissue
samples to be obtained can be limiting factors to the quantity and quality of RNA that can be isolated
from microarray experiments. Another limiting factor in microarray experiments in medical
applications is that many clinical specimen sizes are small since they are usually obtained during early
diagnoses. Degraded RNA is also an issue to be concerned about since it could result in the generation
of false data. The degradation usually appears due to the numerous steps that are prone to errors in a
microarray experiment. Therefore microarray experiments need to be replicated to eliminate such
errors. Another important issue is that although many tools are available, microarray experiments still
lack standard methodologies for collecting, analyzing, and validating the data [21].

On the other hand, RNA-Seq provides many advantages over microarrays. RNA-Seq is less prone
to errors due to the omission of the hybridization step used during the process of preparing microarrays
samples [17, 18]. RNA-Seq studies are more suitable for discovery-based experiments, unlike
microarray studies, which are pre-design-driven. pre-design-driven means that what we know about
the genome guides the design of the experiment and is already built into the microarrays. RNA-Seq
does not require previous knowledge about the nature of the transcriptome because of its hypothesis-
free nature, and it also allows us to study species with poor or missing genomic annotations. RNA-Seq
also permits the detection of lowly expressed genes, alternative splice variants, and novel transcripts.
This is in contrast to microarray hybridization techniques, which can limit the accuracy of expression
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measurements, especially when transcripts are present in low abundance [6]. Even though comparing
results across arrays can help in identifying gene expressions among samples of interest. A single
sample is usually not sufficient to provide reliable information about the expression levels for different
transcripts [2, 7, 9]. This paper is a continuation of our work on identifying ambiguous sequences of
transcriptomes [30].

2 Methods

Our method exploits the use of ambiguous reads to provide us with a more accurate estimation of
gene expression and better mapping of ambiguous reads to their most appropriate location within the
genome. We start by assigning a weighted score for each position in the genome. This is done by finding
the expression value for that position which represents the number of reads — including the ambiguous
reads — that map to that exact single location within the genome. For each gene within the genome, the
weights are averaged to provide us with an average weight score. Then we find if each gene is expressed
by comparing the average weight score for that gene against a list of one hundred to one thousand
random genes along with their average weight scores. If the statistical significance or the p-value of
that gene is below a certain threshold for example below 0.1, 0.05, or 0.01 then that gene is considered
expressed. Once we define which genes are expressed and which are not. We then revisit the mapping
process but this time we assign the unique reads to their proper location and map the ambiguous reads
to their most appropriate location which are the expressed genes regions within the genome. This is in
contrast with the previous step where we mapped the ambiguous reads to all their probable locations.
The second step provides us with a more accurate mapping of the ambiguous reads to their accurate
location within the genome. We find that our estimation of gene expression provides us with more
accurate results than previously used methods since we include the ambiguous reads in our estimation
which are usually discarded or randomly mapped to one of the locations within the genome by the other
methods.

We start by aligning the RNA-Seq reads to their reference sequence using one of the known
sequence mapping tools. We had choices between different short-read alignment tools like Bowtie [1]
and MAQ [12]. MAQ provides higher sensitivity in mapping unique sequences than Bowtie while
Bowtie is much faster than MAQ in the mapping process [1]. When comparing the benefits of gaining
a little higher sensitivity using MAQ to a much higher speed using Bowtie, we found that using Bowtie
is much more beneficial for the analysis we are doing here. This is because our approach requires
identifying all the unique and ambiguous reads and their locations within the genome which is more
time-consuming than just finding the unique reads. For this reason, we used Bowtie to extract and find
all the possible mappings for each read. Another reason for choosing Bowtie is that its results can be
easily imported into other tools like Tophat and Cufflinks.

We used the following parameters: (-a) to report all the valid alignments. It is important to report
all the valid alignments, and not only the best ones, which can be specified using the (--best) parameter
or the unique ones which are usually specified by the (-m) parameter since we are interested in the reads
that align to multiple locations. Specifying (--best) will only identify the alignments that have the least
mismatches while using (-m k) will suppress any multiple reads that exceed the value of k. This means
that if the read has more than three possible mappings and —m was specified to be three, then the
mappings associated with the read will not be reported. We specified that (-n 2) which allows alignment
of reads with only two mismatches at the most. We used multithreading by specifying (—p 10) which
allows for 10 threads. Finally, we used the (-S) option, which allows us to display our output in SAM
format. We also used the --sam-nohead option to remove the extra headings provided by the SAM
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format. Understanding the difference between these parameters is important since Bowtie does not by
default report the ambiguous reads.

We then calculate the expression value for each position in the genome. This is done by finding the
number of reads that map to each single nucleotide location in the genome. To facilitate this task we
needed to create a file and store the locations of each position in the read along with its count in
ascending order. The counts represent the weights of all the reads that map to that location. This is not
a trivial task since if the number of aligned reads for our data is large, sorting them could be a time-
consuming task. To prove the validity of our approach, we decided to use a small data set before
incorporating our approach into a larger and more complicated data set. Figure .1 below shows the
process of mapping reads to single and multiple locations based on the positive and negative strands.
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Figure.1 Flowchart for ambiguous sequence mapping

We chose to run Bowtie on the Escherichia coli strain K-12 sub-strain MG165 [19]. Bowtie reported
86.30 % of the reads to have at least one possible alignment location and 13.70% to have failed to align.
Out of the 86.30%, only 32.60% aligned to a single unique location while 53.70% have multiple
alignment locations. The number of ambiguous reads in this sample constitutes more than half of the
mappable genome. Of course, this is not always the case, but the percentage presented here shows how
significant the ambiguous read problem could be.

Once we have all the reads sorted according to their positions, we assign a weighted score to each
position within the genome where a certain read or reads maps. For calculating the weighted score we
used two different approaches. The first approach assigns a score of one to every single location to
which a read maps. For example, if ten reads maps to that certain location then the weighted score of
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the location will be 10. The second approach is similar to the first approach but instead of assigning a
score of one to each read that maps to a certain read location, it calculates the number of locations that
each read maps to and assigns a fraction of that number as the score for that location. For example, if a
read maps to 5 different locations then for each location a weighted score of 1/5 would be assigned to
each of those different locations. This means that if 10 reads map to a single certain location then the
weighted score of that location will be the sum of the individual weights for all those 10 reads. We
decided to call the first approach the Individual-Count-Weight and the second approach the Partial-
Count-Weight.
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The steps below show the algorithm for evaluating the significance of gene expression while
allowing the ambiguous reads to be included from the beginning and throughout the mapping process.

1.

Mean, u =

Enumerate all the possible mappings for every read to their different positions within the
genome and assign a weighted score to each position based on their read depth.
la. Individual-Count approach a weighted score equal to 1 for each read that maps to a
single location.
1b. Partial-Count approach a weighted score equal to 1/r where r is the number of
locations to which a read maps in the genome.
Create a file and store the different weight scores based on the approach used.
2a. For the Individual-Count approach, we store and sort the locations of every single
read along with its score in ascending order.
2b. For the Partial-Count approach, we store the ambiguous reads and their locations and
divide the multiple reads that map to the same location as a single group.
Find the coordinates (start, end) for each gene within the reference genome.
Calculate the mean score for each gene in the reference genome

n
Zi:o Wi

n

(1)

w = the individual weight for each location within the gene
n = lenght of the gene

5. Select 100 random gene locations, xi, from the expression flat-file and calculate the average
score for those 100 locations.
6. Compute standard deviation (o) of all of the random locations as compared to the gene mean
score X, along with their Z-score and p-value using the following equations.
o o (= w2
Standard Deviation, o = — Where N = 100 2)
Z — score, z = % 3)
7. Find which genes are significantly expressed based on p-values below 0.1, 0.05 or 0.01. The
p-value was calculated using the cumulative distribution formula presented in the equation
below.
=1 XoH
P —value = 3 [1 +erf (a\/Z)] “4)
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The total weighted score for each individual gene is the sum of all the weights that map to each
individual location. If there are no reads that map to a location then the read count is zero for that
specific location. Once we establish a score total for a position in the genome, we need to find the
expression value of genes by calculating the average score for each gene. We do that by summing the
weights of each individual position in the gene and dividing them by the length of that gene. We repeat
the process until we have a total score for every gene in the genome.

To be able to establish the significance of the gene expression values calculated for each gene, we
compare the score of each gene (termed the gene of interest) against the scores of several genes chosen
at random. To do so we selected 100 random gene scores and found the average score for each of those
genes. We also tested the possibility of choosing 1000 random locations and found that it rarely affects
the accuracy of the results yet it increases the complexity and the computational running time of the
program significantly. We then compute the standard deviation, the z-score, and p-value of the gene of
interest with regards to the mean random gene value. The p-value calculated for each gene will give us
information regarding which of the genes can be considered expressed at a significant level.

3 Results and Discussion

3.1 Defining significantly expressed genes

Determining which genes are expressed has traditionally been a difficult problem with no clearly
defined solution. The reason for that could be attributed to the fact that a certain gene could appear as
being expressed when compared to a certain number of genes while it may not appear to be expressed
when compared to another set. This explains why some studies decided to choose the top 10% of the
mean gene values as their cutoff value for deciding which genes are expressed and which are not [8,
20]. We believe that such an approach does not give us the most accurate results regarding which genes
should be considered and which are not. To show that choosing the top 10% as a cut-off value does not
provide us with the most accurate results. We took the top 10% of the mean gene values and compare
them to the top 10% of the genes p-values. We show that both approaches yield different results and
that taking the top 10% as a cut-off value will lead us into considering a number of genes as expressed
when they really are not. We will do that by comparing the top 10% approach to choosing significantly
expressed gene values that are less than a certain p-value like 0.1, 0.05, or 0.01.

We start by choosing the top 10% as a cut-off value for both the mean gene values and the genes p-
values and tested them on both approaches that we developed previously. Using the Individual-Count-
Weight approach we found that out of the 454 genes that represent the top 10% of the mean gene values,
350 genes intersect with the top 10% of the genes according to their p-values while 104 genes
approximately 23% do not. When using the Partial-Count-Weight approach we found that out of the
454 genes that represent the top 10% of the mean gene values, 362 intersect with 10% of the genes
according to their p-values while 92 genes approximately 20% do not.

When comparing both our Individual and Partial count approaches against the approach of choosing
the top 10% of the mean values we noticed that the top 10% of the mean values do not always lead to
the selection of the significantly expressed genes within the genome. Nevertheless, we also observed
that during our inspection of the genes’ p-values that not all the genes that fall in the highest 10%
according to their p-values have a level of significance below 0.1, 0.05, or 0.01. The reason for that
could be attributed to the fact that certain genes appear as expressed when compared to a certain set of
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genes with very low expression values. While those same genes could appear as unexpressed when
compared to another set that has a very high expression value. Setting a certain percentage as a threshold
will either allow for some genes that are unexpressed to be included or for some genes that are expressed
to be excluded. That is why we believe that setting a percentage for a cut-off value to define gene
expression does not present us with a decisive approach regarding the evaluation of gene expression.

In addition, we noticed during the analysis of the genes’ expression values that there are a small
number of genes that have extremely high expression values, which we believe are outliers. Those genes
can cause the mean expression values and the standard deviation to be extremely large. When selecting
the random locations, filtering out the top 2% of genes with the highest expression values will increase
the number of significant genes that fall below the p=0.01 or 0.05 threshold by two-fold.

Using the Individual-Count-Weight approach and the Partial-Count-Weight approach, we found that
the number of genes that are highly expressed varies at different p-values. We can see that there is
nearly a two-fold increase in the number of genes that are expressed after filtering out 2% of the top
expressed random genes.

Table.1 below shows the different numbers of genes that are expressed at different p-values. From
the information in the table below we can see that the number of genes that are expressed at different
p-values is less than the 454 genes represented by the top 10% of the mean genes.

Number of random genes Before filtering 2% After filtering 2%
Individual-Count-Weight at 0.01 94 198
Individual-Count-Weight at 0.05 112 224

Partial-Count-Weight at 0.01 106 199
Partial-Count-Weight at 0.05 126 239

Table.1 The number of genes that are expressed at different p-values.

3.2 Remapping the ambiguous reads for the expressed genes

Once we define which genes are expressed within the genome we revisit our mapping process. This
time we run Bowtie with a different setting we specify (-m) = 1 to report only reads that have only one
reported alignment which will give us the reads with the unique mappings only. We then find the
ambiguous reads that map to an expressed gene location. If some of the ambiguous reads map to more
than one expressed gene location then it is assigned to those locations and its weight will be equal to a
fraction of the number of locations that the reads map to. The benefit of this revisiting approach is that
it is more likely to give us a more accurate mapping of the ambiguous reads by using the estimated
expression of each gene that was identified in the previous step.

4 Conclusions

We devised an approach to provide a more accurate estimation of expressed genes by providing a
statistical solution to the ambiguous mapping problem that would increase the accuracy of the reads
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that map to multiple places. We found that considering the top 10% percent of the genes mean values
as being expressed does not reflect the genes whose expression is statistically significant. It also
contributes to a solution to the ambiguous mapping problem by allowing the multiple reads to be
included in the mapping of the reads from the beginning of the process. We also found that the number
of genes that are highly expressed nearly doubles when filtering out the top 2% of the randomly chosen
genes. This indicates that there is a certain percentage of genes with mean expression values that are
extremely high that could statistically affect the decision to accept certain genes as being expressed or
not. Finally, there is no significant difference between the Individual-Count and the Partial-Count
approach when it comes to the number of expressed genes for both p-values at 0.01 and 0.05. This
indicates that the accuracy gained through placing partial weights when mapping the multiple reads
does not provide us with a more accurate expression of the reads. Future work includes trying to solve
the problem of working with larger sets of data. Working with larger data sets presents a major challenge
since it increases the computational complexity of our approach. The complexity increases drastically
during the mapping step because we need to enumerate all the possible locations for the mapping step
of each ambiguous read and then we need to store the expression values and changes associated with
those values for each individual location within the genome during the mapping step. One possible
solution to this problem would be to sort all the reads before the mapping starts which would decrease
the complexity of the mapping step of the approach but would add more time due to the addition of the
sorting step to the approach. This approach can be combined with machine learning algorithms to select
features/genes [25, 31, 32, 33] or genes that mostly affect the ambiguous mapping process to reduce the
complexity of mapping the reads into many different locations. The approach we present here is meant
to utilize the data that is usually excluded by many alignment tools to provide a more accurate gene
expression and can be easily combined with other tools and algorithms to provide a more accurate
mapping of the ambiguous sequences. The standard approach to verify the sequences of full-length
transcripts is through laboratory-based studies through utilizing statical inferences genome alignment
tools can provide more accurate mapping regarding ambiguous reads which are usually too tightly or
loosely assigned if not discarded at all resulting in overestimation or underestimation of transcript
expression.
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