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Abstract Accurate prediction of the gene structure depends
upon the accurate prediction of splice sites. The conserved
feature in splicing junction has been successfully used for the
prediction of eukaryotic splice sites. In eukaryotes, though the
di-nucleotide GT is conserved at 5′ splice sites, the pattern
surrounding the conserved di-nucleotide varies from species
to species. Most of the work related to splice site analysis has
been extensively done in Homo sapiens and Arabidopsis
thaliana. However, such works are yet to be fully explored
inOryza sativa and other species of grass family. In this study,
statistical techniques have been applied to discriminate the
real splice sites from pseudo splice sites in rice, maize and
barley genomes and based on this a suitable window size is
determined for the prediction of donor splice sites. Depending
upon the determined window size, appropriate methods for
predicting donor splice sites in rice have been considered and
compared in terms of prediction accuracy. The results revealed

that a window size of 9 base pair (3 bp at the exon end and
6 bp at the intron start including the conserved di-nucleotide
GT at the beginning of intron) is an effective window size in
all the three species of grass family for the prediction of donor
splice sites. Further, the Maximum Entropy Model based
method is found as best among the short sequence based
prediction methods for donor splice sites with the 9 base pair
window size.
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Abbreviations
MLAs Machine Learning Approaches
MEM Maximum Entropy Modeling
MDD Maximal Dependency Decomposition
MM1 Markov Model of 1st order
WMM Weighted Matrix Method

Splice sites are the junctions of the exon-intron boundaries.
There are two type of splice sites namely acceptor (3′) splice
sites and donor (5′) splice sites. Donor splice sites, with GT,
correspond to the beginning of introns and acceptor splice
sites, with AG, corresponds to the end of introns, together
known as canonical splice sites (GT-AG type). These canon-
ical splice sites are abundant among different types of splice
sites in eukaryotes (Sheth et al. 2006). The accurate prediction
of splice sites always leads to accurate gene structure predic-
tion, thus splice sites are vital from genome annotation point
of view.

Most of the splice site prediction methods are based on
Machine Learning Approaches (MLAs) i.e., Classification
trees (Burge and Karlin 1997), Artificial Neural Networks
(ANN; Ho and Rajapakse 2003) and Support Vector
Machines (SVM; Sun et al. 2003; Sonnenburg et al. 2007).
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In splice site prediction using MLAs, selection of proper
window size is crucial. Most of the criteria used for window
size selection are based on the pilot studies, which involves
the use of smaller samples for testing the accuracy of predic-
tion methods with varying window sizes. Subsequently, the
final prediction is made with the most favorable window size.
Hebsgaard et al. (1996) tested six different window sizes i.e.,
101, 151, 201, 251, 301, 351 and 401 nucleotides to train the
ANN model with different units in the hidden layer for splice
site prediction in Arabidopsis thaliana and observed that the
best network has a window of 201 nucleotides with 15 hidden
units. Also, Degroeve et al. (2002) used five different combi-
nations of window sizes i.e., 20, 40, 60, 80 and 100 nucleo-
tides in both upstream and downstream region of the con-
served di-nucleotide GT for donor splice sites prediction in
Arabidopsis. They observed that consideration of 50 nucleo-
tides on both sides of GTexhibit better performance over other
combinations. In addition, they also stated that the optimiza-
tion of window size for different genomes is crucial for the
induction of accurate species-specific splice site prediction
model. Huang et al. (2006) examined a series of sequence
lengths ranging from 32 to 50 nucleotide bases around the
splice junction by keeping the left and right flanking regions
symmetrical to get the optimum window size for predicting
splice sites using SVM. Thus, from the above it is evident that
the determination of suitable window length prior to the
application of any prediction method is essential in terms of
cost and time. Moreover, the use of short window size with
maximum information in splice site prediction may save
computational time and memory space. To our limited knowl-
edge, determination of suitable window size in grass family
has not yet been fully explored. Also, there exist different
methods for splice site prediction with different window sizes.
However, identification of an efficient splice site prediction
method with an appropriate window size is yet to be explored.
Thus, the present study is conducted with two objectives: (i) to
determine suitable window size in rice, maize and barley of
grass family (ii) to identify appropriate method for donor
splice site prediction using the determined window size in rice
genome.

Material and methods

Collection and processing of data

For the present study, exon and intron sequences of Oryza
sativa were collected from the FTP site of rice Genome
Annotation Project (ftp://ftp.plantbiology.msu.edu/pub/
data/Eukaryotic_Projects/o_sativa/annotation_dbs/
pseudomolecules/version_7.0/). Further, real or true splice
sites (TSS) having 100 nucleotides at exon end and 102
nucleotides from intron start (including the conserved

di-nucleotide GT at intron start) were extracted from
the collected exon and intron sequences thorough a
developed Perl program. Also, one more Perl script
was developed to extract the pseudo or false splice sites
(FSS) of length 202 solely within the exonic/intronic
sequences having G, T at 101st, 102nd position re-
spectively. Keeping in view the distribution of TSS and
FSS on genome and availability of computational re-
sources at hand, a sample dataset with 16,330 TSS and
51,994 FSS was considered in case of rice for the
present investigation. In case of maize and barley, the
gene sequences were collected from NCBI ( http://www.
ncbi.nlm.nih.gov/ ) and splice sites were extracted using
a Perl script. False splice sites were extracted in a
similar way as followed in rice. A final dataset of 500
TSS and 2,500 FSS, both for maize and barley, was
considered for the determination of suitable window size.

Position weight matrix

The splice site motif sequences of both TSS as well as FSS
were aligned separately using the di-nucleotide GT as the
anchor. The alignment was used to calculate the probabilities
of nucleotides at each position on the motif to determine the
conservedness in TSS and FSS.

From a given set of N aligned sequences each of length P,
Sk=(x1k,x2k,…,xPk), where xik∈{A,T,G,C};∀ i=1,2,…,P ;
k=1,2,…,N, the Position Weight Matrix (PWM) was
computed as

pib ¼
1

N

X
k¼1

N

I xikð Þ ; b∈ A; C; G; Tf g and i ¼ 1; 2; …; P

where I xikð Þ ¼ 1; if xik ¼ b
0; otherwise :

�

The PWM was constructed, with four rows one 1 each
for A, C, G, and T and 20 columns with 10 from the
exon side and 10 from the intron side (excluding GT at
the beginning of intron), separately for TSS and FSS and
independently for rice, maize and barley. Further, vari-
ance in the difference of PWM (VDPWM) between TSS
and FSS was computed to visualize the difference in
variability pattern between TSS and FSS in all the three
species.

Kullback Leibler divergence

Kullback Leibler Divergence (KLD; Kullback and Leibler
1951) was used to measure the positional variation in terms
of distribution of nucleotide bases between TSS and FSS.
Here, the position wise aligned sequence data of TSS and
FSS were used to obtain KLD for 20 positions (10 positions at
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the exon end and 10 positions from the intron start excluding
the conserved di-nucleotide GT at the beginning of intron).
The KLD using TSS and FSS was calculated as follows;

In general, for two multinomial populations p1 and p2, each
having K classes with probability (p1(1),p1(2),…,p1(K)) and
probability (p2(1),p2(2),…,p2(K)), the KLD between the two
populations is given by

KLD p1; p2ð Þ ¼ −
X
i¼1

K

p1 ið Þ: log2
p1 ið Þ
p2 ið Þ
� �

:

Accordingly, for the splice site motifs, the divergence
between the ith position of TSS (ti) and the ith position of
FSS (fi) is computed as

KLD ti; f ið Þ ¼ −
X

b∈ A;T ;G;Cf g
pbt log2

pbt
pbf

 !

¼ pAt log2
pAt
pAf

 !
þ pTt log2

pTt
pTf

 !
þ pGt log2

pGt
pGf

 !
þ pCt log2

pCt
pCf

 !

where, pt
b is the probability of occurrence of base b at ith

position in TSS and pf
b is the corresponding value in the FSS.

The probabilities pt
b and pf

b can be obtained from the PWM of
TSS and FSS respectively.

Pearson Chi-square

The difference in the distributions of four nucleotide bases i.e.,
A, T, G, C corresponding to a given position between TSS and
FSS was computed using a Chi-square statistic, which was
obtained from the 2×4 contingency table (Table 1). The Chi-
square statistic is given by

χ2 ¼ N2

Rt � Rf

X
b∈ A;T ;G;Cf g

nbt
� �2
Cb

−
Rt

2

N

 !2
4

3
5:

In order to observe the difference in the distribution pattern
between TSS and FSS, a bar diagram was plotted by taking 20
different positions (10 positions at the exon end and 10
positions from the intron start excluding the conserved

di-nucleotide GT at the beginning of intron) on the X-
axis and the calculated Chi-square on the Y-axis.

Cramer’s V coefficient

Cramer’s V coefficient (CVC; Cramér 1946) was used for
finding associations among different positions in TSS and
FSS motifs, described as below:

Let ni
b and nj

b be the frequencies of nucleotide base b at
positions i and j respectively. Similarly nij

b× b is the frequency
of pair of nucleotides b×b together corresponding to the
position (i, j), where i,j=1,2,…,P andi<j; b∈{A,T,G,C};
b×b∈{AA,AT,AG,AC,…,CC}. Then a 4×4 contingency ta-
ble (Table 2) was prepared for computing the association
between any two positions in respect of distribution of four
nucleotide bases. Using this contingency table, the Pearson
Chi-square value was computed as

χ2 ¼
X
b

X
b

nb�b
ij − nbi :n

b
j

N

� �h i2
nbi :n

b
j

N

 !

Then, the CVC was computed using the formula ϕc ¼ffiffiffiffiffiffiffiffiffiffiffiffi
χ2

N m−1ð Þ
q

, where χ2 is the Pearson Chi-square obtained from

a 4×4 contingency table (Table 2) and m=min(4,4). The
range of CVC varies from 0 (no association) to 1 (complete
association).

CVCs were calculated for all possible pairs of positions, by
taking 20 positions (10 positions at the exon end and 10
positions from the intron start excluding GT at the beginning
of intron), separately both for TSS and FSS. CVCs were
plotted in a line graph by taking different positions in the X-
axis and their associations in the Y-axis.

Determination of window size

Initially, the window sizes under KLD, CVC, Pearson Chi-
square and VDPWM were determined by taking those posi-
tions in the splice site motifs where the respective values were

Table 1 2×4 Contingency table showing the frequency distribution of
bases of TSS and FSS for a given position. Here, nt

A,nt
T,nt

G,nt
C and nf

A,nf
T,

nf
G,nf

C are the frequency of bases A, T, G, C respectively in TSS and FSS
corresponding to the same position

Bases A T G C Total
Sites

TSS nt
A nt

T nt
G nt

C Rt

FSS nf
A nf

T nf
G nf

C Rf

Total CA CT CG CC N

Table 2 4×4 Contingency table depicting the distribution of nucleotide
bases for two different positions either in TSS or FSS motifs

i A T G C Total
j

A nij
AA nij

AT nij
AG nij

AC ni
A

T nij
TA nij

TT nij
TG nij

TC ni
T

G nij
GA nij

GT nij
GG nij

GC ni
G

C nij
CA nij

CT nij
CG nij

CC ni
C

Total nj
A nj

T nj
G nj

C N
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higher as compared to the other positions. Subsequently, the
final window size was determined on a consensus basis.

Prediction of donor splice sites

Prediction of donor splice sites in rice was made by consider-
ing four existing splice site prediction methods with the de-
termined window size. In this study, four different scoring
based approaches, those are capable of predicting splice sites
using short sequencemotifs were considered for the prediction
purposes. These methods are based on Maximum Entropy
Modeling (MEM; Yeo and Burge 2004) score, Maximal
Dependency Decomposition (MDD; Burge and Karlin 1997)
score, MarkovModel of 1st order (MM1) score andWeighted
Matrix Method (WMM; Staden 1984) score. All these scores
were obtained from the URL: http://genes.mit.edu/burgelab/

maxent/Xmaxentscan_scoreseq.html. The performance
metrics were further computed for comparison of the
prediction methods.

Performance metrics

The metrics such as Classification Accuracy (CA), True
Positive Rate (TPR), True Negative Rate (TNR), Precision,
F-measure, Weighted Accuracy (WA) and Matthew’s
Correlation Coefficient (MCC; Matthews 1975), all of which
are the function of confusion matrix, were used to evaluate the
performance of different prediction methods. The confusion
matrix contains information about actual and predicted clas-
ses. Supplementary Fig. 1 shows the confusion matrix for a
binary classifier. The different performance metrics used for
assessing the prediction accuracy are as follows;

CA ¼ TPþ TN

TPþ FNþ FPþ TN
; TPR or Sensitivity ¼ TP

TPþ FN
Same as recall for binary classificationð Þ; TNR or Specificity ¼

TN

TNþ FP
; Precision ¼ TP

TPþ FP
; F‐measure αð Þ ¼ 1þ αð Þ � recall� precision

α � recallð Þ þ precision
; F‐measure βð Þ ¼ 1þ β2

� �� recall� precision

β2 � recall
� �þ precision

;

WA ¼ 1

2

TP

TPþ FN
þ TN

TNþ FP

� �
andMCC ¼ TP� TNð Þ‐ FP� FNð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

TPþ FPð Þ
�
TPþ FN

r �
TNþ FPð Þ TNþ FNð Þ

Results and discussion

Identification of protein coding genes requires identification
of the start codons, exons, introns and stop codons. The
performance of most gene finding systems is greatly influ-
enced by their accuracy at determining the splice sites (Pertea
et al. 2001). Therefore, prediction of splice sites plays an
important role in predicting the gene structure. The 5′ bound-
ary or donor site is conserved with di-nucleotide GT at intron
start and most of the studies in the area of splice site prediction
have focused on this conserved feature. Further, in prediction
of splice sites, the selection of window size plays an important
role as far as computational complexity, memory allocation
and feasibility is concerned. Often, the window sizes are
determined on pilot study basis, where the prediction method
is applied on a sample dataset with varying window sizes and
the window size with higher accuracy is considered for final
prediction. This takes a lot of time and memory, which can be
avoided by selecting window size prior to the application of
prediction method. In this study, we explored the application
of some of the existing classical statistical techniques like
PWM, CVC, KLD and Pearson Chi-square in determining
the window size. To demonstrate the techniques in determin-
ing the window size, the true and false splice site datasets of
rice are used. Besides, to determine a more generalized

window size in grass family, the window sizes for two more
species i.e., maize and barley are also determined.

Conservedness in donor splice site motifs

After looking at the conservedness of the nucleotides at dif-
ferent positions in splice site motifs, it is inferred that the
frequencies of nucleotide bases in the positions 8 to 14 (the
two positions at the intron start conserved with GT has not
been considered) are not equally likely (Fig. 1). However, the
frequencies of nucleotide bases in rest of the positions in the
splice site motifs are at par. More specifically, the frequencies
of the bases on the exon side are almost equal to each other but
on the intron side the occurrence of nucleotide C is more
frequent as compared to others in case of rice. However, in
case of barley and maize, the likelihood of occurrence of
nucleotide T is more than the other three bases. It is also
observed that in the considered three species of grass family
the frequencies of nucleotide bases in different positions, in
case of FSS motifs are at par (Fig. 1). This indicates the
variation among nucleotides is present at the positions sur-
rounding the splicing junction in case of TSS but not in FSS.
In other words, in case of TSS, certain nucleotides are partially
conserved surrounding the conserved GT at intron start but
this has not been observed in case of pseudo splice sites.
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Besides, it is also observed that the variability in the difference
of true splice sites PWM and false splice sites PWM is higher
in these 7 positions (3 from the exon end and 4 from the intron
start excluding di-nucleotide GT at the beginning of intron)
surrounding the splice junction (Fig. 2). Further, it can be seen
that the variability at the intron side is more than that of exon
side. From the analysis of PWM and VDPWM, it is inferred
that these 9 bp (3 from the exon end and 4 from the intron start
including di-nucleotide GTat the beginning of intron) window
size plays an important role in discriminating the true splice
sites from the false one.

Variations in nucleotides distribution at donor splice sites

The values of the Pearson Chi-square corresponding to the
considered 20 positions of splice site motif are plotted in
Supplementary Fig. 2. It is observed that the value of calcu-
lated Chi-square for each position is larger than 8 and hence
greater than the tabulated value of the Chi-square statistic for
3 degrees of freedom (7.815). This indicates the significant
difference in nucleotide distribution between TSS and FSS for
all the considered positions in splice site motif. Out of 10
positions at the exon end (1–10 positions in Supplementary
Fig. 2), the observed value of Chi-square at positions 8, 9 and
10 are higher than rest of the positions. However, out of 10
positions from the intron side (excluding two positions at the
beginning of intron), only the first 4 positions show higher
chi-square value than the remaining positions. Hence, the
window size of length 7 base pair (3 from the exon
end and 4 from the intron start excluding di-nucleotide
GT at the beginning of intron) is considered for further
analysis. Similar to that of VDPWM, it is observed that
the variability in the distribution of nucleotides at the
intron side is more than the variability of the exon side
in all the three species of grass family.

Fig. 1 PWM of TSS and FSS in
rice, maize and barley. Positions
in the splice site motif are
represented in X-axis and Y-axis
represents the proportion of
4 nucleotide bases for the
corresponding positions

Fig. 2 Plotting of variance of the difference in PWM of TSS and FSS for
rice, maize and barley. X-axis represents the position in splice site motif
and Y-axis represents the variance of the corresponding positions
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Distance between the positions of TSS and FSS motifs

The distances between the corresponding positions of TSS
and FSS motif are computed using KLD measure. It is
found that the distances between TSS and FSS correspond-
ing to the first 7 positions are almost close to zero in all the
three species of grass family (Supplementary Fig. 3).
However, the distances between the positions 8 to 14 are
higher as compared to rest of the positions. It is also worth
noting that the distances between the corresponding positions
of TSS and FSS in intron region is higher than that in the exon
region (Supplementary Fig. 3). Taking this distance pattern
into account, the positions from 8 to14 (3 from the exon end
and 4 from the intron start excluding di-nucleotide GT at the
beginning of intron) are considered to be important from
discrimination point of view and thus considered as window
size for the prediction of donor splice sites for the considered
three species of grass family.

Positional associations in donor splice site motifs

The associations among the positions are computed
separately for the TSS and FSS motifs for all the
considered species. The association is computed using
Crammer V measure by taking sequences of 20 bp

(10 bp at the exon end and 10 bp at the intron start
excluding di-nucleotide GT at the beginning of intron)
length. It is observed that in case TSS, the associations
among the positions within the exonic region are higher
as compared to the associations between the positions of
exonic and intronic regions (Fig. 3). Similarly, the asso-
ciations among the positions within the intronic region
are higher as compared to the associations between the
positions of intronic and exonic regions (Fig. 3). On the
other hand, any such pattern of association among po-
sitions in case of FSS does not exist. Further, it can be
seen that the association in the three positions at the
exon end and four positions at the intron start are
higher as compared to other positions in TSS but ab-
sence of such feature is found in FSS. Hence, the
positions 8–14 are considered as window size for the
prediction purpose. It can also be seen that the distinc-
tion between the association of exonic and intronic
region is clearer in case of rice as compared to barley
and maize and this may be due to the fact that the
availability of large number of experimentally validated
splice sites in case of rice than that of barley and
maize. Though, such distinction is not significantly clear
in barley and maize, still some indication with respect
to the difference in association is present.

Fig. 3 Graphical representation
of the association based on CV
coefficients among different
positions for TSS and FSS in rice.
In case of TSS, the association
among different positions both in
exon side and intron side are
higher compared to the
association among the positions
of exon and intron. However,
there does not exist any such
pattern in case of FSS

Table 3 Performance metrics of
four approaches in the prediction
of donor splice sites using the se-
quence data of rice genomewith 9
base pair window size

Metrics CA TPR TNR Precision F-measure (α=1) F-measure (β=2) WA MCC
Methods

MEM 0.852 0.691 0.903 0.691 0.691 0.691 0.797 0.595

MDD 0.846 0.678 0.899 0.678 0.678 0.678 0.788 0.577

MM1 0.846 0.677 0.899 0.677 0.677 0.677 0.788 0.576

WMM 0.840 0.665 0.895 0.665 0.665 0.665 0.780 0.560
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Window size on consensus basis

Looking at the results obtained from PWM, VDPWM, KLD,
Pearson Chi-square and CVC, the window size of length 7
base pair (3 from the exon end and 4 from the intron start
excluding di-nucleotide GT at the beginning of intron) or 9
base pair (3 from the exon end and 6 from the intron start
including di-nucleotide GT at the beginning of intron) is
considered as the final window size on a consensus basis for
the prediction of donor splice sites.

Predictive analysis

Keeping in view the length of determined window size being
small in size, four appropriate splice site prediction ap-
proaches viz., MEM, MDD, MM1 and WMM are chosen for
the prediction of donor splice sites. All these four approaches
required a minimum of 9 base pair window length for predic-
tion of splice sites. It is observed that the performance of
MEM approach is higher as compared to the other considered
approaches in terms of performance metrics (Table 3). Also, it
can be seen that the difference in the performances of MDD
and MM1 is negligible. Whereas, the performance of WMM
is lowest among the four approaches (Table 3). The WMM is
based on the assumption of the positional independence,
where the frequency of each nucleotide at each position is
computed independently and further used in computing the
log-odd score of splice site motifs. Based on the values of log-
odd score, a certain threshold value is determined and the
prediction of any test instance is made on the basis of this
threshold value. However, in MM1, the scores are computed
by taking into account the dependencies among the adjacent
positions. Hence, the performance of MM1 is better than that
of WMM. In case of MDD, the longer distance dependencies
are modeled, where MDD splits the training data to fit differ-
ent WMM and Weighted Array Method (WAM) to suitably
define the subsets of the data. Splits are made at the most
dependent positions and are chosen by Chi-square test statis-
tic. MEM approximates the short sequence motif distributions
with the maximum entropy distribution consistent with low-
order marginal constraints estimated from available data that
includes dependencies between non-adjacent as well as adja-
cent positions. SinceMEM takes into account both adjacent as
well as non-adjacent association, its performance is better than
that of other methods considered under the present study and
the performance of the prediction methods are in the order of
MEM>MDD>MM1>WMM. It is also worth noting that
in WMM and MM1, only the TSS are used while
training the model in determining the threshold value
for prediction. However, FSS are also necessary to train
the model and to develop a robust prediction approach
(Huang et al. 2006).

The power of statistics has been used to reveal the infor-
mation present in the genomic sequence data, in particular, for
the prediction of functional elements present in the DNA
sequence. Splice site is one such important functional ele-
ment present on DNA sequence. An accurate prediction of
splice site is important for accurate prediction of gene struc-
ture. The conserved feature present in the exon-intron junction
has been fully exploited to get higher prediction accuracy of
the donor splice sites. In the present study, statistical tech-
niques have been explored and used to distinguish the TSS
from the FSS and the information obtained is further used in
determination of window size. The Chi-square statistic is used
to determine the effective positions that can help discriminate
the TSS from FSS. In a similar way, the KLD measure is
used to find the difference in the distribution of four nucleotide
bases at each position corresponding to the TSS and FSS. The
CVC is used in finding the associations among the positions in
the splice site motif. It is concluded from the findings that a
window size of 9 bp length, in general, is suitable for the
prediction of donor splice sites in rice, maize and barley.
Besides, the MEM model can be used for efficient prediction
of donor splice site in rice genome. In addition, the reads
generated from the next generation technology are shorter in
size and recognition of splicing in short reads poses a chal-
lenge because they often align to numerous places in a ge-
nome, and often lack insufficient sequence specificity on one
or both ends of exon-exon junction to accurately define junc-
tion (Wu and Nacu 2010). Moreover, to utilize short reads
generated from the next generation sequencing technology for
transcriptome sequencing and gene structure identification,
one need to align accurately the sequence reads over intron
boundaries and splice site prediction helps to improve the
alignment quality (De Bona et al. 2008) and hence the MEM
coupled with the 9 base pair window size is expected to be
useful in the prediction of splice variants using short reads
generated from next generation sequencing technologies.
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